
FABRICATION AND CHARACTERISATION OF Pt-Co 

ELECTROCATALYSTS FOR OXYGEN REDUCTION REACTION IN 

POLYMER ELECTROLYTE MEMBRANE FUEL CELLS 

by 

PALLAVI PHARKYA 
B.E., Malaviya National Institute of Technology, Jaipur, India, 2002 

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR 
THE DEGREE OF MASTER OF APPLIED SCIENCE 

in 

THE FACULTY OF GRADUATE STUDIES 

(DEPARTMENT OF MATERIALS ENGINEERING) 

We accept this thesis as conforming to the required standard 

The University of British Columbia 
July 2004 

© Pallavi Pharkya, 2004 



THE UNIVERSITY OF BRITISH COLUMBIA FACULTY OF GRADUATE STUDIES 

Library Authorization 

In presenting this thesis in partial fulfillment of the requirements for an advanced degree at the University of British Columbia, I agree 

that the Library shall make it freely available for reference and study. I further agree that permission for extensive copying of this thesis 

for scholarly purposes may be granted by the head of my department or by his or her representatives. It is understood that copying or 

publication of this thesis for financial gain shall not be allowed without my written permission. 

Name of Author (please print) Date (dd/mm/yyyy) 

Title of Thesis 

Degree: 

Department of 

Year: 

The University of British Columbia 
Vancouver, BC Canada 

grad.ubc.ca/forms/?formlD=THS page 1 of 1 last updated: 20-Jul-04 



11 

Abstract 

Electrocatalysts have tremendous impact on the performance of fuel cells as both cathodic 

and anodic reactions take place on the surfaces of the electrocatalysts. This work focuses on 

fabrication and characterization of novel Pt-Co electrocatalysts for oxygen reduction reaction 

in polymer electrolyte membrane fuel cells. 

High-energy ball milling was used for the fabrication of electrocatalysts. Alloy 

systems with varied ball to powder ratio, milling time and amount of process control agent 

were fabricated to optimize ball-milling conditions. Process control agents used were carbon 

and stearic acid. Ball to powder ratios of 39:1 or 78:1 were used and milling time was varied 

from 10 minutes to 90 hours. The optimized ball-milling conditions were then used to 

fabricate PtCo and PtCo/C alloy electrocatalysts. The low surface area of the ball-milled 

catalysts was further improved by lixiviation process. 

Microstructural characterization techniques, TEM and SEM, were used for the particle 

size determination and particle morphology, EDS was used to determine the bulk elemental 

composition of the electrocatalysts, XPS was performed to determine the oxidation state, 

surface elemental analysis and presence of oxidized species of the electrocatalysts. 

Electrochemical methods, namely, cyclic and potentiodynamic polarization were performed 

to obtain kinetic parameters, such as, exchange current density and Tafel slopes. These 

electrochemical kinetic parameters determine electrocatalytic activity of the catalysts. 

Performances of the fabricated electrocatalysts in this work were compared with commercial 

electrocatalysts from E-TEK. 
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Chapter One 

Introduction 

The alarming depletion of conventional fossil fuels has forced today's generation to look 

for alternate fuel sources. Fuel cells have emerged as a promising new technology due to their 

use of non-depleting, non- fossil and clean source reactants/fuels. Hue and cry, over the years, 

about the enormous environmental problems from conventional fuel sources has also been 

instrumental in the renaissance of fuel cells. 

Among all types of fuel cells, the Polymer Electrolyte Membrane Fuel Cell (PEMFC) is 

considered one of the best alternative power sources for the terrestrial, stationary, and portable 

applications due to its simplicity, reliability and efficiency. Though the theoretical efficiency 

that can be achieved by this fuel cell is 100%, the attainable practical efficiency is only 

approximately 50%. The single most important factor for this loss in efficiency is the large 

overpotential occurring for the oxygen reduction reaction (ORR) of the PEMFC. One of the 

solutions to decrease this overpotential and increase the overall performance of a fuel cell is to 

increase its temperature of operation. However, the use of the Nafion membrane limits the 

temperature at which the PEMFC can be used. Thus, the single most redeeming solution to 

increase the rate of the ORR is the use of effective electrocatalysts. Platinum has been the most 

effective catalyst to date but its cost has accounted for the astronomical price of fuel cells, which 

is one of the major reasons barring its commercialization. 

In the 1970s-80s, various metal macrocycles such as porphyrins were tested for their rate 

of oxygen reduction; they showed considerable activity but their chemical stability in acidic 

medium was very poor [Kiros,Y., 1996b; Tamizhmani,G.,1994; Lalande,G., 1997b]. Since then 

efforts have been concentrated in incorporating transition metals to carbon supported Pt to form 
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electrocatalysts, as transition metals exhibit both good stability and activity [Kiros,Y.,1996b; 

Lalande,G., 1997b]. 

Ball milling is a very prevalently used technique for fabrication of nano-structured 

materials [ Wronski,Z.,S.,2001], but only since the last two decades, this technique has being 

extensively used for fabrication of electrocatalysts for fuel cells. This technique is being 

elaborately used by Lalande et al. [Denis,M.,C.,1999;Denis,M.,C.,2000;Gouerec,P.,2000; 

Lalande,G.,1997a;Lalande,G.,1999;Lalande,G.,2000;Schulz,R.,1998] for the fabrication of 

various Pt-M alloy electrocatalysts, where M = transition metals, for the hydrogen oxidation 

reaction. The effect of ball milling catalysts for ORR has of yet not been investigated. 

Co is one of the best base metals for making a good catalyst. Being a transition metal, it 

fulfills the prerequisites of a good catalyst by having an optimum nearest neighboring distance 

and empty d orbitals. There are various groups [Kiros,Y.,1996(a-b);Gamburzev,S.,97; 

Mukerjee,S.,1995(a-b);Neto,A.,O.,1999;Neeraj,M.,2001;Paulus,O.,A.,2002;Shukla,A.,K.,2001] 

which have successfully pronounced higher electro-catalytic activity of Pt-Co for the ORR but 

the mode of fabrication was different than ball milling. 

This thesis addresses the development of novel Pt-Co electrocatalysts for PEMFC. Ball 

milling was investigated as the method of fabrication to reduce the cost associated with 

production of the catalysts together with an effort to increase the rate of oxygen reduction. 
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Specific objectives of this project were: 

1. Fabricate, PtCo, transition metal alloy electrocatalysts to reduce the high cost associated 

with catalysts in PEMFC by alloying Pt with a cheaper element and simultaneously 

improving the slow kinetics of the ORR in PEMFC. 

2. Optimize the ball milling parameters, such as, milling time, ball to powder weight ratio 

(BPR), process control agents (PCA) to produce the maximum particle size refinement 

and increase surface area. 

3. Develop a fundamental understanding of the effects of microstructural characteristics on 

the catalyst layer. Investigate the electrochemical behaviour of the electrocatalysts in 

both acidic and alkaline medium at room temperature and high temperature. 

Methodology employed to meet the objectives: 

1. Use of high-energy ball milling to fabricate PtCo alloy electrocatalysts. 

2. Use of PCA and lixiviation process to improve surface area of the electrocatalysts. 

3. Use of SEM find particle sizes, TEM to find particle sizes, powder dispersion and 

diffraction patterns, EDS to determine bulk elemental composition of the electro

catalysts, XRD to find crystallite sizes and phases formed, and XPS to detect the surface 

elemental composition and oxide species formation. Use of cyclic polarization and 

potentiodynamic polarization to investigate the electro- chemical behaviour of the 

electrocatalysts. 
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Chapter Two 

Literature Review 

A fuel cell is an electrochemical device that converts the chemical energy of the 

reactants to electricity and water. The concept of fuel cells was first detected by Sir William 

Grove, a Welsh judge and amateur scientist in 1839, when he discovered that by reversing the 

water electrolysis, electricity could be produced from oxygen and hydrogen. The overall fuel 

cell reaction can be summarized as [Laraminie, J., 2002]: 

H 2 + l/202 = H 20 + electricity 2.1 

Fuel cells work on the same principal as batteries to generate electricity but unlike 

batteries, the reactants are supplied from an external source. Also, theoretically, a fuel cell 

operates as long as it is supplied with fuel and oxidants. Fuel cells are also more efficient than 

internal combustion engine, because they do not follow Carnot's law. Additionally, unlike the 

internal combustion engine, the efficiency of fuel cells is not strongly dependant on operating 

power. Thus, high power density and high efficiency are another advantage of this technology. 

Furthermore, the use of non-depleting, non- fossil and clean source reactants/fuels has made this 

a highly desirable technology! The growing interest in fuel cells is also due to its noiseless, 

pollution-less power generation. They typically require very low maintenance and are quite 

simple to fabricate. Apart from these advantages, fuel cells are also highly reliable and durable 

power generating sources. Fuel cell has high endurance and is unlikely to experience a 

catastrophic breakdown. This technology also has an ability to co-generate hot water and low 

temperature steam with electricity. 
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Though having numerous advantages, the drawbacks of this technology are that, fuel 

cells are highly cost ineffective (refer Appendix A), and though the theoretical efficiency 

achieved by a fuel cell could be 100%, the attainable efficiency is only approximately 50-60%) 

[Kordesch, K.,1996; LarminieJ., 2002]. 

There are various kinds of fuel cells in the market. The working principal of all fuel 

cells is the same and they differ mainly on the basis of electrolyte used and working 

temperature. The electrolyte is the heart of all the fuel cells and hence fuel cells can broadly be 

classified into five categories on the basis of the electrolyte used. Table 1.1 summarizes the 

details of various kinds of fuel cells in use. 

Table 1.1 Types offuel cells, their electrolytes, working temperatures and applications [Larminie,J.,2002] 

Type of Fuel Cell Electrolyte Working 
Temperature 

Applications 

Alkaline Fuel Cells 
(AFC) 

KOH 90-100°C . Military space 
flights 

Phosphoric Acid Fuel Cells 
(PAFC) 

H 3 P O 4 175-200°C Electric utility & 
transportation 

Molten Carbonate Fuel Cells 
(MCFC) 

Li, Na, K2C03 500-650°C electric utility 

Solid Oxide Fuel Cells 
(SOFC) 

ZrO duped 
Yttrium 

800-1000°C Stationary power 
units 

Polymer Electrolyte 
membrane Fuel Cells 
(PEMFC/PMFC) 

Poly Perfluoro-
Sulfonic acid 

50-100°C Electric utility, 
portable power 
transportation 

Direct Methanol Fuel Cells 
(DMFC) 

Poly Perfluoro-
Sulfonic acid 

50-100°C Portable power 
transportation 
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2.1 Polymer Electrolyte Membrane Fuel Cells 

Among the various types of fuel cells in use, the 'Polymer Electrolyte Membrane Fuel 

Cell' is the most attractive fuel cell, because of its simplicity and efficiency. Polymer electrolyte 

membrane fuel cell (PEMFC) is also called 'Solid Polymer Fuel Cell' (SPFC), and 'Polymer 

Electrolyte Fuel Cell' (PEFC) due to its use of a solid polymer membrane as an electrolyte. 

Apart from the general advantages of a fuel cell, PEMFCs also have the advantages of low 

corrosion and fewer electrolyte management problems due to the use of the solid polymer 

electrolyte. Though the membrane puts a limit on working temperature, it also provides quick 

start up. Moreover, the PEMFC is able to withstand large pressure differentials. Due to its 

numerous advantages, PEMFCs, developed by General Electric, was the first type of fuel cell to 

find an application-power source for NASA's Gemini space flights in the 1960's. Now days, 

PEMFCs are used in a wide range o f applications, from extraterrestrial to terrestrial systems 

extending to distributed power, heat production units and portable systems. T he automobile 

industry is expected to be the major user of PEMFCs. 

2.2 Principles of Operation of the Polymer Electrolyte Membrane Fuel Cell 

This section briefly outlines the working principle and construction of a polymer 

electrolyte membrane fuel cell. It also discusses factors affecting efficiency of PEMFCs. 

A schematic presentation of the cross-sectional area of a single PEMFC is shown in Fig 

2.1. The main component of this fuel cell is a Membrane Electrode Assembly (MEA), which is 

essentially made up of a membrane, catalyst layers and gas diffusion layers. 

The electrolyte membrane, generally 50-175um thick, is made of'Nafion', which consist 

of 'perfluorocarbon sulphonic acid ionomer'[Gottesfeld,S.,1998]. These polymer membranes 
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have long-term chemical stability under both reductive and oxidative environments. These 

membranes also act as gas separators and allow only protons to cross over. 

CATHODE 
VENT 

ANOOE: H 2 ~*-2H*+ 2 ELECTRONS 
CATHODE: 0 2 + 4 ELECTRONS +' 

4 H + - * - 2 H 2 Q 

GAS DIFFUSION 
BACKING 

Figure 2.1 Schematic presentation of the cross-sectional area of PEMfuel cell [Gottesfeld.S., 1998] 

Immediately adjacent to the membranes are the electrodes on each side, which consist of 

a 5-50um thick [Gottesfeld,S.,1998] film of dispersed catalysts. The electrode where oxidation 

of hydrogen takes place is called 'anode' whereas the electrode at which reduction of oxygen 

takes place is 'cathode'. Each of these electrodes/catalyst layers is in immediate contact with the 

backing layer. Backing layers are made up of hydrophobized porous carbon paper or carbon 

cloth. These provide electrical contact between electrodes and bipolar plates and ensure uniform 

diffusion of gas to the catalyst layers on the respective sides of the MEA. Backing layers also 

provide passage to water formed from the reaction and thus help remove excess water from the 

cell. These layers are typically 100-300um [Gottesfeld,S.,1998]. On the outer side of the unit 
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cell are the current collector plates having machined flow channels, these are also called bipolar 

plates. Bipolar plates separate the reactant gases, connect the cell electrically and provide 

mechanical support [Costamagma,P.,2001; Gottesfeld,S.,1998;Steele,B.,C.,H.,2001;Vloemn, 

L.,J.,M.,J., 1993;Wilson,M.,S.,1992; Wronski,Z.,S.,2001]. 

The electrochemical reactions taking place at the two electrocatalysts are given by the 

following equations: 

Anodic reaction 

H 2 = 2H+ + 2e- E°= 0.0V 2.2 

Cathodic Reaction 

1/2C-2 + 2H+ + 2e" = H 20 E°= 1.229V 2.3 

The overall reaction generating electricity is given by equation 2.1. The reversible 

standard potential of this overall fuel cell reaction calculated by Gibbs free energy of formation 

is found to be 1.23V [Bockris,J.,0.,M.,1969]. 

Temperature and pressure have strong influence on the electrode potential of the fuel 

cell reactions. There is a steep decline in electrode potential with increasing temperature 

[Kinoshita,K.,1992]. This is due to the lower theoretical efficiency of energy conversion devices 

such as fuel cells at higher temperature. But potential increases with increase in pressure. This is 

because the limiting current density increases with an increase in the solubility of the oxygen 

and solubility increases with increase in pressure [Kinoshita,K.,1992]. Figure 2.2 shows the 

trend of reversible standard potential for H 2/0 2 reaction (equation 2.1) as a function of 

temperature [Kinoshita,K.,1992]. 
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Figure 2.2 Reversible standard potential for H2/O2 reaction as 
a function of temperature [ redrawn, taken Kinoshita.K., 1992] 

Also, the standard electrode potential deviates from the equilibrium value when 

electrical work is performed by the cell. This deviation from the equilibrium value is the called 

overpotential. Figure 2.3 shows the current-voltage curve, also known as 'Polarization 

/Performance' curve of the PEM fuel cell. This curve depicts various overpotentials occurring at 

a given potential. These overpotentials are comprised of mass-transport overpotential 

(concentration losses), a reaction overpotential (activation losses) and a resistance overpotential 

(ohmic losses). 

For a redox reaction at one electrode, the current density, i, at a given overpotential (n), 

is calculated by the Butler-Volmer equation [Bockris,J.,0.,M.,1969]: 

i = i 0 [exp (aAnFn/RT) - exp (- acnFn/RT)] 2.4 

Where, i 0 is the exchange current density, CXA and ac are the transfer coefficient for the anodic 

and cathodic reactions, n is the no. of electrons taking part in the reaction, F is faraday's 



Chapter 2: Literature Review 10 

constant ( 96485 coulomb/mol), R is the gas constant (8.314 Jmol"1 K"1), T is the temperature 

(K). 

Figure 2.3 Current density-Voltage curve of the low temperature H2/02fuel cell [Lin, J.,C,2004] 

This exchange current density, i 0 and Tafel slope, p are the kinetic parameters which 

determine the performance of a fuel cell. This equation holds true only when the charge transfer 

dominates the reaction at small values of n and i [Carrette,L.,2000;Bockris,J.,O.,M.,1969; Greef, 

R.,1985;Kinoshita,K.,1992;Kordesch,K., 1996; Larminie,J.,2002; Lin,J.,C., 2004]. 

These overpotentials, which are one of the major reasons for the low performance of a 

fuel cell, can be decreased by increasing the temperature [Kinoshita,K.,1992]. The increase in 

temperature decreases the internal resistance of the cell and also overcomes the mass transport 

limitations c aused b y d iffusion o f r eactants a nd i mproves t he m ovement of protons from the 
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anode to the cathode. Thus, increase in temperature of operation enhances the performance of 

PEMFC. 

2.3 Electrocatalysis in Polymer Electrolyte Membrane Fuel Cells 

The term 'electrocatalysts' is commonly applied to the systems where the oxidation or 

reduction requires a strong interaction of the reactant, intermediates, or the product with the 

electrode surface. The main motive of the electrocatalysis is to seek to provide alternative, lower 

energy of activation pathways and hence permit the sluggish reaction to occur at high current 

density close to equilibrium [Greef,R.,1985]. 

Electrocatalysis of PEMFCs is a simple phenomenon where protons are transported from the 

anode to the cathode through the electrolyte and electrons are carried to the cathode over an 

electrical circuit. On the cathode, oxygen reacts with protons and electrons forming water and 

producing heat. The overall electrode process in a PEMFC is summarized by the equations 2.2 

and 2.3 in section 2.2. Among the two reactions, the ORR is slower and more complex than 

hydrogen oxidation because of the following reasons [Costamagna,P.,2000]: 

(i) the strong 0-0 bond and the formation of highly stable M-0 or M-OH species, 

where M =metals like Pt, Co etc, 

(ii) the possible formation of a partially oxidized species(H202) and 

(iii) difficulty in determination of rate determining step for this reaction . 
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2.3.1. Mechanism of Oxygen Reduction Reaction: 

The oxygen reduction reaction can proceed by two overall pathways in aqueous electrolytes: 

1. Direct four electron pathway: 

a) In an alkaline electrolyte 

0 2 + 2H20 + 4e" = 40H" E° = 0.401V 2.5 

b) In an acidic electrolyte 

02+4H+ +4e" =2H20 E°=1.229V 2.6 

The direct, four-electron mechanism takes place only on highly active catalysts at small current 

densities or at high temperatures. It should be noted that all the potentials are with respect to 

Normal hydrogen electrode (NHE). 

2. Peroxide pathway: 

a) In an alkaline electrolyte 

0 2 + H 20 + 2e~ = HOO"+OH" E°= 0.065V 2.7 

HOO" + H 20 + 2e" - 30H" E° = 0.867V (peroxide reduction), or, 

2HOO" = 20H" + 0 2 (peroxide decomposition) 

b) In an acid electrolyte 

0 2 + 2H+ + 2e" = HOOH E° = 0.670V 2.8 

HOOH + 2H+ + 2e" = 2H20 E° =1.77V, or, 

2HOOH = 2H20 + 0 2 

The direct four electron pathway is preferable as it does not involve peroxide species in 

solution and the charge efficiency (faradaic efficiency) of the reaction is greater. From equations 

2.7 and 2.8 oxygen reacts to hydrogen peroxide with retention of the 0-0 bond. The 

decomposition of the peroxide occurs catalytically with the formation of chemisorbed oxygen. 
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M-0 + H 20 + 2e" = M + 20H", or .2.9 

M-0 + 2H+ + 2e" = M + H 20 

This energy o f t he M -O b ond i s a m easure for t he o bserved v oltage 1 oss/overpotential. T he 

chemisorbed oxygen can be desorbed according to the following equation: 

and can once more react with H 20 or H [Kinoshita, K.,1992;Carrette,L.,2000; Kordesch , 

K.,1996]. 

2.4 Parameters Affecting Electrocatalyst Performance 

Electrocatalytic activities are controlled by the intrinsic chemical activities of the surface. 

The fundamental requirement for a good performance of an electrocatalyst is availability of 

maximum number of sites along with high intrinsic activities of sites for the reaction, good 

electrical conductivity, good interaction with ionomers and reactant gas access 

[Friedrich,K.,A.,2002]. Apart from these, the various parameters affecting performance of an 

electrocatalyst are: 

a) Particle Size: Since catalysis is surface phenomena, it is expected to be improved by 

decreasing catalyst particle size and thus increasing surface area. The relationship between 

particle size and surface area can be calculated by the relationship [Min,M.,K.,2001]: 

Where, S is surface area, p is metal density and d is particle diameter (assuming that 

particles are spherical in shape). Figure 2.4 shows that an increase in Pt particle size from 2 to 

4nm causes the Pt surface area to drop by half [Larminie,J.,2002;Suryanarayana, C.,2001]. 

Watanabe et al. [Watanabe,M.,1994] also supported the fact that the intercrystalline distance of 

2M-0 =2M + 0 2 2.10 

S=6/(p * d) 2.11 
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the metal on the carbon support is fundamental to the ORR and showed that smaller particle 

sizes are better for reactivity. 

o -I , , , , , , , , , 1 

0 2 4 6 8 10 12 14 16 18 20 

Pt Particle Size (nm) 
Figure 2.4 Relationship of Pt surface area to particle size based 
on the spherical geometry [redrawn, taken Larminie,J.,2002] 

But over the years, numerous models derived by experimental results deviate from the 

above trend. Beard and Ross [Beard,B.,C.,1990] showed in their results that activity was best at 

a certain particle size (~5nm) and particles smaller than this size exhibited lower reactivities. 

This was specifically proved with the Pt-Co alloy system in their work. This theory was 

disputed by Kyong and workers [Kyong,T.,K.,1993] who observed with the Pt-Fe system that 

specific activity was independent of the particle size. 

However, the Ross et al. [Beard,B.,C.,1990] model is supported by many researchers. 

Supporting Ross's interpretation, Mukerjee and co-workers [Mukerjee,S.,1995(a-b)], said that 

smaller particles might increase surface area, but this doesn't necessarily increase the number of 

active sites and thus catalytic performance. They suggested that as the particle sizes increases, 

the number of Pt atoms on (100) crystal facets increases with respect to those edges and corners 
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and thus the ORR becomes facile because there are more Pt (100) sites available. Ross et al. 

[Beard,B.,C.,1990] in their work had shown that the Pt (100) surface is more catalytically active 

than the Pt (111) plane for the ORR. They also suggested that as the particle size increases the 

d-band vacancy decreases and this in turn suggests that the adsorption strength of adsorbed 

oxygen species decreases. So, the reduction of intermetallics containing oxygen on a Pt surface 

occurs at a much faster rate [Mukerjee,S.,1995(a);Galeotti,M.,1996]. 

100 

o o 

o 

10 

_L J_ 
0.32 0.34 0.36 0.38 0.40 

d-orbital vacancy per atom 

2.66 2.68 2.7 2.72 

Bond distance (A) 

2.74 

0.42 

2.76 

Figure 2.5 Correlation of oxygen electrode performance of Pt & Pt alloy electrocatalyst with 
Pt-Pt bond distance (o) and the d-orbital vacancy of Pt(») [redrawn, taken Mukerjee.S., 1995a] 

b) d-d particle distance: T he catalytic activity varies even with the same surface area (same 

particle size) depending on the transition element used in the alloying process. Jalan and Taylor 

[Jalan,V.,1983] claimed that the Pt-Pt nearest neighboring distance was the main factor for 

enhanced ORR activity by many transition metal electrocatalysts such as Cr, V, Ti, W, Co, Ni 

and other metals like Ag, Al, Si, C. They reported increased specific activity with decreased Pt-
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Pt distances in all cases. Figure 2.5 depicts that oxygen reduction activity of Pt and Pt alloy 

electrocatalysts follow a parabolic trend with d-d particle distance and empty d-orbitals. 

c) Effect of heat treatment: Catalytic properties are also affected by heat treatment, such as 

annealing. It has been reported that as the powder is subjected to a higher heat treatment 

temperature, the particle size of the catalyst increases and thereby the dispersion is reduced 

indicating an increase in degree of alloying as heat treatment temperature increases 

[Min.,K.,M.,2001]. Cold working of particles also have significant effect on the electrocatalytic 

activity. The amount of cold work also changes surface activities (e.g. work hardened surfaces 

are more anodic than annealed surfaces). Heat treatment also affects Pt-Pt nearest neighboring 

distance [Wronski,Z.,S.,2001]. 

d) Thermaland chemical stability of nonstructural electrocatalysts: Pretreatment of catalyst 

such as heating under hydrogen or air, or, the electrochemical activation of the electrodes can 

also improve performance for the oxygen reduction. It is generally expected that the smaller the 

structure (active site) the more likely it is to move, aggregate, be poisoned, decompose, or 

change its shape, composition or morphology upon exposure to thermal and/or chemical 

cycling. Hence, thermal and chemical stability of the electrocatalyst also affects activity 

[Wronski,Z.,S.,2001]. 

2.5 The Electrocatalyst Materials Used to date 

Apart from the definition presented in an earlier section, ' electrocatalysis' may also be 

defined as the acceleration of an electrode reaction by a substance that is not consumed in the 

overall reaction. Such a substance is called an 'electrocatalyst' [Kordesch,K.,1996]. For 

PEMFCs, Pt and Pt alloys are the best electrocatalysts for both hydrogen and oxygen reduction 
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reaction. The reason is that no other electrocatalyst has approached the specific activity exhibited 

by Pt (or platinum alloys) in PEMFCs; firstly because of the demanding process of oxygen 

electroreduction and secondly, due to relatively adverse interfacial kinetics conditions of 

PEMFCs. Furthermore, alternative electrocatalysts developed have limited chemical stability in 

the acidic environment of the PEMFC as compared to Pt and Pt alloy catalysts 

[Gottesfeld,S.,1998]. 

As mentioned earlier, the Gemini space program developed by General Electric was the 

first to employ PEMFC technology for its operation. Electrocatalysts used in this space vehicle 

were unsupported Pt and Pd 'blacks' powders. The electrode loading used in this program was 

kept very high (> 30 mg/cm ) to achieve reasonable cathode performance [Hoogers,G.,2003]. 

Such high loading and cost could only be supported in space applications (refer Appendix A). 

This Pt loading has to be brought down to produce cost-effective electrodes for commercial 

terrestrial applications. 

This instigated interest in finding non-noble catalysts for the ORR. Literature shows that 

Ru-based chalcogenides, pyrolysed Fe and Co macrocycles*, and metal carbides all show 

significant oxygen reduction. Base metals, e.g. Fe, Co, macrocyclic compounds (e.g. porphyrins, 

phthalocyanines, tetraazannulenes) [Kiros,Y., 1996b;Mizuhata,M., 1997;Tamizhmani,G., 1994] 

have long been known to possess the ability to electro-reduce oxygen. 

Carbon supported Co-based systems [Neto,0.,1999; Beard, B.,C.,1990] in particular have 

^Marcocycles are functional molecular architectures having well-defined mechanical and chemical properties. 
Pthalocyanines, porphyrins are all chelating systems having definite macrocycles. Porphyrin is a structure derived from 
porphine by replacing some of the hydrogen atoms around the outside with other groups of atoms. Porphine is a chelating 
agent in which a metal ion forms bonds with nitrogen atoms. A chelating agent is a substance whose molecules can form 
several bonds to a single metal ion. hese act as catalysts for many biological and chemical reactions 
[http://scifun.chem.wisc.edu/chemweek/Chelates/Chelates.html] 

http://scifun.chem.wisc.edu/chemweek/Chelates/Chelates.html
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shown excellent performance and durability and were extensively used in metal-air battery 

systems. However, in acid, although both Fe- and Co- based system [Kiros,Y., 1996a; 

Watanabe,M.,1994] show oxygen reduction activity, overall performance and durability are 

poor. Attempts to improve these properties led to heat-treating M-organic macrocycles (M = Ni, 

Fe and Co) at high temperature (ca 600°C) [Cote.,R.,1997]. This did improve catalyst 

performance but corrosion and degradation were still issues as before, though of course, less 

severe. Ru-based catalysts were investigated after the discovery by Alonso-Vante and Tributsch 

[Vante,N.,A.,1997], that chevrel-phase Ru-Mo chalcogenides (sulfides and selenides) had 

significant oxygen reduction activity in acid electrolyte. In the 1990s, studies on ruthenium-oxide 

pyrochlore (Pb2Ru2- x Pbx07_x) and on pyrolyzed Fe acetate adsorbed on 3,4,9,10-

perylenetetracarboxylic dianhydride showed reasonable activities for the ORR in acidic media, 

but electrocatalytic activities of these materials were also less than that of Pt 

[Costamagna,P.,1998]. More recent work has shown that a carbon-supported Ru-Mo oxyselenide 

had similar mass activity for oxygen reduction to a carbon supported Ru catalyst but was a 

poorer catalyst for oxygen reduction when compared to Pt (by >100mV at 60°C) 

[Neto,A.,O.,2002]. This all showed that less expensive catalyst do show oxygen reduction 

activity under PEMFC conditions but are definitely inferior to Pt in terms of intrinsic activity. 

This led to the introduction of supported Pt catalysts electrodes 

[Apple,A.,J.,T.,1987;Gottesfeld,S.,1998;Larminie,J.,2002]. In supported catalysts, Pt is highly 

divided and spread out on larger particles of finely divided supporting material, such as carbon. 

This support not only increases surface area by huge proportions but also provide 

structural, conductive and durable support for the active metal particles. Figure 2.6 below shows 

Pt-electrocatalyst particles supported on a carbon particle. 
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Using a support particle for electrocatalysts, Los Alamos National Laboratory reported 

higher performance with a 10- fold size reduction in Pt loading from about 4mg/cm to about 

0.4mg/cm2 with the use of carbon [Costamagna,P.,1998], whereas other researchers reported 

satisfactory performance with loading as low as O.lmg/cm and 0.05mg/cm Pt 

[Kumar,G.,S.,1995]. 

Catalysts 
Particles 

Carbon 
Support 

Figure 2.6 Uniformly distributed Platinum catalyst particles on carbon support [redrawn, taken Laramine, J.,2002] 

In the past two decades, efforts have been made to further reduce the Pt content in the 

supported Pt catalysts by alloying Pt with 'other metals' than using Pt alone. These other metals 

are generally 'transition metals'. Transition metals are mainly chosen for making electrocatalysts 

because of the presence of empty d orbitals, their oxidation states and their electronic structures 

[Kordesch,K.,1996;Gottesfeld,S.,1998]. Transition metals generally used as electrocatalysts are 

Ag [Couturier,G.,1987], Ti [Couturier,G.,1987], Cr [Lalande,G.,1997], Mo[Neto,A.,O.,2002] Fe 

[Toda,T.,1999;Kyong,T.,K.,1993],Co[Kiros,Y.,1996(a-b); Neergat,M.,2001;Paulus,U.,A.,20002; 

Shulkla,A.,K.,2001;Toda,T.,1999], Ta [Couturier, G.,1987], Ni [Neergat,M.,2001;Paulus,U.,A., 

20002; Shulkla,A.,K.,2001]. 
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In one of the earliest attempts to use a transition metal as a suitable non-expensive catalyst 

for the ORR, Couturier et al. used Ag as an electrocatalyst [Couturier,G.,1987]. Ag was 

considered a suitable candidate because it has good peroxide decomposing properties in alkaline 

media; but its stability in alkaline media was an issue. Pt-Au alloy was also used as 

electrocatalysts in the space shuttle fuel cell [Couturier,G.,1987] but the cost demoralized further 

research on this electrocatalyst alloy system. 

Srinivasan et al. [Mukerjee,K.,1995(a-b)] reported much cheaper Cr as one of the most 

promising transition metals for the ORR electrocatalyst. They attributed the performance to the 

parabolic dependence of electrocatalytic activity to both the Pt-Pt interatomic distance and the d-

band vacancy. Luczak et al. [Luczak,F.,J.,1984;Luczak,F.,J.,1987] also claimed better activity 

for Pt-Cr or Pt-Co-Cr alloy catalysts than Pt. Though Couturier et al. [Couturier, G.,1987], who 

tested Pt-Cr, Pt-Ta, Pt-Cr-Ta alloy electrocatalysts for ORR agreed that Pt-Cr showed better 

catalytic activity due to optimum interatomic spacing, they pointed out that in long hours of 

operation, Cr leaches out in the solution (acidic) causing degradation in the performance. They 

reported better electrocatalytic activity for Pt-Cr-Ta than Pt-Cr electrocatalyst. The higher 

activity of Pt-Cr-Ta was attributed to the corrosion resistant behavior of Ta. Significant 

electrocatalytic activity for O2 reduction was also reported with Pt-Cr /C [Lalande,G., 1997b] and 

Pt-Ir/C [Cote,R.,1997] catalysts prepared by the sol-gel method. 

Min et al. [Min,K.,M.,2001] reported higher specific activity for Pt-Ni electrocatalysts 

among carbon based Pt-M (where M= Co, Cr, Ni) alloy electrocatalysts prepared by the incipient 

wetness method. The activity of all these Pt-M electrocatalysts was reported higher than Pt alone 

catalysts. They attributed this higher activity to the reduced Pt-Pt neighboring distance due to 

alloying of catalysts, reiterating the fact as others [Min,K.,M.,2001;Kiros,Y.,1996a] that the 
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ORR on platinum's surface is a structure sensitive reaction. While, Shukla et al. 

[Neergat,M.,2001; Shukla,A,K.,2001] reported higher oxygen reduction activity for binaryPt-

Co/C than Pt-Ni/C, Pt-Cr/C and Pt-Co-Ni/C, Pt-Co-Cr/C ternary alloy electrocatalysts prepared 

by chemical method. Paulus et al. [Paulus,U.,A.,2002] on the other hand reported significant 

activities for both Pt-Co/C and Pt-Ni/C electrocatalysts from E-TEK. Figure 2.7 compares the 

activity of 20 wt% PtCo/C electrocatalysts in the ratio of 3:1 and 1:1 with the same wt% Pt/C in 

the acidic medium. Significant activity is seen for the Pt3Co/C (ca. 2-3) and small activity 

enhancement for PtCo/C (ca. 1.5) in comparison of Pt/C catalysts. There is a 50mV increase in 

the oxide potential with the use of PtCo(Ni) catalysts. They speculated the reason for this shift of 

50mV in the oxidation potential of the Pt surface atoms with the addition of Ni or Co as being a 

result of the fact that 

" if Ni (Co) atoms are stable in the surface under ORR conditions, they are probably 
'oxidized' and have one or more ligands attached throughout the ORR potential. These OH 
ligands attached give rise to an effect on OH formation on neighboring Pt atoms analogous to the 
common-ion effect in solution chemistry, i.e., the presence of OH species on the surface repels 
like species from forming nearby and thus exhibit higher activity for ORR" 

They also tested PtNi/C in the same ratio but found that as the nickel content in the PtNi/C 

alloy increased, it became unstable at oxygen electrode potentials and gave higher peroxide 

yield. They reported that 3 :1 Pt-Co(Ni)/C catalysts (Fig. 2.7; only PtCo/C voltammogram has 

been shown due to its direct significance with this project) showed the same Hupij (hydrogen 

under potential deposition) region and typically the same adsorption and desorption features as 

Pt/C catalyst in the potential regions between 50 and 300mV. 1:1 PtCo/C catalyst did not show 

any of these features. They also reported lower Tafel slopes for the Pt catalysts in 0.1M HCIO4 

than carbon supported Pt in 0.05M H2SO4 or a singe crystal Pt electrode in the same solution. 

They attributed this difference to the variation in the electrolyte used and to the i nfluence o f 

anion adsorption [Paulus,U.,A., 2002]. 
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Figure 2.7 Base voltammograms of the standard supported Pt catalysts compared 
to the supported Pt3Co and PtCo catalyst in 0. IM HC104 (Ar saturated) at 
room temperature, rpm=900, scan rate-50mV/s [Paulus,,U.,A., 2002]. 

Toda et al.[Toda, T.,1999] also reported significant activity, ca. 10 times more , for 

sputtered Pt-Ni, Pt-Co and Pt-Cr than Pt film prepared from the same method. Paulus et al. 

suggested that the reason of this increase may be because transition metals corrodes from the 

surface region due to elaborate pretreatment of sputtering leaving only Pt skin 

[Paulus,U.,A.,2002]. Gamburzev et al. [Gamburzev,S.,1997] reported that the activity of ternary 

Pt-Co-Cr supported alloy catalysts was superior to Pt/C catalysts. They attributed this to the 

geometrical and electrical factors. Kiros et al. [Kiros,Y., 1996b] prepared supported PtCo and 

CoTPP (Cobalt Tetraphenylporphyrin ) catalysts by an impregnation method. They interestingly 

found that CoTPP showed better performance than PtCo electrocatalysts and that in turn showed 

better performance than Pt alone catalyst. Figures 2.8 and 2.9 show the polarization curves and 

potential time curves of the same respectively. They, unlike Couturier et al. [Couturier,G.,1987], 

referred this activity to a roughening effect arising from dissolution of Co together with a smaller 

neighboring distance of Pt with the transition metals. 
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1000 

Figure2.8 Comparison ofpolarization data of 1) CoTPP Figure 2.9 Potential vs. time of the (l)CoTPP, (2)Pt-Co 
2) Pt-Co and 3) Pt [redrawn, taken Kiros, Y 1996b] catalyzed electrodes[ redrawn, Kiros, Y, 1996b] 

Though CoTPP had better activity than PtCo alloy electrocatalysts, it showed higher 

decay rates [Kiros,Y., 1996b]. Kiros et al. in another work [Kiros,Y., 1996a] examined the 

electrocatalytic properties of heat-treated Co, Pt and Pt-Co alloy electrocatalysts in alkaline 

medium. Higher activity was reported at 900°C (than 700°C) due to decreased lattice parameters, 

indicating a higher degree of alloying at higher temperature. Unlike others, they reported that 

'unalloyed cobalt' contributed to the total performance improvement of the oxygen reduction 

reaction. This is highly likely due the heat treatment effect. 

While all the above results report a higher catalytic activity for the ORR on Pt alloy catalysts 

than on Pt alone catalysts; Beard & Ross [Beard,B.,C.,1990] and Glass coworkers [Glass,J.,T., 

1987] did not find an increased mass activity for Pt-Co or Pt-Cr as compared to Pt 

[Paulus,U.,A.,2002] and Paganin et al. [Paganin,V.,A.,1997] reported poor activity of Pt-M 

(where M = V, Co, Cr) compared with pure platinum having the same loading. 

Ball milling is a prominent method for catalyst fabrication but it has been mostly used to 

synthesis the Pt based transition metal alloy for the hydrogen oxidation reaction and there is no 

evidence of using ball milling for the fabrication of electrocatalysts for ORR. 
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Sunetal. [Sun,L.,1997] used ball milling to prepare a Cu-Al alloy. It was found that the 

activity of the balled milled Cu-Al was much higher than vacuum induction melted Cu-Al and 

rapidly quenched Cu-Al alloy with the same atomic ratios. Since then various electrocatalysts 

like Pt-Ru [Lalande,G.,1997a;Denis,M.,C.,1999; Denis,M.,C.,2000] and Pt-Mo [Denis.,M., C , 

2000] h ave b een p repared for catalysis of the hydrogen oxidation reaction by the ball milling 

technique. Figures 2.10 and 2.11 show cyclic voltammograms and fuel cell polarization curves of 

20 wt% PtRu (1:1) ball milled, 20 wt% PtRu (1:1) ball milled with XC-72 carbon, and 20 wt% 

Pt/C (E-TEK) electrocatalysts. 
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700 0 -250 

Figure 2.10 Cyclic Voltammograms of (a) 20 wt% Pt on Caron Black (E-TEK), 
(b) Pt0.5oRu0.5o Ball milled alloy, (c) 20 wt% ball milled Pt0.soRuo.so milled a 
second time withXC-72R [redrawn, Lalande, G.,1997a] 

1 i 

o-l , , , , , 
0 200 400 600 800 1000 

Current (mA/cm2) 

Figure 2.11 Fuel Cell polarization curves of a 20 wt% ball milled Pto.soPuono 
alloy, milled a second time with XC-72R. The 20 wt% Pt/XC-72R commercial 
catalyst (E-TEK) [redrawn, Lalande G., 1997a] 
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Figure 2.10a shows the cyclic voltamrnogram of 20 wt% Pt on XC-72 carbon from E-

TEK. The H2 evolution/ adsorption and H + reduction peaks are clearly visible between 0 to -

0.25V. Figure 2.10b is the voltamrnogram of ball milled Pto.50Ruo.50 for 20hrs. This 

voltamrnogram is featureless with very little capacitive response and does not display any peak 

for voltages more cathodic than 0V. The authors suggest this lack of activity to a very small 

specific area of this material. Figure 2.10c shows slight improvement in the catalytic behaviour 

when milled with surface agent. Lalande et al. [Lalande,G., 1997a] suggested that this low 

activity of PtRu ball milled with carbon as surface agent might be because there were large size 

PtRu particles present even after ball milling with surface agents. Another possible reason 

suggested was that the active sites for H2 oxidation were more or less obliterated by the carbon 

black covering them. 

Figure 2.11 shows polarization curves of 20 wt% Pto.soRuo.so/C ball milled for 40hrs and 20 

wt% Pt/C (E-TEK) tested in the fuel cell assembly. 20 wt% Pt0.5oRuo.5o/C show very little current 

density as compared to commercial E-TEK catalysts suggesting that ball milling did not produce 

enough surface area inspite of the addition of surface agent [Lalande,G., 1997a]. Electrocatalysts 

fabricated by the ball-milled method are discussed in detail in section 2.7. 

The above literature review shows significant variation in the activities obtained with the 

same alloy electrocatalysts. Tables 1.2 and 1.3 give the Tafel slopes and exchange current 

densities of the various electrocatalysts discussed with the method of fabrications and detailed 

description of the environment they were tested in. 

http://Pto.50Ruo.50
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These differences in the activities and kinetic parameters can be attributed to the different 

methods employed for the fabrication of the electrocatalysts. Manufacturing methods have a 

great effect on particle size and surface area and hence, on the performance of the catalysts. 

Also, it should be kept in mind that some of the catalysts were tested in full MEA and complete 

fuel cell set up while others were evaluated in a conventional three-electrode electrochemical cell 

with aqueous electrolytes. Another important factor influencing the performance of the 

electrocatalysts tested in the 3-electrode arrangement is the amount o f n afion c ontent u sed t o 

make the electrode sample. Furthermore, electrolyte used, types of gas sparged and variation in 

room temperatures and other environmental factors may also be the reasons for these 

discrepancies. This emphasizes that the results reported in the literature and the ones produced in 

this thesis are not directly comparable. 
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2.6 Method of Fabrication 

This section addresses reasons for using nanocrystalline materials as electrocatalysts, 

various methods of fabrication of nanocrystalline electrocatalysts cited in the literature to date, 

justification of using mechanical alloying as the method of fabrication of electrocatalysts in this 

work, its mechanism and factors affecting its performance. It also illustrates references of 

previous use of ball milling for electrocatalysts fabrication by other authors. 

2.6.1 Nanocrystalline materials 

Nanocrystalline materials are polycrystalline, having an ultra-fine grain size in the order 

of l-100nm [Wronski,Z.,S.,2001]. Because of the extremely small size of the grains, a large 

fraction of the atoms in these materials is located in the grain boundaries and thus the material 

exhibits enhanced combinations of physical, mechanical, and magnetic properties. 

Nanoparticles also have high surface area and all these properties capitalize great interest in 

nanostructured materials [Schulz,R.,1999; Surayanarayana,C.,2001;Wronski,Z.,S.,2001] 

2.6.2 Methods of preparation of nanostructured materials 

Nanocrystalline materials can be synthesized by a number of techniques like vapor 

phase, e.g., inert gas condensation [Rhun,V.,L., 2002], liquid phase, e.g., electro- deposition, 

rapid solidification [Perez,J.,1998;Mukerjee,S.,1993;Lalande,G.,1995;Lai,E.,K.,W.,1997], ion 

exchange [Wilson,M.,S.,1995], impregnation [Mizuhata,M.,1995;Kiros,Y.,1996b;Faubert,G., 

1998], sol-gel synthesis [Cote.,R.,1997], solid state, e.g., mechanical attrition/ball milling 

[Lalande,G.,2000;Pharkya,P.,2003;Pharkya,P.,2004,Schulz,R.,1998], and incipient wetness 

method [Min, M.,K., 2000]. 
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2.6.3 Mechanical Alloying - Mechanism 

In this work, mechanical alloying is chosen as the method of fabrication because of the many 

advantages associated with this technique. Mechanical alloying (MA) is a solid-state process, in 

which a mixture of powder(s) is converted into an alloy by facilitating a series of high-energy 

collisions. In MA, powder charge is placed in a container, known as a bowl along with a suitable 

grinding media under inert or other controlled atmosphere. The materials are primarily crushed 

by the high-energy impact of grinding balls and frictional impact between balls and wall of the 

grinding bowl [Wang,W.,2000]. Figure 2.12 shows the schematic depicting the ball motion 

inside a ball mill. It consists of inducing a solid-state reaction between the components of a 

powder mixture by repeated mechanical deformations. This mechanical deformation is evident 

by the presence of a variety of crystal defects, such as dislocations, vacancies, stacking faults and 

increased number of grain boundaries that 
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increase interatomic diffusion, thereby allowing the solid-state reaction to proceed. Also, strain is 

induced in the lattice during milling that results in the crystal breaking into smaller particles 

[Suranarayan,C.,2001]. 

Mechanical alloying is a complex process and hence involves optimization of a number 

of variables to achieve a desired product phase and/or microstructure. 

Some of the important parameters that have an effect on the final constitutions of the powder are 

the material of the milling container, material and size of the grinding medium, milling speed, 

milling time, milling atmosphere, temperature and pressure of milling and ball to powder weight 

ratio. Some of the more important factors have been explained in detail below: 

1. Milling container: The material used for making the milling container is of vital importance 

as some materials may be incorporated into the powder due to the impact of the grinding medium 

on the inner walls of the container. This may contaminate the powder or alter its chemistry. The 

material used for making the grinding balls are therefore chosen of high density and high 

abrasion resistance. 

2. Grinding Medium: The density of the materials of the grinding medium should be high enough 

so that the balls create enough impact on the powder. The material of the grinding vessel (vial) 

and grinding medium (balls) should be made of the same material to avoid cross contamination. 

The size of the grinding medium also has an effect on the efficiency. Larger size and high 

density of the grinding medium are more beneficial as they provide greater impact to the powder 

particles. The raw material used for the mechanical alloying should be of smaller size than the 

grinding balls. This is because the powder particle size decreases exponentially with time and 

reaches a small value of a few microns only after a few minutes of milling 

[Suryanarayan,C.,2001 ]. 
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3. Ball-to-powder weight ratio: The ratio of the weight of the balls to the powder (BPR) also 

called charge ratio (CR) [Surayanarayan,C.,2001], is an important variable in the milling 

process. It has a significant effect on the size of the particles obtained and the time required to 

achieve a particular phase in the powder being milled. The higher the BPR, the shorter is the 

time required. At a high BPR, because of an increase in the weight proportion of the balls, the 

number of collisions per unit time increases and consequently more energy is transferred to the 

powder particles. 

4. Milling Speed: It is generally believed that a faster milling speed leads to higher energy input 

that produces smaller particle size in lesser milling time. B ut there is a critical speed above 

which balls are pinned down to the walls of the vial and don't exert any forces 

[Suryanarayan,C.,2001]. Therefore, this milling speed should be just below the critical speed so 

that balls fall down from the maximum height to produce the maximum collision energy. 

Another limitation to the maximum speed is that at high speed the temperature of the vial may 

increase to higher values. This may be advantageous in cases where diffusion is required to 

promote homogenization and alloying in the powders. But, this increase in temperature may be a 

disadvantage because this may accelerates the transformation process and results in the 

decomposition of supersaturated solid solutions or other metastable phases formed during 

milling. Additionally, there is also high possibly of contamination of powder at high 

temperatures. It has been reported that during nanocrystalline formation at higher milling speeds, 

increased rate of dynamical recrystallization increases the average crystal size and decreases the 

internal strain [Kuhrt,C.,1993]. 
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5 .Milling atmosphere: The major effect of the milling atmosphere is on the contamination of the 

powder. Therefore, the powders must be milled in an inert medium. Inert gases like Argon/ 

Helium have been found to prevent oxidation and contamination of the powder. 

6.Temperature rise during milling: The temperature rise during milling is also an important issue 

in b all m illing. T emperature d uring m illing d epends i n k inetic e nergy o f t he balls and on the 

exothermic processes occurring during milling. An increase in temperature leads to higher 

mobility of atoms which cause the recovery and recrystallization processes to take 

place[Kuhrt,C.,1993]. Therefore, care should be taken to keep the temperature and pressure 

inside the milling container to an optimum level. Figure 2.13 shows the trend in particle 

refinement with different parameters like ball to powder ratio and milling time. 

Figure 2.13 Refinement of particle and grain sizes with milling time. 
Rate of refinement increases with higher milling energy, ball.powder 
ratio and low temperaturefredrawn, taken Suryanarayana,C.,2001] 
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2.6.4 Planetary Mill 

In this study planetary ball mill called "Pulverisette 6" was used for the fabrication of 

electrocatalysts. This mill owes its name to the planet-like movement of its vial. This ball mill 

is suitable for research purposes in laboratory as it is small and mills the small quantity of 

powder in short time. The motion of a planetary mill involves rotation of the bowl about two 

separate parallel vertical axes, analogous to the rotation of the earth about the central axis of 

itself and about the sun. It consists of one sun disc and one or more planetary bowls. The sun 

disc rotates in o ne d irection about i ts c enter w hile the b owls r otate i n the o pposite d irection 

about their own axes. The centrifugal forces created by the rotations of the bowl around its own 

axis and of the rotating disc are applied onto balls and the powder mixture in the bowl. The 

impact is intensified when the balls collide with one another. The impact energy of the milling 

balls can be changed by altering the rotational speed of the sun disc. The advantage of this type 

of ball mill is not only that high energy can be obtained but also high impact frequency, which 

shortens the duration of the MA process [Suryanarayana,C, 2001; Wang. W.,2000] 

Ivanov and co-workers were the first to explore mechanical alloying to obtain 

magnesium alloys for hydrogen storage [Ivanov,E.,1992]. Since then, a number of alloys have 

been prepared by this technique. Lately, the Dodelet group [Denis,M.,C.,1999,Denis,M.,C., 

2000.,Lalande,G.,1997, Lalande,G.,1999, Lalande,G.,2000] has extensively incorporated the use 

of ball milling for the fabrication of electrocatalysts for hydrogen oxidation reaction in PEMFC. 

The advantage of using MA is that it can fabricate materials not only in the same particle 

size range (2nm) [Schulz,R.,1998] as produced by other methods such as the ion-exchange 

method (2nm) [Mizuhata,M.,1995] or sol-gel synthesis (2-25nm) [Cote,R., 1997] but also 

renders irrelevant the immiscibility problem inherent to liquid processing in this system 
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[Wronski,Z.,S.,2001]. This is because mechanical alloying is a solid state processing technique 

and therefore limitations imposed by the phase diagram do not apply. It is also capable of 

producing metastable phases including supersaturated solid solutions, crystalline, quazi-

crystalline, amorphous, and disordered intermetallic compounds [Surayanararan,C,2001]. Figure 

2.14 shows the phase diagram of the PtCo binary alloy system, which shows the presence of 

ordered CoPt and CoPt3 phases. CoPt has a tetragonal structure while CoPt3 has a cubic 

structure [ASM handbook,ed.,Baker,H.] 

Atomic Percent Platinum 
10 20 30 « 50 60 70 80 90100 

Co Weight Percent Platinum Pt 

Figure 2.14 Pt Co Binary Phase diagram [ASM handbook,ed.,Baker,H.] 
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The other advantage to MA, when compared to other processes such as gas 

condensation and sputtering methods, is its ability to produce bulk quantities of material in the 

solid state at room temperature using simple equipment at commercially viable cost [Denis, 

M.,C.,2000; Suryanarayna,C.,2001; Wronski, Z.,S.,2001]. 

Although, this technique is capable of producing supersaturated solid solution in a wide 

range o f c ompositions, t he s pecific s urface a rea oft hese m aterials i s usually less than 1 m2/g 

[Schulz,R.,1998] due to cold welding of particles during milling process, which in turn, greatly 

affects the electrocatalytic performance of electrodes. This problem can be overcome by adding 

PCA. Dodelet et al. [Lalande,G.,1999, Denis, M.,C.,199] have extensively demonstrated that 

milling a second metal with the original powder can increase the porosity of the powder and 

hence overcome the limitation of low surface area [Denis,M.,C.,1999;Denis.,M.,C.,2000]. This 

second metal is called PCA. PCAs act as surface-active agents, adsorbing on particulate surfaces 

and interfering with cold welding by lowering the surface tension of the solid material. Usually, 

PCAs are organic compounds like stearic acid, hexane, oxalic acid, methanol, ethanol, acetone, 

heptane octane, toluene, etc [Suryanarayan,C.,.2001]. The majority of these compounds 

decompose, and are incorporated in the powder particles during milling, resulting in the 

formation of carbides and oxides, which uniformly disperse in the matrix [Denis,M.,C.,2000]. 

Therefore, PCA should be chosen such that it does not negatively affect the final activity of the 

electrocatalysts. The nature and quantity of the PCA used and the type of powder milled also 

determine the final size, shape, and purity of the powder particles. Use of a large quantity of 

PCA normally reduces the particle size by 2-3 orders of magnitude. Also, it has been reported 

that an increase of the PCA leads to an e xponential d ecrease of the powder size for a given 

milling duration [Surayanarayan,C.,2001]. Denis et al. showed that PCAs could also play the 
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role of dispersive agent [Denis, M.,C.,2000]. The various dispersive agents used were Al 

[Denis,M.,C.,1998;Denis,M.,C.,2000; Gouerec,P.,2000;Schulz,R.,1998], MgH2 [Gouerec,P., 

2000; Lalande,G.,2000], Mg [Denis,M.,C.,1998]. Various PCAs used were NaF or MgH2 

[Denis, M.,C.,2000;Gouerec, P., 2000]. A number of authors have also suggested the use of 

lixiviation process [Denis,M.,C.,1998;Lalande,G.,2000;Schulz, R., 1998] to enhance the surface 

area of powder by many folds. 

Various binary catalysts fabricated by ball milling, which were used for the anodic 

reaction in PEM fuel cells include Pt-Sn [Lalande,G.,1999], Pt- Mo [Gouerec,P., 2000], Pt-Ru 

[Lalande,G.,1997;Lalande,G.,1999]. Lalande et al. [Lalande,G.,2000] also reported the use of 

this technique to mill Pt powder with tungsten and molybdenum oxide [W02, WO3, Mo02 or 

M0O3] to synthesize nanocomposites for the anode electrocatalyst of PEMFCs. As mentioned 

before, this technique still has to prove itself for the fabrication of high surface area catalysts for 

the ORR. This work is one such attempt to widen the perspectives of this technique for 

fabrication of the ORR electrocatalysts. 

2.7 Working electrode used for electrochemical experiments 

The choice of working electrode has a special significance in testing highly substrate 

sensitive electrochemical measurements. Solid electrodes based on carbon are widely used in 

electrochemistry because of the wide potential range over which they could be used, low 

background current, low cost, chemical inertness, and suitability for various sensing and 

detection applications [Wang,J., 1994]. 



Chapter 2: Literature Review 40 

In this project, a glassy carbon electrode was used as the base for supporting powder 

material for electrochemical testing. This section discusses glassy carbon electrodes and normal 

pyrolytic carbon, their methods of fabrication, and reasons for differences in performances. 

2.7.1 Glassy-Carbon Electrodes 

Glassy (or v itreous) c arbon h as b een v ery popular for making solid electrodes because of its 

excellent mechanical and electrical properties, wide potential range, chemical inertness (solvent 

resistance), and relatively reproducible performance [www.epsilon-web.net]. 

Glassy carbon is different from pyrolytic carbon. Glassy carbon is an amorphous form of 

carbon that is chemically quite inert, whereas pyrolytic graphite has a more ordered structure 

with distinct, basal and edge planes. These edge planes are considerably more conducting than 

the basal plane, which makes pyrolytic graphite an inferior choice for making solid electrodes. 

Apart from this, durability of glassy carbon electrode is more than pyrolytic graphite electrode 

as pyrolytic graphite electrode abrades very quickly [www.epsilon-web.net]. 

2.7.2 Method of manufacture and lab procedure for the usage of G C E 

Glassy carbon electrode (GCE) is prepared by means of a carefully controlled-heating 

program of a remodeled polymeric (penol-formaldehyde) resin body in an inert atmosphere. 

The carbonization process proceeds very slowly over the 300-1200°C temperature range to 

ensure the elimination of oxygen, nitrogen, and hydrogen. The structure of glassy carbon 

involves thin, tangled ribbons of cross-linked, graphite like sheets. Because of its high density 

and small pore size, no impregnating procedure is required [Wang, J.,1994]. However, surface 

pretreatment sites are usually employed to create active and reproducible glassy-carbon 

electrodes. Such pretreatment is usually achieved by polishing (to shiny mirror-like appearance) 

http://www.epsilon-web.net
http://www.epsilon-web.net
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with successively smaller alumina particles (down to 0.05pm). The electrode should then be 

rinsed with deionized water before use. Additional activation steps, such as electrochemical, 

chemical, heat or laser treatments have also been used to enhance the performance. Superior 

electron-transfer capability of this electrode can be achieved by removal of surface 

contaminants and exposure of fresh carbon edges. [Wang, J.,1994] 
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CHAPTER THREE 

Experimental Details 

This c hapter d escribes the materials used for electrocatalysts fabrication, the technique 

used for fabrication and its setup, electrocatalysts fabrication process, various microstructural 

and electrochemical techniques used for the characterization of the electrocatalysts. 

3.1 Materials 

This section describes the materials that were used for the fabrication of Pt and Co alloy 

systems, PtCo and PtCo/C alloy electrocatalysts and the commercial catalysts purchased from E-

TEK. 

3.1.1 Materials used for electrocatalyst preparation 

Electrocatalysts were made from Pt powder (99.9 + % purity, -325 mesh) and Co powder 

(99.5 % purity and -325 mesh) purchased from Alfa Aesar. Pt was used as noble metal and Co 

was used as non-noble/base metal. Vulcan XC-72R carbon black from Cabot® and stearic acid 

(C18H36O2) from Mallinckrodt were used as the surface agents. 

3.1.2 Commercial electrocatalysts used 

Commercial catalysts used were 40% PtCo/C and 10% PtCo/C. The atomic percentages 

of both Pt and Co were in the ratio of 1:1. Both the catalysts were purchased from E-TEK. The 

carbon used for support material was Vulcan XC-72R. 
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3.2 Fabrication Technique 

This section describes the ball milling setup, optimization of ball milling parameters like 

ball to powder ratio (BPR), surface agents and milling time. It also describes various alloy 

systems used for the optimization of the above-mentioned parameters. 

3.2.1 Setup of Ball Milling 

Milling was performed with a Planetary Mono Mill, "Pulverisette 6" from Fritsch. The 

mill can be seen in Figure 3.1. The milling was performed in 500ml grinding vial using 50 balls 

of 10mm diameter. Both the grinding crucible and the grinding media were made up of tungsten 

carbide (WC). This material was chosen for the crucible and the balls because it is highly 

abrasion resistant which minimizes contamination of catalyst powder and secondly, because of 

its high density which provides high impact energy during milling. 

A Gas Pressure and Measurement (GTM) II system was attached to the ball mill to 

monitor in-situ temperature and pressure effects during the process. The lid and the grinding vial 

were hermetically sealed with a Viton O-ring. The maximum speed of the ball milling was 

600rpm. Milling and cooling cycles could be set as per the desired conditions. 
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Figure 3.1 A Planetary Monomill "Pulverisette 6"from Fritsch 

3.2.2 Optimization of Ball Milling Parameters 

A number of alloy systems were prepared using different percentages of noble metal 

(Pt), base/non-noble metal (Co) and surface agents (carbon and stearic acid) to establish 

optimum ball milling parameters for fabrication of the electrocatalysts. 

Amounts of stearic acid used were 2 wt.% and 20 wt.% and that of carbon XC-72R 

were 1 at.% and 20 at.%. All powder handling was performed in a glove box with Argon gas to 

minimize oxidation of the powder during milling. Argon gas was supplied into the tungsten 

carbide crucible through a lid after the vial was hermetically sealed with a Viton O-ring. BPR of 

39:1 and 78:1 were used to prepare the alloy samples. High ratios were selected i n order to 

achieve significant particle size refinement [Sun,L.,1997]. The rotation of the ball mill vial 

alternated between clockwise and counter-clock wise direction after each cycle. Though the 

maximum speed up to which mill could rotate was 600 rpm, milling speed of 450 rpm was used 
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for all experiments to avoid excessive heating of the vial. The milling/cooling cycles of 40/20, 

30/30 or 20/40 min varied to keep the temperature in the desired range. 

3.2.3 Optimization of Temperature and Pressure 

Temperature and pressure in the vial increases with increase in ball-milling time. This has a 

direct effect on the particle size as particle size increases with increase in temperature due to 

sintering. The GTM (II) system was attached to the ball mill to monitor the sudden changes in 

temperature and pressure that are results of solid-state reactions. Figure 3.2 gives a temperature-

pressure profile obtained by the GTM (II) system during lOhrs of ball milling for a 

milling/cooling cycle of 20/40min. 
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As shown, the pressure increases only slightly from 118 to 126kPa after lOhrs of 

milling, whereas the temperature in the vial was maintained constant and below 45 °C due to 

selected cooling time between milling cycles 

Table 3.1 lists the experimental conditions under which Co and Pt alloy systems were 

prepared for optimization of the ball milling parameters. For each sample a small amount of 

powder was taken out for characterization at time intervals of 5min, 30min, lOhrs, 40hrs and 

90hrs. 

Table 3.1 Ball milling parameters for alloy systems 

Powder Process control 
agent (PCA) 

Wt.% 
PCA 

BPR Milling time 
(hrs) 

Milling/Cooling 
time (min) 

Atm. 

Co - - 78:1,39:1 0.5,10,24,40 20/40 Argon 

Co C18H3602 2 78:1,39:1 10,40,70,90 20/40 Argon 

Co Ci8H3602 20 78:1 40,90 40/20 Argon 

Co Carbon XC-72R 20 78:1 0.5,10,40,90 20/40 Argon 

Co Carbon XC-72R 
and C1 8H3 602 

20 78:1 0.08,0.5,10, 
40,90 

30/30 Argon 

Pt - - 78:1 0.5,10,40 30/30 Argon 

Pt Carbon XC-72R 20 78:1 0.5,10,40 20/40 Argon 
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3.2.4 Alloy Systems Prepared 

A number of alloy systems were prepared with the conditions mentioned in Table 3.1. The 

nomenclature used for the various alloy systems fabricated is explained here: 

• Co-10h-78: Cobalt milled for 10 hours with BPR of 78:1 

• Co-40h-78: Cobalt milled for 40 hours with BPR of 78:1 

• Co-40h-39: Cobalt milled for 40 hours with BPR of 39:1 

• Co-90h-78: Cobalt milled for 90 hours with BPR of 78:1 

• Co-10h-78-2%SA: Cobalt milled for 10 hours with BPR of 78:1 and 2 wt.% stearic 

acid as PCA 

• Co-40h-78-2%SA: Cobalt milled for 40 hours with BPR of 78:1 and 2 wt.% stearic 

acid as PCA 

• Co-90h-78-2%SA: Cobalt milled for 90 hours with BPR of 78:1 and 2 wt.% stearic 

acid as PCA 

• Co-10h-78-20%SA: Cobalt milled for 10 hours with BPR of 78:1 and 20 wt.% 

stearic acid as PCA 

• Co-40h-78-20%SA: Cobalt milled for 40 hours with BPR of 78:1 and 20 wt.% 

stearic acid as PCA 

• Co-90h-78-20%SA: Cobalt milled for 90 hours with BPR of 78:1 and 20 wt.% 

stearic acid as PCA 

• Co-10h-78-20%C: Cobalt milled for 10 hours with BPR of 78:1 and 20 wt.% 

carbon as PCA 

• Co-40h-78-20%C: Cobalt milled for 40 hours with BPR of 78:1 and 20 wt.% 

carbon as PCA 
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• Co-90h-78-20%C: Cobalt milled for 90 hours with BPR of 78:1 and 20 wt.% 

carbon as PCA 

• Pt-30min-78: Platinum milled for 30 min with BPR of 78:1 

• Pt-10h-78: Platinum milled for 10 hours with BPR of 78:1 

• Pt-40h-78: Platinum milled for 40 hours with BPR of 78:1 

• Pt-40h-78-20%C: Platinum milled for 40 hours with BPR of 78:1 and 20 wt.% 

carbon as PCA 

3.3 Fabrication Process for the electrocatalysts 

Once the optimum ball milling parameters were established, the different electrocatalysts 

were prepared using different percentages of Pt, Co and C. This section details the procedure 

used for fabrication of the electrocatalysts. 

3.3.1 Electrocatalysts Prepared 

Four sets of electrocatalysts, Pto.25:Co0.75-40h, Pt0.25:Coo.75-40h-20%C-30min, Pt:Co-45h-

%C-5h* and Pto.75Coo.25-45h-5h-l%C-lixiviated were prepared. All ratios are in atomic percent; 

the reason for no atomic percent in the * alloy electrocatalyst is explained below in the 

lixiviation section. The nomenclature used for the electrocatalysts fabricated is explained here: 

(a) Pto.25:Co0.75-40h: Pt and Co powders were mixed in the at. ratio of 1:3 and milled for 40hrs, 

(b) Pto.25:Co0.75-40h-20%C-30min: Pt and Co were taken in the atomic ratios of 1:3, ball milled 

for 4 Ohrs a nd t o t his m illed m ixture 2 0% c arbon (20% o f t he w eight o f the Pt and Co taken 

together) was added as surface agent and the whole mixture was milled for 30min, 

(c) Pt:Co-45h-l%C-5h: Firstly, Pt-AR and Co-AR powders were ball milled for 5hrs separately, 

these milled powders were mixed together approximately in the atomic ratio of 1:15 and ball-
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milled for 40hrs, then C, in the amount of 1% of the weight of the Pt and Co powders, was added 

to this milled mixture and milled for another 5hrs, 

(d) Pto.75Co0.25-45h-l%C-5hrs-lixiviated: Pt:Co-45h-l%C-5h alloy electrocatalyst was lixiviated 

according to the method explained in the lixiviation section (section 3.3.2). These fabricated 

electrocatalysts were then compared with 10% Pt-Co/C (50:50 at.%) and 40% Pt-Co/C (50:50 

at.%) commercial E-TEK electrocatalysts. 

3.3.2 Lixiviation Process 

One of the electrocatalysts (Pt:Co-45h-l%C-5h) was lixiviated to further improve the 

surface area. Lixiviation is a process by which the electrocatalyst is mixed in an acidic medium 

such that it leaches some of the non-noble/base metal resulting in porous surfaces. This results in 

increase in surface area of the electrocatalyst. It was due to this reason the percentage of Co in 

this electrocatalysts was kept high. 

The electrocatalyst (Pt:Co-45h-l%C-5h) was mixed with 20ul of distilled water and 30ul 

of IM Hydrochloric acid from Fishers. The whole suspension was then ultrasonically agitated for 

12hrs. This suspension was filtered using Fishers filter paper P2. The whole suspension was 

washed with deionized water for several times to remove any Cl" or H + formed during the 

lixiviation reaction. The filtered suspension was then dried at 110°C for 12hrs. 

3.4 Microstructural Characterization 

This section describes the various microstructural techniques used for the physical 

characterization of the electrocatalysts. 

3.4.1 Scanning Electron Microscopy (SEM) 

Particle morphology and bulk elemental composition were analyzed using a Hitachi S-

3500N scanning electron microscope equipped with energy dispersive x-ray spectroscopy (EDS). 
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The use of EDS analysis for bulk analysis has been reported in the literature [Couturier,G.,1987]. 

The working distance for EDS measurements was 15mm. The powder samples were placed on 

the carbon tape to make them conductive. The carbon tapes were then stuck on metal stubs to 

remove any extra charging during testing. 

3.4.2 Transmission Electron Microscopy (TEM) 

Particle sizes and diffraction patterns of the electrocatalysts were determined from 

Hitachi 800- S Transition electron microscope operated at 200KeV/20mA. TEM specimens were 

prepared by making suspension of electrocatalysts powder in ethanol by ultrasonically agitating 

for 1 minute. 2-3 drops of this suspension were dropped onto clean copper holy grids of 3.05mm 

diameter, and were subsequently, dried in air for 10-15 minutes. The indexing of diffraction 

pattern was done with the diffraction equation [Hunter,E.,E.,1993] 

rd=LA, 

where, L is camera constant, X is the wavelength of x-ray source used, d is interplanar spacing 

and r is radius of a ring. 

3.4.3 X-Ray Diffractometry (XRD) 

Lattice parameters, crystallite size and phase identification were determined from X-ray 

diffractograms. X-ray diffraction (XRD) patterns were recorded with a Siemens D-5000 

diffractometer using CuK« radiation (X=1.54056A°). The operating conditions of 40KeV/30mA 

were used. The diffraction patterns were recorded at an angular speed of 1.2°(20)/min with a step 

of 0.04°(20). Data accumulation and processing was performed using Diffracplus software from 

Bruker analytical x-ray systems. Phase identifications were performed with the help of PDF 

database and EVA V4.0 software. 
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Determination of Crystallite sizes and Microstrains 

The broadening of the peak is usually the result of the presence of fine crystallites and 

microstrains. Crystallite sizes were determined from peak width at halfheight using the line-

broadening technique and Scherer's equation. The peaks were at first corrected by subtracting 

the b ackground noise as well as the Kot2 line by employing the Rachinger correction method. 

The Scherer's equation is given by [Klug,H.,P.,1954], 

D = 0.91 3.1 

B cosG 

Where, D is the crystallite size, A, is the wavelength of the x-ray used, B is the peak width at half 

maximum intensity, and 9 is the Bragg angle. The integral breath method was used to analyze the 

broadening of the corrected profiles. The integral breath p is defined as 

p = Ap/H P 3.2 

Where, Ap is the total area under the peak and Hp is the peak height. The total area under 

the peak was calculated using the Trapezoidal rule method. The amount of instrumental 

broadening was determined by using barium fluoride (BaF2) as a standard. The separation of the 

instrumental broadening and the microstrain contribution to peak broadening was determined by 

using the Aqua and Wagner method [Farhat,Z.,2001]: 
P*specimen — P*total— ((P*insrrumental) / P*total) 3.3 

where, P*tota1 = PcOS0Kal / ^ K a l and Pinstrumental = Pstandard specimen 

( P V c i m e n ) 2 = (1/D)2 + (2sd*)2 and d* = 2sin6 / X 

where, 8 is the crystalline strain; 

3.4.4 X-Ray Photoelectron Spectroscopy (XPS) 

The presence of oxide layer and surface elemental composition were determined using X-

ray photon electron spectroscopy. XPS was performed using a Leybold Max200 spectrometer. 
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The X-ray source was MgKa (hv=1253.6eV) and the operating conditions were 15KeV/20mA. 

The binding energy (BE) scale of the spectrometer was calibrated using a Au4f (84.0eV, BE) 

substrate. Survey scans were measured using pass energy of 192eV and narrow scans were 

measured with pass energy of 48eV. The experimental data were curve fitted with Gaussian 

peaks after subtracting a linear background. For gaussian peaks a slightly different full width at 

half maximum was used for different chemical states. 

3.4.5 Surface area Measurements by BET analysis 

Surface area measurements were performed on few catalysts by Quantachrome Autosorb 

automated gas sorption system and Micromeritics ASAP 2010. The ball-milled powders were 

characterized after heating and outgasing of the surface by using multi-point BET, and Nitrogen 

or Krypton as adsorbate gas [Denis,M.,C.,2000;Lalande,G.,2000; Kiros,Y., 1996a ]. 

3.5 Electrochemical Measurements 

This section illustrates electrochemical-testing apparatus, the two techniques namely, 

cyclic and potentiodynamic polarization, and various parameters used for it. 

3.5.1 Apparatus 

Electrochemical tests were performed with the help of a 273A Potentiostat by using Ecorr 

352 software provided by Princeton Applied Research. Electrochemical measurements were 

analyzed using CorrView2 software. Figure 3.3 shows the 273A Potentiostat attached with 

personal computer and Figure 3.4 gives the schematic diagrams of the same. Figure 3.5 shows 

the rotating disc electrode apparatus. The Electrochemical cell used was K0064 jacketed cell 

with RDE0010 top. An RDE0008 glassy carbon electrode of 0.1254 cm2 surface area was used 

as working electrode. It can be seen in Figure 3.6. Two thin platinum foils of 2cm2 surface area 

were used as counter electrodes. A K0077 saturated calomel electrode (SCE) placed in a K0065 
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reference electrode bridge tube with Vycor frit was used as the reference electrode. The gases 

sparging was done with the aid of RDE0019 purge tube. 

53 

Figure 3.4 The schematic of Potentiostat 273A potentiostat 
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Figure 3.5 A rotating disc electrode apparatus 

For high temperature testing, hot water was circulated around water-jacketed electrochemical 

cell with a pump from Cole Parmer company. The temperature of water was kept 3-5°C higher 

than required temperature to compensate for differential cooling. 

3.5.2 Electrode Preparation 

Polishing 

The glassy carbon electrode was polished before every test to remove any oxide layer or 

electrochemical species formed on its surface. The electrode was polished with 1 micron alumina 

paste for 5 minutes and then fine polished to 0.5micron. The electrode was then ultrasonically 

cleaned for 15 minutes with acetone and distilled water to remove alumina particles. 
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Sample Preparation 

Samples for the potentiodynamic/cyclic potentiometry tests were prepared using 10 mg of 

catalyst mixed with 6pl of 5 wt% solution of recast Nafion (Aldrich) and 6pl of ethyl alcohol. 

6ul of this suspension was then pipetted and spread onto a glassy carbon electrode (4mm 

diameter). The suspension was allowed to dry for 10-15 minutes in air and then dried with hot 

air for a minute. The amount of the catalysts mixed for sample preparation varied depending on 

the particle size of the powder. The bigger particles had lesser dispersion in Nafion and so more 

quantities were used to fully cover the GCE surface. 

Figure 3.6 A RDE0008 Glassy Carbon electrode of 4mm diameter 

3.5.3 Electrolyte and Temperature Range used 

Electrochemical measurements were done both in acidic and alkaline medium. Acidic 

electrolyte was prepared using reagent grade sulfuric acid (0.5M H2SO4) with pH of 0.50. 

Alkaline electrolyte was prepared using reagent grade sodium hydroxide (0.25M NaOH) with 

pH of 13. The cell was saturated with oxygen for 45 minutes before the experiment and then 

continuously sparged during the experiment. All tests were conducted at room temperature 
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(22+ 2°C) and higher temperature of 50+2°C to study the effect of temperature on the activity of 

the electrocatalysts. 

3.5.4 Cyclic Polarization 

Cyclic polarization was done to determine the oxidation/reduction peak and the relative 

current density of the catalysts. Cyclic polarization curves were obtained with the scan rate of 

10mV/s. Cyclic polarization curves were recorded after running the three cycles at the scan rate 

of 100mV/s to give the initial redox behaviour and to stabilize the catalysts [Couturier,G.,1987]. 

The final scans at the scan rate of 10mV/s were recorded once the catalyst reached pseudo-

steady state. The curves were recorded in the potential range of -0.2 to 1.0 to -0.2V vs. SCE in 

acidic medium and-0.6tol.0to-0.6vs.SCEinthea lkaline m edium. P otential w ere t hen 

converted to NHE for the ease in comparing with data in the literature. 

3.5.5 Potentiodynamic Polarization 

Exchange current density and Tafel slopes of the catalysts were determined using 

potentiodynamic polarization. Potentiodynamic measurements were recorded with the scan rate of 

lmV/s. T he c urves w ere r ecorded i n the p otential r ange o f 1.01 o - 0.2V vs. SCE in the acidic 

medium and 1.0 to -0.6 vs. SCE in the alkaline medium. The CorrView2 software was used to 

obtain exchange current densities and Tafel slopes of the electrocatalysts 

Tables 3.2 and 3.3 list the experimental conditions used in the above-mentioned tests. 
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Chapter Four 

Results and Discussion 

4.1 Characterization of As-Received Materials 

The section below presents microstructural characterization of as-received materials, platinum and 

cobalt, done to analyze particle size, crystallite size, lattice parameters and various phases present. 

Figures 4.1 and 4.2 give the scanning electron micrographs of as-received platinum (Pt-

AR) and cobalt (Co-AR) purchased from Alfa Aesar respectively. 

Figure 4.1 SEM micrograph Co-AR Figure 4.2 SEM micrograph of Pt-AR 

The average particle sizes of Pt-AR and Co-AR were found to be 45um and 40um 

respectively. Figure 4.3 shows an XRD diffractogram of Co-AR. The XRD diffractogram of 

cobalt shows the presence of characteristic face centered cubic structure (FCC) at 29 = 44.21° 

and hexagonal packed structure (HCP) at 29 = 47.56°. The PDF database indicates a peak at 29 

= 44.21° to be Co (111) and peaks at 29 = 47.56° to be Co (101) respectively. The XRD 

diffractogram of Pt-AR (Figure 4.4) shows the presence of two characteristic peaks, Pt (111) at 

29 = 39.72° and Pt (200) at 29 = 46.24°. Platinum was found to have a single FCC. 
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Figure 4.3 XRD diffractogram of Co-AR 
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Figure 4.4 XRD diffractogram of Pt-AR 
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4.2 Optimization of bal l mil l ing parameters 

Various cobalt and platinum systems were fabricated using high-energy ball milling by 

varying the ball milling parameters such as ball to powder weight ratio (BPR), process 

control agent (PCA) and milling time. The details of these systems are mentioned in Chapter 

3. This section presents microstructural analysis of these systems done to determine the 

optimum ball milling parameters. 

4.2.1 Co , C o - S A , C o - C based systems 

4.2.1.1 Particle Size Analysis 

Figures 4.5-4.16 show SEM and TEM micrographs of Co, Co/SA, Co/C alloy systems. 

Figure 4.7 SEM micrograph ofCo-40h-78 Figure 4.8 SEM micrograph ofCo-40h-39 
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Figure 4.9 SEM micrograph ofCo-10h-78-2%SA 

Figure 4.11 SEM micrograph ofCo-90h-78-2%SA 

Figure 4.13 TEM micrograph ofCo-90h-78-20%SA 

Figure 4.10 SEM micrograph ofCo-40h-78-2%SA 

Figure 4.12 SEM micrograph ofCo-40h-78-20%SA 

Figure 4.14 SEM micrograph ofCo-10h-78-20%C 
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| US 8 IS.ES 

Figure 4.15 TEM micrograph ofCo-40h-78-20%C Figure 4.16 TEM Micrograph ofCo-90h-78-20%C 

The above figures show a decreasing trend in particle size with increasing milling time. 

The figures also show a finer particle size with the same milling time for mixtures of cobalt 

and PCA than for cobalt alone (Figures 4.7, 4.10, 4.12, 4.15). It is also clearly visible from the 

figures that carbon produces better particle refinement and dispersion than stearic acid (Figures 

4.12 & 4.15 and Figs 4.13 & 4.16). The particle sizes were also examined using TEM. Figure 

4.17 shows a plot of the average particle size vs. milling time obtained from TEM 

measurements on cobalt alloy systems. Particle sizes from both TEM and SEM were calculated 

assuming particles of spherical diameter. The plot shows that the smallest particle size obtained 

for Co-40h-78-20%C was 15nm as compared to 25-30nm for Co-40h-78-20%SA. The particle 

size of 6nm was achieved with 90hrs of milling but it at the same time produced lot of tungsten 

contamination due to attrition from the tungsten carbide (WC) crucible. 

http://IS.ES
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Figure 4.17 TEM plot ofparticle size vs. milling time of Co-SA, Co-C systems 

100 

From the above SEM figures and plot of TEM results, it was found that the maximum 

particle size refinement with minimum contamination for the Co alloy systems was obtained 

with a ball to powder ratio of 78:1 and 40 hours of milling with C as process control agent. 

Figure 4.18 shows diffraction pattern of Co-90h-78-20%SA and Figs. 4.19-4.20 show 

diffraction patterns of Co-90h-78-20%C. All the three samples show ring type patterns 

indicating the presence of very small size crystals. Diffraction patterns can only be obtained 

from specimens having thickness less than 50-100nm [Hunter,E:,E.,1993] and hence 

diffraction patterns could be obtained only from few samples. 
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Figure 4.18 Diffraction pattern of Co-90h-78-20%SA Figure 4.19 Diffraction pattern ofCo-90h-78-20%C 

Figure 4.20 Diffraction pattern ofCo-90h-78-20%C 

4.2.1.2 Phase identification and solid-state reactions 

This section gives the lattice parameters and various phases of the Co alloy systems 

obtained from X-ray diffractograms. Figure 4.21 shows x-ray diffractograms of Co-AR, 

Co-40h-78, Co-40h-78-20%SA, Co-40h-78-20%C 
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Figure 4.21 XRD diffractogram of Co-AR, Co-40h-78, Co-40h-78-20%SA, 
Co-40h-78-20%C, each milled at the ball: powder ratio of 78:1. 

As explained in an earlier section (4.2), Co-AR shows the characteristic peaks of 

two cobalt structures, the cubic and the hexagonal packed structures. As the Co-AR is 

milled (40hrs), the cubic (111) peak broadens and shifts towards higher angles while the 

HCP (101) peak totally disappears leaving the face-centered as the only stable phase. This 

trend was noticed after half an hour of ball milling. Compared to Co-AR, Co-40h shows 

extensive line broadening due to microstrain and a decrease in particle size during the ball 

milling process. Though there was extensive broadening of the main FCC peak of Co with 

the increased milling time, the diffractogram also shows the presence of tungsten carbide. 

This tungsten carbide is due to the attrition of the tungsten carbide crucible. The following 

equation sums the reaction-taking place during ball milling for 40h: 

Co-AR = Co c u b . + Co heX. —BM, 40hr^ Co c u b . +WC wear 4.1 
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In the diffractogram of Co-40h-78-20%SA, the strongest (111) Co peak further 

broadens and is shifted towards higher 20 angles. It was also observed that the 

characteristic peaks of stearic acid located between 20° and 25° (20) vanish, suggesting the 

incorporation of stearic acid or its elemental components (C,H,0) into the Co lattice by 

formation of a solid solution (Co-SA(ss)). A small fraction of C03C was also detected 

indicating that a small fraction of cobalt reacts with carbon present in stearic acid to form 

cobalt carbide. The following equation sums up the reaction taking place between cobalt 

and stearic acid: 

Co-AR + 20% C i 8 H 3 8 02 —BM, 40hr^ Co-SA (ss) +Co3C + |WC wear 4.2 

The x-ray diffractogram for Co-40h-78-20%C showed a predominant formation of 

cobalt carbide (C03C) when Co-AR is mixed with 20 wt.% carbon and milled for 40hrs. No 

characteristic peaks of carbon were found. There was maximum broadening of the peaks with 

addition of carbon. This broadening of Co peaks together with shifting to higher 20 angle is a 

clear i ndication t hat t here i s s ignificant p article s ize r efinement w ith c arbon a s a PCA. The 

characteristic peaks of FCC C o a lso p artly o verlapped w ith C o3C s uggesting t hat t here i s a 

minor formation of Co-C solid solution, Co-C(ss). Tungsten carbide peaks that were found in 

all Co systems after 40 hours of mechanical alloying are due to the attrition of tungsten carbide 

crucible and balls; however, as shown in the diffractograms of Co-40h-78-20%SA and Co-40h-

78-20%C, the WC wear is reduced when a surface agent like stearic acid or carbon are added 

to the metal powder. The following reaction sums up the reaction taking place when mixture of 

cobalt and carbon is milled for 40h: 

Co-AR + 20%C —BM, 40hr^ Co3C + Co-C (ss) + jWC wear 4.3 
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4.2.1.3 Crystallite Size and Lattice Parameter Analysis 

Table 4.1 presents lattice parameters, crystallite size and d-spacing of the Co alloy 

systems. There is a noticeable decrease in the crystallite size with surface agents. The smallest 

crystallites obtained are of 5 to 6nm. A ball to powder ratio of 78:1 showed better particle size 

refinement than a ratio of 39:1. Though, Co-AR shows both FCC and HCP structures, lattice 

parameters of HCP were more prominent. But interestingly, all the cobalt systems milled 

without surface agent and with stearic acid (Co/SA) show cubic structure. The lattice 

parameter of 3.545A and d-spacing of 2.047A of the milled Co alloy system show that cobalt 

has transformed into the p cobalt phase with FCC structure. These results are in good 

agreement with the literature [Kiros,Y., 1996a]. 

Table 4.1 Table showing lattice parameter, d-spacing and crystallite size of Co alloy systems obtained from XRD 

Samples Lattice Parameters 
(A) 

Angle d- spacing 
(A) 

Structure Crystallite Size 
(nm) 

Co Source 2.503,2.503,4.061 47.57° 1.91 Hexagonal 45um 
Co-10h-78 3.545,3.545,3.545 44.21° 2.047 Cubic 11.6nm 
Co-40h-78 3.545,3.545,3.545 44.21° 2.047 Cubic 8.5nm 
Co-40h-39 3.545,3.545,3.545 44.21° 2.047 Cubic 10.4nm 
Co-40h-78-2%SA 3.545,3.545,3.545 44.21° 2.047 Cubic 7.3nm 
C0-90h-78-2%SA 3.545,3.545,3.545 44.21° 2.047 Cubic 6.2nm 
Co-40h-78-20%SA 3.545,3.545,3.545 44.21° 2.047 Cubic 5.2nm 
C0-90h-78-20%SA 3.545,3.545,3.545 44.21° 2.047 Cubic 6.5nm 
Co-10h-20%C 3.545,3.545,3.545 44.21° 2.047 Cubic 6.9nm 

3.544.3.544,3.544 45.38° 1.997 Orthorhombic 
Co-40h-20%C 3.545,3.545,3.545 44.21° 2.047 Cubic 6.45nm 

3.544.3.544,3.544 45.38° 1.997 Orthorhomic 
Co-90h-20%C 3.545,3.545,3.545 44.21° 2.047 Cubic 6nm 

3.544.3.544,3.544 45.38° 1.997 Orthorhomic 

The lattice parameters of the Co/C alloy systems confirm formation of a large amount 

of cobalt carbide (C03C). This C03C shows an orthorhombic structure. The minor traces of 

unalloyed cobalt present show FCC structure with the standard lattice parameter and d-spacing. 
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As cobalt carbide peaks predominantly overlapped the cobalt peaks, the structure is assumed to 

be formed of crystals with lower lattice parameters. This shows that carbon decrease the 

interatomic distance of cobalt better than stearic acid. 

4.2.1.4 Microstrain analysis 

Figure 4.22 is a plot of microstrain vs. milling time for Co alloy systems. It was 

observed that microstrain increased with milling time and on adding surface agent. For 

example, the microstrain in cobalt increased to 0.0075 after 0.5 hr of milling and rises to 0.013 

after 10 hrs of milling. Further milling does not increase microstrain values in the mechanically 

alloyed metal. Additionally, the results for microstrains that were induced in ball-milled cobalt 

with 2 wt.% and 20 wt.% SA for 40hrs and 90hrs are very similar too. A 10-fold higher amount 

of stearic acid does not lead to an increase of strain in the metal structure. 
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Figure 4.22 Plot showing microstrain vs milling time obtained from XRD for Co alloy systems 
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4.2.2 Pt/Pt-C Systems 

Figures 4.23-4.24 are the SEM micrographs of Pt-AR, Pt-30min respectively. Figures 

4.25- 4.26 are TEM micrographs of Pt-40h and Pt-40h-20%C respectively. All Pt, Pt/C 

systems were milled with ball to powder ratio of 78:1. 

4.2.2.1 Particle Size Analysis 

Figure 4.25 TEM micrograph of Pt-40h Figure 4.26 TEM micrograph of Pt-40h-20%C 

The micrographs show that particle size decreases as milling time increases. Fig 

4.26 shows that particle size refinement is best with C as PCA. 
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Figures 4.27 and 4.28 show the TEM diffraction patterns of Pt-40h and Pt-40h-

20%C respectively. 

(-2,2,0) 

(0,2,-2), 

: ' (2,0.-2) 

us s s<? tusnsisi 
Figure 4.27 Diffraction pattern of Pt-40h Figure 4.28 Diffraction pattern of Pt-40h-20%C 

While Fig 4.27 show only faint diffraction rings, the diffraction pattern of Pt-40h-20%C (Fig. 

4.28) s hows b oth a r ing t ype a nd d ot t ype p attern. T he d ot p atterns s hows t he p resence F CC 

structure though planes did not match the standard elemental Pt planes. 

4.2.2.2 Phase identification and Solid State Reactions 

Figure 4.29 displays the XRD diffractograms of Pt-AR, Pt milled for 0.5h (Pt-30min) and 

Pt milled for 40hrs (Pt-40h). As explained in section 4.1, Pt-AR shows only FCC structure. 

However, after 40hrs of milling time, there is a visible WC peak arising from attrition of WC 

crucible and balls. The following reaction sums the reaction taking place when Pt is milled for 

40hrs without carbon: 

Pt —BM, 40h^ Pt + WC wear 4.4 
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Figure 4.29 XRD diffractograms of Pt-AR, PtSOmin, Pt-40h, each with BPR of 78:1 

Figure 4.30 shows the diffractograms of Pt-AR, Pt milled for 30minutes with 20%C (Pt-

30min-20%C) and Pt milled for 40 hours with 20 wt% C (Pt-40h-20%C). Equation 4.5 gives the 

ball milling reaction: 

Pt + 20%C —BM,0.5h, 40hr-+ Pt-C(ss) 4.5 

This diffractogram clearly indicated that there is more broadening i.e. better crystal size 

refinement when carbon is added. 



Chapter 4: Results and Discussion 73 

6000 

5000 

4000 

c 
3 0 0 0 

2000 

1000 

(111) 

(111) 

30 40 

(200) 
i 
I 
I 
II 

50 

Pt-30min-20%C 
Pt-40h-20%C 
Pt-AR 

(220) (311) 
\ (222) 

80 90 60 70 

2 theta 
Figure 4.30 XRD diffractograms of Pt-AR, Pt-30min-20%C,Pt-40h-20%C 

40 80 50 60 70 

2 theta 
Figure 4.31 XRD diffractograms of Pt-AR, Pt- 40h,Pt-40h-20%C 

90 



Chapter 4: Results and Discussion 74 

Figure 4.31 shows the x-ray diffractogram of Pt-AR, Pt-40h and Pt-40h-20%C. From the 

above diffractogram patterns, it was observed that platinum, if ball milled for 40hrs without 

PCA, showed considerable WC attrition. However, Pt ball milled with carbon does not show any 

traces of tungsten carbide even after 40hrs milling suggesting that carbon not only reduces the 

agglomeration of the ball-milled powder but also acts as a good lubricant and suppresses 

tungsten carbide wear. Additionally, the lack of isolated carbon peaks in the x-ray diffractogram 

and the presence of broader FCC Pt peaks suggest that Pt and C form a solid solution Pt-C (ss) 

during their mechanical alloying. 

4.2.2.3 Crystallite Size and Lattice Parameter Analysis 

The change in crystallite size with the increase of ball-milling time was determined by 

analyzing the line broadening of the (111) Pt peak. As seen in Table 4.2 the average crystallite 

size of Pt powder reduces to 40nm after 30 min of ball milling and reaches the size of lOnm after 

40hrs of milling. In comparison to ball-milled Pt-AR, the addition of C to Pt had an enormous 

effect on the crystallite size reduction. Only after 30min of milling time the average crystallite 

size drops to lOnm reaching the smallest value that has been achieved in the BM process for this 

short ball-milling time. 

Table 4.2 Table showing lattice parameter, d-spacing and crystallite size of Pt alloy systems obtained from XRD 

Samples Lattice Parameters 
(A) 

Angle 
(Radians) 

d- spacing 
(A) 

Structure Crystallite Size 
(nm) 

Pt source 3.878,3.878,3.878, 40.25 2.239 Cubic 45um 
Pt-30min 3.9231,3.9231,3.9231 40.25 2.265 Cubic 40.3nm 
Pt-30min-C20% 3.9231,3.9231,3.9231 40.25 2.265 Cubic lO.lnm 
Pt-40-20%C 3.9231,3.9231,3.9231 40.25 2.265 Cubic 8.2 nm 
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Unlike the cobalt systems, lattice parameter and d spacing of Pt/C alloys increases on 

addition of carbon though the structure remains unchanged. 

4.2.2.4. Microstrain analysis 

Microstrains induced during BM for the Pt and Pt-C alloy systems are found to be lower 

than for the Co alloy system. The values of 0.005 and 0.01 were found for Pt-0.5h andPt-40h 

respectively. Microstrain values of ball-milled Pt-C system (0.012) were slightly higher than that 

of ball-milled Pt system (0.010). The mechanical impact on the crystal structure during BM and 

incorporation of carbon atoms into the Pt lattice structure are the most probable reasons. 

4.2.3 Summary 

From the above analysis of Co, Co/SA, Co/C, Pt, Pt/C alloy systems it was found that 

significant particle size refinement and dispersion were obtained with carbon as a surface agent, 

ball to powder ratio of 78:1 at milling time of 40hours. Microstrains values obtained were higher 

and better at the ball to powder ratio of 78:1 without addition of process control agents but 

particle refinement was inferior. Higher strain values result in more unstable crystals and higher 

activity. These optimized conditions were then used for the fabrication of PtCo and PtCo/C 

catalysts. 
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4.3 PtCo and PtCo/C alloy electrocatalysts 

Using the above-mentioned ball milling conditions, various sets of catalysts were 

fabricated with different atomic percentages of platinum, cobalt and carbon. 

4.3.1 Elemental Composition Analysis 

Table 4.3 gives bulk atomic percentages of the catalysts detected by EDS. EDS has been 

used by several authors to find bulk atomic percentages of the material [Couturier, G.,1987]. 

PtCo atomic ratios of the fabricated catalyst 1 and 2 is 1:3 while that of catalyst 4 is 3:1. 

Table 4.3 Bulk Elemental analysis of the alloy electrocatalysts and commercial E-TEK catalysts by EDS 

SN Sample/Compositions (at %) Pt Co C O W Cl 

1 Pto.25Co0.75-40h 0.78 2.32 83.08 10.32 0.26 -

2 Pto.25Co0.75-40h-20%C-30min 1.05 3.10 83.17 0.07 0.37 -

3 PtCo-45h-l%C-5hrs 0.82 15.45 73.78 9.30 0.64 -

4 Pto.75Co0.25-45h-l%C-5hr - Lixiviated 1.09 0.37 82.60 15.40 0.46 0.07 

5 40%PtCo-ETek(l:l a/o) 0.44 0.36 87.38 11.50 - -

6 10%PtCo-ETek(l:l a/o) 0.11 0.13 88.87 10.89 - -

The percentages of carbon and oxygen are not very accurate as the catalyst samples were first 

fixed on carbon tape to provide a base for the EDS testing. The Pt:Co ratio of both commercial 

catalysts is 1:1 with noble/non-metal percentages 4 times higher in 40%PtCo-ETEK. Catalyst 3 

(PtCo-45h-l%C-5h) has a much higher percentage of Co than Pt (Co:Pt~19:l); this was 

deliberately done because the same catalyst was then subjected to lixiviation, which dissolves 

large quantities of the cobalt. The visible traces of tungsten in fabricated catalysts are due to the 

attrition of tungsten carbide vial and balls. There is presence of trivial amount of Cl in the 
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lixiviated sample: it is from left over ions of HC1 used for lixiviation of the catalyst. The 

quantitative results (Table 4.4) of the filtrate obtained by washing the lixiviated suspension 

showed that a significant amount of cobalt was leached and there was no trace of dissolution of 

platinum. The color of the filtrate was pink, which in itself is an indication of the dissolution of 

cobalt metal while lixiviation. The bulk Pt:Co atomic percentage of PtCo-45h-l%C-5hrs 

(Catalyst 3) before lixiviation is 0.053 which increases to 2.95 after lixiviation (Catalysts 4). This 

may be because metallic cobalt is easily converted into an oxide, and cobalt oxide species are 

readily soluble in the leaching solutions as the electronegativity of Co is very small (1.88eV). It 

is known that lower the electronegativity values the more readily the metal oxidizes. A similar 

effect is observed for Mo having electronegativity of 3.9eV by other authors [Gouerec,P.,2000] 

Table 4.4 Elemental composition of the filtrate obtained from lixiviation of electrocatalyst# 4 by IPL analysis 

Elements Co W Cl 

Composition (mg/1) 2372.53 4.7 10 

4.3.2 Particle Size Analysis and Particle Dispersion 

This section presents the particle size, particle dispersion and surface area measurements 

of the electrocatalysts. 

Figures 4.32-4.37 show the particle size and dispersion of the catalysts analyzed by TEM. 

These figures reveal a far better dispersion of the lixiviated catalyst as compared to other 

fabricated alloys, however it is still not comparable with that of commercial catalysts. 
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Figure 4.34 TEM micrograph of Lixiviated catalysts Figure 4.35 TEM micrograph ofPtCo-45-l%C-5hrs 

Figure 4.36 TEM micrograph ofPt0.25Co0,75-40hr Figure 4.37 TEM micrograph ofPt.25CojS)-45hr-20%C-30mm 



Chapter 4: Results and Discussion 79 

Table 4.5 presents the particle size of the catalysts obtained from TEM. The particle size 

of the lixiviated catalyst is one magnitude bigger than both commercial catalysts showing that 

ball milling followed by lixiviation has the potential of producing porous particles in the same 

range as produced by other fabrication method. 

Table 4.5 Particle sizes of PtCo electrocatalysts obtained by TEM 

S.No. 
Sample Particle Size 

(nm) 
1 Pto.25Co0.75-40hrs 300 

2 Pto.25Co0.75-40hrs-20%C-30min 100 

3 PtCo-45hrs-l%C-5h 100 

4 Pto.75Coo.25-45hrs-l %C-5hrs- Lixiviated 33 

5 40%PtCo-Etek(l:l a/o) 0.33 

6 10%PtCo-Etek(l:l a/o) 0.33 

Figures 4.38-4.41 give the diffraction patterns of Pto.25Coo.75-40h-20%C-30min, 10%PtCo-

ETEK, 40%PtCo-ETEK and lixiviated catalysts. All the catalysts are showing a ring type pattern 

that demonstrates that the catalysts are composed of nanocrystalline crystals. 
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Figure 4.40 Diffraction pattern of 40% PtCo-ETEK Figure 4.41 Diffraction pattern of lixiviated catalyst 

Diffraction pattern obtained from nanocrystalline grains are generally ring type because 

diffraction pattern obtained by one grain overlaps another giving a continuous circle like pattern. 

Lixiviation catalyst also showed a dot pattern, it indicated the presence of FCC structure though 

the exact elemental identification could not be done. 

4.3.3 Phase determination and Solid State reactions 

The following reactions take place when platinum and cobalt powders are milled together 

for up to 40 hrs to obtain a Pt-Co alloy electrocatalysts. 

Pto.25 + Coo.75 —BM,40hr—> Pt-Co(ss) 4.6 

Pt-Co BM40hr + 20%C —BM, 5min,0.5hr^ Pt-Co-C(ss) 4.7 

Figure 4.42 presents XRD diffractograms of Pto.25Co0.75-40h, Pto.25Co0.75-40h-20%C-

5min, Pto.25Coo.75-40h-20%C-30min. Diffractograms of all the catalysts do not show any 

characteristic diffraction peaks of pure Pt or Co metals. In Pto.25Coo.75-40h, the main peaks are 

found at higher angles of 20 = 40.96° and 47.8° respectively. 
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These shifted diffraction peaks o f t he n ew P t-Co c atalysts, w hich w ere f ound t o b e 1 ocated 

between the characteristic angles of Pt and Co suggested that a Pt-Co phase was formed due to 

alloying. Low intensity peaks at 20 = 36 and 61.7° after 40 hrs of milling could not be 

identified. Diffraction peaks originated from WC are not visible in the plots suggesting that 

attrition of the WC crucible and balls was minimal in this system. 

In the diffractograms of Pto.25Co0.75-40h-20%C-5min, Pto.25Co0.75-40h-20%C-30min, the 

characteristic broad carbon peak found at 28° (20) disappeared soon after 5 minutes of milling. 

Furthermore, there was no significant difference between Pto.25Coo.75-40h and Pto.2sCoo.75-40h-

20%C-5min. However, after 30 minutes of mechanical alloying with carbon, the peaks not only 

become asymmetrical and much broader suggesting a decrease in size of the crystals but also 

they shift further to higher 20 values indicating a decrease of cell parameters of the unit cell. 
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Figure 4.42 XRD diffractograms ofPt0.25Co0.7s-40h, Pt0.25Coa75-40h-
20%C-5min,Pt0.25Coo.75-40h-20%C-30min 
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Figure 4.43 XRD diffractogram of PtCo-45h-l%C-5h, lixiviated catalyst, 
10%PtCo-ETEK, 40%PtCo-ETEK 

The peaks were found at 28 = 42.16° and 49.08° respectively in Pto.25Co0.75-40h-20%C-

30min.There was no carbide formation in Pt-Co-C system. As mentioned earlier, cobalt has a 

strong tendency to form carbides, especially C03C, when carbon black or stearic acid has been 

added to the ball-milling process. Therefore carbide formation was controlled in the Pt-Co-C(ss) 

system. 

Figure 4.43 s hows d iffractograms o f P tCo-45h-1 %C-5hrs, 1 ixiviated c atalysts and both 

the commercial c atalysts. The following equations summarize the reaction-taking p lace in the 

formation of the three catalysts; 

Pt + Co —BM,40hr-+ PtCo(ss) 4.8 

PtCo + \%C—BM,5hr-> Pt-Co-C(ss) + Co 4.9 

Pt-Co-C —lixiviated -»• Pt + Co + C + Pt3Co(ss) 4.10 
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The diffractogram of PtCo-45h-l%C-5hrs shows no two individual peaks of PtCo alloy. The 

peaks also show a strong indication towards the presence of metallic cobalt with small amounts 

of PtCo alloy formation. This is most probably because the amount of cobalt in this alloy is ~19 

times more than Pt and hence there were very few Pt sites are available for alloying. PtCo forms 

a ternary alloy, PtCo/C, on addition of carbon. The diffractogram of the lixiviated c atalyst i s 

totally different from the other fabricated electrocatalysts. It shows pure C peak, HCP (002) at 

29=25°, having almost the same peak positions as characteristic XC-Vulcan carbon. Also, the 

Pt3Co/C alloy peak is at higher angle of 40.9° indicating alloying. This peak is broader than any 

main peak of fabricated and commercial catalysts indicating a significant decrease in the size of 

the crystals. A slight bump in the same peak indicates the presence of metallic cobalt. This 

showed that some amount of metallic cobalt was present even after lixiviation. There is also 

presence of unalloyed Pt in the diffractogram. The presence of carbon (002) is found also in the 

commercial catalyst but it is highly broadened. This shift of Pt (111) to higher angles indicates a 

decrease in the unit cell dimension caused by the substitution of Pt atoms in the cobalt lattice. 

Such shift due to alloying has also been reported previously [Denis,M.,C.,1998]. Also, another 

peak associated with Pt (200) plane at 20 = 47.6° is shifted to higher angles in all the catalysts. 

Both the Pt (111) and (200) peaks in all the fabricated catalysts are highly broadened suggesting 

that there is a considerable decrease in the particle size due to ball milling. As discussed above, 

microstrain in the samples very likely induced some broadening which is quite common in ball 

milling fabrication. This broadening due to microstrain is also desirable as it provides unstable 

and active surfaces prerequisite for improved electrolysis. There are some peaks of WC due to 

the attrition of tungsten vial and balls. 



Chapter 4: Results and Discussion 84 

4.3.4. Crystallite Size and Lattice Parameter Analysis 

Table 4.6 reports the crystallite size of the catalysts calculated from the main Pt (111) 

diffraction peak using the Scherer equation as explained in the experimental section. The 

crystallite s ize o f 1 ixiviated c atalysts i s s mailer than that o f 4 0%PtCo-ETEK and the same as 

10%PtCo-ETEK. The higher crystallite size of 40%PtCo-ETEK shows that as the metal content 

increase the crystal and particle sizes increase. 

Table 4.6 The lattice parameter, d-spacing and crystallite size of PtCo alloy electrocatalysts obtained by XRD 

Samples Lattice Parameters 
(A) 

Angle 
(Radians) 

d- spacing 
(A) 

Structure Crystallite Size 
(nm) 

10%PtCo-ETEK 3.854,3854,3.854 40.53 2.224 Cubic 7 
40%PtCo-ETEK 2.682,2.682,3.675 41.66 2.166 Tetragonal 9 
Pto.25COo.75-40h 3.803,3.803,3.701 41.46 2.176 Tetragonal 36 
Pto.25Co0.7s-40h-
20%C-30min 

3.803,3.803,3.701 41.46 2.176 Tetragonal 9.34 

PtCo-45h-l%C-5h 3.803,3.803,3.701 41.46 2.176 Tetragonal 10 
Lixiviated catalyst 3.854,3854,3.854 40.53 2.224 Cubic 7 

It can be seen from the Table 4.6 that the lattice parameters of all the catalysts are smaller 

than that of Pt-AR (3.878 A) and Pt-C system (3.923 A). This shows that Pt-Pt nearest 

neighboring distance decreases on addition of cobalt. All the fabricated catalysts except 

lixiviated catalysts have tetragonal structure. This result fully matches with the phase diagram 

which shows that tetragonal structured CoPt phase is formed when Pt: Co is mixed is the ratio of 

60-76: 24:40 at.%. The lixiviated catalyst has CoPt3 phase which is cubic in nature. The cubic 

nature of the CoPt3 phase is confirmed by the phase diagram but the Pt content at which this 

phase is reported to form in phase diagram is 75-90 at.% while lixiviated catalyst contains Pt 

content of only 25 at. %. This shows that ball milling is capable of alloying elements beyond 

solubility limit and thus overcomes limitations imposed by phase diagram. 
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A f ew c atalysts were subjected t o s urface area analysis b y B ET. It was found that Pt-

30min has a surface area of 0.01m2/g and that of Pt-40h and Pt-40h-20%C have surface areas of 

0.36m2/g and 8.5m2/g respectively. It should be noted that lmg of each catalysts was used which 

is less than what is usually required for BET analysis. The surface areas of the rest of the 

electrocatalysts were calculated using the formula given below: 

S=6/(p*d) 

Where, S is the surface area, p is the density and d is the diameter of the 'crystals'. There is 

great ambiguity in the literature regarding the use of crystalline size and particle size. Many of 

the earlier literature using particle size to calculate the surface area have actually used 

'crystallite size' for the so-called 'particle size' [Kiros,Y., 1996a]. By definition, a 'particle' is 

agglomerates of crystals whereas crystal is an individual smallest identity having specific unit 

cell. The above formula hold good only for crystallite size and not for particle size as the 

crystalline size is usually smaller than particle size by an order of 103m. The presence of other 

elements like tungsten has not been considered while calculating the surface area as it is a 

sheer impurity (refer Appendix B). 

Table 4.7 Surface area analysis by crystallite size 

Samples Crystallite Size (nm) Surface Area (m2/g) 
10%PtCo-ETEK 7 52.488 
40%PtCo-ETEK 9 45.3 
Pto.25Co0.75-40h 36 10.75 
Pto.25Co0.75-40h-20%C-30min 18.6 20.28 
PtCo-45h-l%C-5h 10 5.6 
Lixiviated catalyst 7 42.847 

Surface area analysis is highly advantageous in understanding the electrochemical 

behavior of catalysts. It will be dealt with in more detail in section 4.3.6. 
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4.3.5 Surface Oxide and Surface elemental determination 

All catalysts were evaluated by XPS analysis to determine the elemental composition 

and oxide formed during ball milling. Figures 4.44-4.48 give the broad scans of Pt-AR, 

40%PtCo-ETEK, Pto.25Co0.75-40h, PtCo-45h-l%C-5h, Pt0.75Co0.25-45h-l%C-5h-lixiviated 

catalysts respectively. 

Binding Energy (eV) 
Figure 4.44 Broad scan of Pt-AR obtained by XPS analysis 
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Figure 4.45 Broad scan of 40%PtCo-ETEK obtained by XPS analysis 
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Figure 4.46 Broad scan of lixiviated catalyst obtained by XPS analysis 
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Figure 4.47 Broad scan of Pto.2sCo0.7s-40h obtained from XPS analysis 
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Figure 4.48 Broad Scan of PtCo-45h-l%C-5h obtained from XPS analysis 
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The surface elemental composition obtained by XPS is given in Tab 4.8. 

Table 4.8 Elemental composition of various catalysts obtained from XPS analysis 

Sample/Compositions (at %) Pt Co C O W Cl 

Pt as received (Alfa Aesar) 36.5 - 54.1 9.4 - -

Pto.25Co0.75-40h 0.2 10 47 41.9 0.9 -

PtCo-45hrs-l%C-5h 0.3 8.5 53.6 36.9 0.8 -

Pto.75Coo.25-45h-l%C-5h - Lixiviated 2.7 1.2 63.9 26.6 5.6 -

40%PtCo-ETEK 3.6 2.6 84.2 9.5 - -

XPS analysis of lixiviated catalyst shows a small peak of C12p. The amount of Cl could not 

be quantified. This trivial amount would not be a reason for any increase or decrease in activity of 

the lixiviated catalyst. 

Figures 4.49(a-b) represent the narrow scans of the Pt4f core levels peaks of the following 

catalyst powders: Pt0.25:Co0.75-40h, Pt:Co-45h-%C-5hr, Pto.75Co0.25-45h-l%C-5h-lixiviated. For 

the sake of comparison, equivalent spectra's of Pt-AR and one of the commercial catalyst, 

40%PtCo-ETEK, are also shown. 

The Pt 4f XPS spectrum of Pt-AR is characteristic of the Pt element. The Pt 4f7/2 peaks 

and Pt 4f5/2 peaks are at 70.9 and 74.3eV respectively. There is a difference of 3.30eV gap 

between the Pt 4f5/2 and Pt 4f7/2 peaks that is very close to the standard gap of 3.35eV. This data 

matches perfectly with elemental Pt° [Gouerec,P.,2000; Wagner,C.,D.,1979]. There is a marked 

difference in the binding energy of the Pt4f5/2 and Pt 4f7/2 peaks of the Pt-AR and the alloy 

catalysts fabricated. A shift of 0.5eV is seen in the binding energies of both the Pt4f core level 

peaks of the 40%PtCo- ETEK catalyst. This is indeed confirmed by its XRD diffractogram where 

the Pt (111) peak is shifted towards higher 29 values. This trend in the change in binding energy in 
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the 40%PtCo-ETEK and the lixiviated sample is very similar. The binding energy of the Pt 4f7/2 

peak of 40%PtCo- ETEK is only 0.2eV higher than the lixiviated catalyst. This shift in the core 4f 

level is a result of the alloying of Pt and Co. A similar shift in higher binding energies has been 

reported in the literature when Pt is alloyed with Ru [Denis, M.,C.,2000]. This again confirms that 

there is some Pt and Co solid solution formation/alloying taking place. 

2.5e+5 

2.0e+5 

1.5e+5 

1.0e+5 

5.0e+4 

0.0 

Binding Energy (eV) Lixiviated 
p t 0 . 2 5 C o 0 . 7 5 - 4 0 h r s 

Pt AR 
PtCo-45-1%C-5h 
40%PtCo-ETEK 

Figure 4.49(a) Narrow scan of Pt 4fpeaks of lixiviated catalyst, Pt0.2sCo0.75-40h, Pt-AR 
PtCo-45h-l%C-5h, 40% PtCo-ETEK obtained by XPS analysis 
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Figure 4.50 Narrow scan of Co 2p peaks of lixiviated catalyst, Pto2sCo0j5-40h, 
PtCo-45h-l%C-5h, 40% PtCo-ETEK obtained by XPS analysis 
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Although Pt is not found to form any Pt-0 and Pt-OH bond, the Co 2p peaks shown in Fig 

4.50 are characteristics of cobalt oxide and not cobalt metal. The Co 2p3/2 and Co 2pl/2 peaks 

obtained from all fabricated catalysts are found at 780 and 796.5eV. The difference in the 

binding energy of 2p peaks is 16.5eV, which is very close to the standard data of CoO 

[Wagner,C.,D.,1979]. This shows that Co is in the +2 oxidation state. It has been reported in the 

literature that the presence of these oxidized components negatively affect the activity 

[Shukla,A.,K.,2001]. 

The surface atomic ratios of the catalysts were also evaluated by XPS. The result are given 

in the Tab. 4.9 which show that Pt/Co ratio for lixiviated catalyst like 40% PtCo-ETEK and 

unlike other fabricated catalysts, is much higher at the surface than the bulk. This shows that 

there is higher amount of elemental Pt at the surface than at the bulk, which could also be the 

reason for the better electrochemical performance of the lixiviated catalyst than other ball-milled 

catalysts. This will discussed at length in the next section. 

Table 4.9 Surface and bulk atomic ratios of Pt.Co catalysts obtained by XPS and EDS analysis respectively 

Sample/Compositions (at %) Pt/Co, Surface analysis Pt/Co, Bulk analysis 
Pto.25COo.75-40h 0.02 0.33 
PtCo-45h-l%C-5 0.0365 0.053 
Pto.75Co0.25-45h-l%C-5h- Lixiviated 2.25 1.09 
40%PtCo-Etek 1.38 1.22 

It is reported by Gouerec et al. that metal nanocrystallites easily get oxidized when 

catalysts come into contact with air for further experimentation or during leaching steps 

[Gouerec,P., 2000]. This can be fully supported because nanocrystallites obtained from ball 

milling are in a highly activated state and thus are highly liable to oxidize. 
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4.3.6 Electrochemical Behaviour 

This section details the electrochemical behaviour of the electrocatalysts in acidic and 

alkaline media. Electrochemical parameters such as exchange current density (io) and Tafel 

slopes (p) are the main kinetic parameters determining the relative performance of the catalysts. 

Higher io and lower P values are indications of good performance. The electrochemical behaviour 

of the electrocatalysts is then explained on the basis of the microstructural features shown by 

these catalysts. 

The oxygen reduction reaction in acidic medium is given by, 

0 2 + 4H+ + 4e" = 2H20, E° = 1.229V 4.11 

Where, E° is the voltage at pH=0 under standard condition (P = latm and T=22°C) [Jones, D., 

A.,1996]. 

Figures 4.51(a-b) show potentiodynamic scans of the catalysts in 0.5M H2SO4 at room 

temperature (22 + 2°C). 

-200 J , , , r 

-12 -10 -8 -6 

Log l(amp/cm2) 
Figure 4.51(a) Potentiodynamic scans of Pt-AR, 40% PtCo-ETEK, 
10% PtCo-ETEK, lixiviated catalyst in 0.5MH2SOj at 22 °C 
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Figure 4.51(b) Potentiodynamic scans of Pt0.2sCo0.75-40h-20%C 

-30min, Pt0.25Co075-40h, PtCo-45-l%C-5h in 0.5MH2SO4 at22°C 

Figure 4.51(a) shows that 40%PtCo-ETEK catalyst shows the best performance/oxygen 

reduction activity, followed by 10%PtCo-ETEK, Pt-AR and lixiviated catalyst is the 

decreasing order. The results are satisfactory and a s e xpected. T he 4 0%PtCo-ETEK s hows 

better performance than 10%PtCo-ETEK due to larger platinum content. These two 

commercial catalysts, as shown in earlier sections, have the highest surface areas and smallest 

crystalline and particle size. Also, it is suspected that ETEK catalysts are subjected to heat 

treatment. The commercial Pt-AR showed lower performance than both the commercial 

catalysts due to it large particle size and poor dispersion. The comparable performance of the 

lixiviated catalyst can be attributed to its similar crystallite size and almost comparable surface 

area as the two commercial catalysts. Also, it has been shown in the literature that catalysts 

subjected to heat treatment show higher electrocatalytic activity [Kiros,Y., 1996a] and 

lixiviated catalyst during its fabrication process was subjected to a higher temperature of 
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110°C. Despite having all the microstructural characteristics similar to commercial catalysts, 

the lower performance of the lixiviated catalyst can be attributed to the presence of impurities 

such as tungsten and tungsten carbide. As presented in Fig. 4.51b, Pto.2sCoo.75-40h shows the 

best performance followed by Pt0.25Co0.75-40h-20%C-30min, PtCo-45h-l%C-5h and PtCo-45h. 

The low activity of the Pto.25Coo.75-40h can be explained in terms of lower platinum content; 

secondly, it suffers from very low surface area (Table 4.8) as there is no surface agent. Other 

than this, Neto et al. have shown that cobalt is almost inactive in the acidic medium and the 

rate of reaction decreases more readily as the Co content in the alloy increases 

[Neto,A.,0.,1999]. Potentiodynamic polarization scans of PtCo-45h-l%C-5h and PtCo-45h in 

Fig. 4.51(b) show that activity of PtCo-45h-l%C-5hrs is superior than PtCo-45h. This fully 

confirms that the presence of carbon greatly improves the performance of the catalysts. The 

same trend is slightly mismatched in Pto.2sCoo.75-40h and Pto.25Coo.75-40h-20%C-30min. It can 

be speculated that probably carbon did not fully alloy due to lesser milling time but merely 

formed a covering on platinum and Pt/Co alloy blocking the sites for the ORR. Also, the lower 

overpotential of all the catalysts except PtCo-45h indicates that the oxygen reduction reaction 

is taking place by direct-four electron mechanism, which has been discussed in detail in 

Chapter 2 while there is large amount of hydrogen peroxide formation by PtCo-45h catalysts. 
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Figures 4.52(a-b) show potentiodynamic polarization scans of the electrocatalysts in 

0.25M NaOH (pH= 13) at room temperature (22+2°C). The oxygen reduction reaction in alkaline 

medium is given by, 

0 2 + 2H20 + 4e" =OH", E°=0.401V 4.12 

Where, E° is the voltage at pH=13 under standard condition (P = latm and T=22°C) [Jones, 

D.,A.,1996 ] 
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Figure 4.52(a) Potentiodynamic scans of Pt-AR, 40% PtCo-ETEK, 
10%PtCo-ETEK, lixiviated catalyst in 0.25M NaOH at 22*C 

Figure 4.52(a) shows that 40%PtCo-ETEK gives the best performance in alkaline 

medium also. As described in the earlier section, smaller crystal size and higher surface area of 

this catalyst explains its behavior. Pt-AR, lixiviated catalysts and 10%PtCo-ETEK catalysts 

show the next best performance in decreasing order. The surprise superior performance of the 

lixiviated catalyst can be related to the fact that unalloyed/metallic cobalt, unlike acidic medium, 

contributed to the activity due to drying at higher temperatures [Kiros,Y., 1996a; 

Neto,A.,0.,1999]. 
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Figure 4.52(b) Potentiodynamic scans ofPto.2sCo0.75-40h-20%C-30min, 
Pto.2sCo0.7s-40h PtCo-45-l%C-5h in 0.25MNaOHat 22 °C 

Figure 4.52(b) shows that after lixiviated catalysts, Pto.25Coo.75-40h-20%C-30min and 

PtCo-45-l%C-5h show comparable performance followed by Pto.25Coo.75-40h. This proves that 

unalloyed cobalt does show some activity in alkaline medium. A closer look at the equilibrium 

potential of these graphs show that almost all the catalysts are performing peroxide reduction 

rather than oxygen reduction. A detailed study is required to find out the actual reason for this 

behavior. 
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Figures 4.53(a-b) show potentiodynamic polarization scans of the catalysts in 0.5M 

H 2S0 4 at high temperature (50 ± 2°C). 

-12 -10 -8 -6 
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Figure 4.53(a) Potentiodynamic test of Pt-AR, 40%PtCo-ETEK, 
10%PtCo-ETEK, lixiviated catalyst in 0.5MH2SO4 at 50 °C 

Figure 4.53(a) shows the same trend in the performance of the electrocatalysts as at 22°C 

but all the catalysts showed higher overpotential than those obtained at room temperature. This 

behaviour is unexpected because it is known that higher working temperature decreases ohmic 

resistance of an operating cell. This can be explained by Figure 2.2 in chapter 2, which shows a 

steep decline in the voltage of fuel cells at higher temperature. But as these catalysts were not 

tested in a real fuel cell, this reason may not be justifiable here. The relatively poorer 

performance of these catalysts than at room temperature can be related to the higher 

dissolution/instability of these catalysts. It has been shown in the literature that transition metals 

in u nalloyed f orm d issolve i n t he 1 arge q uantity a nd d egrade t he p erformance of the catalysts 
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[Courturier,G.,1987] and XPS analysis has shown that lixiviated catalyst has a considerable 

proportions of unalloyed Pt and Co. 

Figure 4.53(b) shows potentiodynamic scans of Pto.25Coo.75-40h, Pto.25Coo.75-40h-20%C-

30min, PtCo-45-l%C-5h in 0.5M H2S04 at 50°C. The fabricated catalysts show similar trend as 

at room temperature. Pto.25Coo.75-40h showed the best performance followed Pto.25Coo.75-40h-

20%C-30min and finally PtCo-45h-l%C-5h. 
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Figure 4.53(b) Potentiodynamic scans of Pt0.2sCo0.7s-40h-20%C-30min, 
Pt0.2sCoo.75-40, PtCo-45-l%C-5h in 0.5MH2SO4 at 50% 

Figures 4.54(a-b) show potentiodynamic scans of the catalysts in 0.25M NaOH at high 

temperature (50+2°C). Figure 4.54(a) shows potentiodynamic scans of Pt-AR, 40%PtCo-ETEK, 

10%PtCo-ETEK, lixiviated catalyst in 0.25M NaOH at 50°C. The figure shows that lixiviated 

catalyst demonstrate the best performance, followed by 40%PtCo-ETEK while Pt-AR and 

10%PtCo-ETEK show almost a comparable behavior. 
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Figure 4.54(a) Potentiodynamic tests of Pt-AR, 40% PtCo-ETEK, 
10%PtCo-ETEK, lixiviated catalyst in 0.25MNaOH at 50 °C 

Figure 4.54(b) shows potentiodynamic scans of Pto.25Coo.75-40h-20%C-30min, Pto.25Coo.75-40h, 

PtCo-45-l%C-5h in 0.25M NaOH at 50°C. In alkaline medium also, all fabricated catalysts show 

the same trend in equilibrium potential as at room temperature. The open circuit of the catalysts in 

alkaline medium gives an indication that there are some parallel reactions at the catalysts surface. 

This c onfirms t he fact t hat t he formation o f p eroxide, e ither a s a n i ntermediate o r i n a p arallel 

reaction is more of a problem in alkaline electrolytes than acid ones [Courturier,G.,1987]. 

The k inetic p arameters s howing t he T afel s lope a nd e xchange c urrent d ensity o f these 

catalysts at room temperature and higher temperature is given in Tab. 4.10. It is seen that the 

values of exchange current density are satisfactory and as expected. The values of Tafel slopes 

range from 150-300mV/d. 
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Figure 4.54(b) Potentiodynamic scans of Pt0.2sCo0.75-40h-20%C- 30min, 
Pt0.2sCoo.7s-40h in 0.25MNaOHat 50 °C 

These are higher than expected but such high values for powder catalysts are not unusual. 

Couturier,G. et al. [Couturier,G.,1987] have reported such higher Tafel values for the Pt-Ta, Pt-

Cr, Pt-Cr-Ta fabricated by sputtering method (see Table 2.2). Although, all catalyst show lower 

exchange current density at higher temperature in acidic medium, the Tafel slopes are better at 

higher temperature. The same tread in exchange current density and Tafel plots are found in 

alkaline medium at higher temperature. 
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Table 4.10 Kinetic parameters, exchange current density and Tafel slopes for the catalysts at room temperature 
(22+2°C) and higher temperature (5Q±2°C) in both acidic (0.5M H2S04) and alkaline medium (0.25M NaOH) 

Catalysts/Kinetic parameters io(amp/cm2) p(mV/d) io(amp/cm2) P(mV/d) 

Acidic Medium (O.5MH2SO4) 
Room Temperature 

(22±2°C) 
High Temperature 

(50±2°C) 

Pt-AR 4.93* IO"07 282.14 4.40* 10"7 122.52 

10%PtCo-ETEK 2.84*10"07 166.95 1.00*10"7 153.73 

40%PtCo-ETEK 6.56*1007 146.69 1.29*10"7 159.93 

Pto.25Co0.75-40h 2.18*10~07 317.61 1.16*10'8 155.76 

Pto.25Co0.75-40h-20%C-30min 1.60*10"07 179.00 3.0* IO-8 160.00 

PtCo-45h-l%C-5h 9.17*10"08 284.47 4.49* IO"9 157.95 

PtCo-45h-l%C-5h- lixiviated 3.39*10"07 167.2 3.00* 10"7 125.69 

PtCo-45h 1.18*10"8 238.85 

Alkaline medium (0.25MNaOH) 
Room Temperature 

(22±2°C) 
High Temperature 

(50±2°C) 

Pt-AR 2.74* 10"7 292.57 1.74*10"7 162.86 

10%PtCo-ETEK 1.37*10"7 212.42 6.18*10"8 220.52 

40%PtCo-ETEK 1.94*10-7 261.37 3.15*10"8 206.93 

Pto.25Coo.75-40h 1.00*10"8 256.36 2.51*10"8 138.68 

Pto.25Co0.75-40h-20%C-30min 3.16*10"7 265.32 3.50*10"8 182.11 

PtCo-45h-l%C-5h 2.02*10"7 236.57 

PtCo-45h-l%C-5h- lixiviated 3.74* IO"7 234.73 1.53*10"7 244.14 
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The redox behaviour and the relative current density of the catalysts were determined using 

cyclic voltammetry. 

Figures 4.55(a-b) show the cyclic voltammograms of the catalysts at room temperature in acidic 

medium. Figure 4.55(a) shows that lixiviated catalyst shows the best current density, followed by 

10%PtCo-ETEK, 40%PtCo-ETEK, and finally Pt-AR. The lixiviated catalyst showed hydrogen 

adsorption/desorption peaks at 0.18 V and 0.3V whereas 10%PtCo-ETEK shows an oxygen 

reduction peak at 0.85V. All potentials are measured with respect to NHE. It has been reported 

that Pt catalysts produce currents at low potentials (0-0.3V vs. NHE) due to Pt-H interactions 

(hydride adsorption/desorption) and at high potentials, currents are found corresponding to Pt-0 

interactions (oxide formation/ reduction) [Hooger, G.2003]. It is seen in Figure 4.55(a) that 

lixiviated catalyst produce more current in the low potential region. It shows a quick oxygen 

reduction behavior between 0.4 to 0.95V and current is mainly produced due to oxide formation. 

This shows that lixiviated catalyst is under going anodic polarization. All the commercial 

catalysts are showing long oxygen reduction region from 0:4V to 1.2V. The current produced in 

these catalysts is mainly due to oxygen reduction and not due to hydrogen adsorption. The 

voltammograms of these catalyst show that there is less amount of oxide formation in the 

commercial catalysts. 

Figure 4.55(b) shows cyclic voltammogram of Pto.25Co0.75-40h, Pto.25Coo.75-40h-20%C-

30min, PtCo-45h-l%C-5h in 0.5MH2SO4 at 22°C. The graphs are almost featureless. This is 

because the surface area of these ball-milled catalysts is smaller than the lixiviated catalysts and 

commercial catalysts. Figure 2.10b is an evidence that ball milled material without surface agent 

shows no response at all, and shows little response with surface agent (Fig. 2.10c) 
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[Lalande,G.,1997]. Also, a look at Fig 4.5 5b shows that these catalysts a re producing current 

only in the low potential region, which is mainly due to hydrogen adsorption. 
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Figure 4.55(a) Cyclic Voltammograms of Pt-AR, 40% PtCo-ETEK, 
10% PtCo-ETEK, lixiviated catalyst in 0.5MH2SO4 at 22 °C 

a . 
E 
ro 
E 

r^ i 2 5Co b J I-40h-20%(>30min 
PtCo-45h-1%C-5h 

-200 1000 1200 1400 

E(mV) vs NHE 

Figure 4.55(b) Cyclic Voltammograms of Pt0.2sCoojs-40h 
Pto.2sCoo.7s-40h-20%C-30min, PtCo-45-l%C-5h in 0.5MH2SO4at 22 °C 
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These catalysts are not showing oxygen reduction behavior. At higher potentials, these catalysts 

are undergoing anodic polarization. The presence of cobalt oxide film is indeed detected by XPS. 

Figures 4.56(a-b) gives cyclic voltammograms of the catalysts in alkaline medium at 22°C. 

In alkaline medium, ORR reaction produces voltage of 0.401V. It can be seen in Fig 4.56a 

30 
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Figure 4.56(a) Cyclic Voltammograms of Pt-AR, 40% PtCo-ETEK, 
10% PtCo-ETEK, lixiviated catalyst in 0.25MNaOH at 22 °C 

E(mV) vs NHE 
Figure 4.56(b) Cyclic Voltammograms of'Pto.25Co0j5-40h, Pto.2sCoo.y5-40h-
20%C-30min, PtCo-45-l%C-5h in 0.25MNaOH at 22°C 



Chapter 4: Results and Discussion 106 

that lixiviated catalyst is showing large oxygen reduction behaviour. It shows a OR peak at 0.3 

V. But though lixiviated catalyst and all the commercial catalysts are showing larger oxygen 

reduction region, the catalysts are also undergoing anodic polarization. All the other fabricated 

catalysts are also showing appropriate OR potential but are also undergoing oxidation (Fig 

4.56b). 

Cyclic voltammograms of the catalysts at high temperatures (50+2°C) in acidic 

medium are shown in Fig 4.57(a-b). Figure 4.57(a) shows that at high temperature, performance 

of the lixiviated catalyst is drastically reduced whereas all the three commercial catalysts, 

40%PtCo-ETEK, 10%PtCo-ETEK and Pt-AR show better performance. The instability of the 

lixiviated catalysts in acidic medium can be a reason for the low performance of this catalyst. 

Figure 4.57(b) shows cyclic voltammograms of Pto.25Coo.75-40h-20%C-30min, Pto.25Coo.75-40h, 

PtCo-45-l%C-5h. All the three catalysts are showing lower current density and large oxide 

formation. 
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Figure 4.57(a) Cyclic Voltammograms of Pt-AR, 40% PtCo-ETEK, 
10% PtCo-ETEK, lixiviated catalyst in 0.5MH2SO4 at 50%: 
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E (mV) vs NHE 
Figure 4.57(b) Cyclic Voltammograms ofPto.2sCo0jS-40h-20%C-30min, 

Pto.2sCooj5-.40h, PtCo-45-l%C-5h in 0.5MH2SO4at 50°C 

Cyclic voltammograms of the catalysts at high temperatures in alkaline media are shown 

in Figs 4.58(a-b). 

E(mV)vsNHE 
Figure 4.58(a) Cyclic Voltammograms of Pt-AR, 40% PtCo-ETEK, 
10% PtCo-ETEK, lixiviated catalyst in 0.25MNaOH at 50 °C 

http://Pto.2sCooj5-.40h
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In alkaline medium, the lixiviated catalyst showed the best current density even at high 

temperature (Fig.4.58a). The next best performance is shown by 10% PtCo-ETEK. This suggests 

that though unalloyed cobalt degrades the performance by dissolution in acidic medium, it 

significantly contributes to the performance in alkaline medium. The performance of the Pt-AR 

and 40%PtCo-ETEK is surprisingly quite low. No appropriate reason can be suggested for this 

behavior. Figure 4.58b shows the cyclic voltammograms of Pto.25Coo.75-40h 
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Figure 4.58(b) Cyclic Voltammograms ofPt0.2sCo0.7s-40h-20%C-30min, 
Pt0.25Co0.75-40h in 0.25MNaOHat 50°C 

and Pt0.25Coo.75-40h-20%C-30min. These fabricated catalysts show almost the same trend in 

activity as shown at room temperature in alkaline medium. 

The performance of all the catalyst in both the media is lower at high temperature as 

compared to room temperature. Apart from the explaination given in the potentiodynamic 

measurements, lower performance of the catalyst at higher temperature can be attributed to other 

factors such as the changes in the properties of nafion and the morphology of catalyst surface at 
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high temperatures. It is known that adsorption is fast at high temperatures and thus the main 

reason for the low activity at the higher temperature can be attributed to the adsorption of oxygen 

on the platinum surface, which occupies all platinum sites and thus prevents their use for further 

catalysis. In cyclic voltammetry, most of the catalysts did not show a prominent oxidation-

reductions peak. The catalysts are mainly showing capacitive currents. This is because tests 

were done in unstirred/non-rotating conditions. It was assumed that sparging of the cell with O2 

would over come the mass transport limitation. This factor might have influenced the cyclic 

voltamrnogram results of this thesis. Literature shows that testing in unstirred conditions results 

in capacitive currents [Lalande,G.,1997; Tamizhmani,G.;1994]. 
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Chapter 5 

Conclusion and Recommendations 

This thesis involved two major tasks: (i) fabrication of the catalysts and (ii) testing of 

these catalysts to detect the activity. 

Fabrication Process: 

The optimization of the ball milling parameters is very important to produce particles of 

required size without much contamination of the powder. The materials of the ball milling 

media i.e. vial and balls should be appropriately chosen to minimize the contamination of the 

powder. The milling/cooling cycles should be carefully adjusted to avoid sintering of the 

powder. The milling atmosphere also plays an important role in avoiding oxidation of the 

powder. It was proved that the higher the ball to powder ratio, the better the particle size 

refinement. 

With the results of this thesis, it can be concluded that ball milling is capable of producing 

porous agglomerates of about 30 microns size made up of nano-crystallites of less than 10 nm. 

But though nanoparticles could be obtained, ball milling does have the limitation that particles 

tend to cold weld. And, hence, PCAs plays an important factor in obtaining better dispersion 

and homogenization of powder. 

PCAs were carbon and stearic acid. Stearic acid has a strong tendency to decompose into 

carbon, hydrogen and oxygen. These elements get interspersed in the lattice of the elements. 

Among both the PCAs, carbon was a better process control agent as it gave better particle size 

refinement, increased surface area, reduced wear, and didn't contaminate the system, as it was 

always part of catalyst layer. Carbon also provides more catalytic sites and is thus a better 

surface agent than stearic acid. But, carbon also has a strong tendency to form carbides and 
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hence, careful manipulation of milling variables is very important to control carbide formation. 

This was successfully achieved in this work. 

Further enhancement of the surface area was done by lixiviation of the catalyst. Lixiviation 

improves the surface area of the catalyst by eating away the non-noble metal and regenerates the 

bare Pt sites that are otherwise covered by the cobalt or carbon powders. 

Ball milling was able to form non-equilibrium Pt-Co binary alloys and extended tertiary 

solid solutions of Pt-Co-C, which are highly desirable. 

Catalysts Performance: 

The exchange current density and Tafel slopes obtained from the electrochemical tests 

revealed that the lixiviated catalyst (PtCo-45h-l%C-5h-Lixiviated) is the best catalyst among all 

the fabricated catalyst. The particle size of this catalyst was comparable to the commercial 

catalysts procured from E-TEK. It produced equivalent exchange current density as the 

commercial catalysts and infact, the activity was more than 10%PtCo- ETEK commercial 

catalyst in acidic medium at the room temperature. The porous structure with high surface area, 

characteristic of the lixiviated catalyst, is the main reason for the comparable performance of the 

lixiviated catalyst with commercial E-TEK catalysts. Lixiviated catalysts showed a prominent 

oxygen reduction peaks which are almost not traced in the other fabricated catalysts. Apart from 

a porous structure, drying of the lixiviated catalysts at higher temperature may have been 

another factor for its superior performance. This makes it clear that ball-milled samples should 

be subjected to lixiviation and high temperature heating. As explained earlier, lixiviation greatly 

improves the porosity and surface area of the catalysts and heat treatment increases alloying and 

thus produces optimum nearest neighboring distance, which enhances the activity significantly. 



Chapter 5: Conclusion and Recommendations 112 

The performance of the non-lixiviated fabricated catalysts was lower than the lixiviated catalyst 

but in no way discouraging. 

At high temperature, exchange current density and Tafel slope of all the catalyst was 

lower than that at room temperature. This could be due to the stability of the catalyst at higher 

temperature. Also, it is showed that there was higher metal dissolution at higher temperature. 

The fabricated catalysts showed superior performance in alkaline medium than acidic 

medium. This might be because cobalt is almost inactive in acidic medium [Neto,A.,O.,2002]. 

Although this work shows an activity of the order of 10"7A/cm2 for Pt-Co/C alloys for 

the ORR, the incorporation of a noble metal is still a pre-requisite for a catalyst. XPS analysis 

showed that catalysts having higher Pt atomic percent at the surface showed better activity. 

Experimental results from XRD also made evident that the activity of the catalyst depends not 

only on the composition of the catalyst but also on the surface morphology of the catalyst, 

particle size and surface area. 

It is also to state that most of the electrocatalysts were checked for reproducibility except 

few as the amount of electrocatalysts that could be fabricated was limited due to the high cost of 

platinum metal. 

Recommendations: 

Ball m illing i s o ne o f t he p rominent t echniques t o produce nanosized particles, but it 

produces contaminations in the powder due to attrition of the vials and balls. This attrition was 

controlled to a great extent by addition of process control a gent b ut a very small amount of 

tungsten carbide was still found in the samples. This can be avoided by using a jet milling 

technique. 
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Figure 5 . 1 shows the flow diagram of Mircon-Master jet pulverizer from the Jet 

Pulverizer company. In jet milling, the material is driven at near sonic velocity around the 

perimeter of the chamber by multiple jets of air or steam. Milling involves no grinding media 

and the size reduction is the result of the high-velocity collisions between particles of the 

process material itself. The chamber of a jet mill is designed such that it allows recirculation of 

over-sized particles, enhancing the incidence and the effect of these collisions. 

Figure 5.1 Flow diagram of Mircon-Master ®Jet Pulverizer from the 
Jet Pulverizer Company [http://www.jetpul.com/mequip/milloper.htm] 

http://www.jetpul.com/mequip/milloper.htm
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This process involves no moving parts or screens and therefore, is suitable for virtually any 

friable or crystalline materials, even materials that are very abrasive. And, since contamination 

can be avoided and no excess heat is produced, jet milling is highly suitable for materials that 

must remain ultra-pure and those that are heat sensitive [http://www.jetpul.com/mequip/ 

milloper.htm] 

Also, in view of promising results of lixiviated catalysts, heat treatment of the PtCo/C 

electrocatalysts is highly recommended. 

When testing the catalysts, the O2 sparging pressure greatly affects mass transport 

characteristics and hence performance, therefore it is recommended that O2 gas flow be 

controlled by a flow meter. 

http://www.jetpul.com/mequip/
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Chapter 6 

Future Work 

Further experimentation is required to detect the type of gas released at the electrodes during 

electrochemical test. This would require testing of catalysts by a Rotating Ring Disc Electrode 

(RRDE). RRDE involves an addition of a concentric-ring electrode surrounding the disc 

separated by an insulating gap. RRDE has proved to be an extremely useful technique for 

elucidating various electrode mechanisms through generation and detection of reactions at the 

disk and ring respectively [Wang,J.,1994]. Further study is required to find a reason for the 

instability of the catalyst at high temperature in both media. 

As these catalysts showed promising results, the future work would involve the study of 

these catalysts in the complete fuel cell set up. It would involve the fabrication of membrane 

electrode assembly (MEA). The figures 6.1 and 6.2 show a membrane electrode assembly 

made up of Pt-Co /C catalyst from ETEK. 

2 

Figure 6.1 MEA made up of Pt.Co/Ccatalysts Figure 6.2 MEA made up of Pt:Co/C catalysts 
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Appendix A - Cost Analysis 

The cost of a single stack dismantable fuel cell is approximately US$132.50 

[www.fuelcellstore.com]. This cost may be as high as $300/KW for a more efficient and robust 

fuel cell, which could potentially find application in buses and other transportation vehicles. 

While an internal combustion engine requires an investment of $30 to produce one kilowatt 

(KW) of power, the equivalent cost in a fuel cell is a whopping $3,000 for portable power 

[www.batteryuniversity.com]. Part of that cost is due to experimental production since the fuel 

cell is not yet mass-produced. The cost of a Ballard fuel cell bus comes to US$1.4million 

[www.e-sources.com]. The cost of Apollo space program was $25.4 billion while the cost of 

Gemini Space program was $1.3 billion [www.aerospaceguide.net]. Table A.l shows the 

properties and cost of Pt and C, which are the main, constituents of electrocatalysts layers. The 

cost and properties of cobalt are also given for the sake of comparison. 

Table A.l Table showing properties of Pt, Co and C 
Properties/Elements Platinum* Cobalt* Carbon* 
Symbol Pt Co C 
Colour Silvery White Bluish white Black 
Atomic Number 78 27 6 
Atomic Weight 195.09 58.9332 12.011 
Density @ 293K (g/cm3) 21.45 8.90 -2.62 
Melting Point (K) 2045.2K 1768.2 -3823.2 
Boiling Point (K) 4443 3373 4470-5070 
Electronegativity 2.28 1.88 2.55 
Electronic Configuration [Xe]4fl4 5d9 6s 1 [Ar] 3d7 4s2 [He]2s2 2p2 
Structure FCC HCP Hexagonal layers 
Electrical Conductivity 
(mohm-cm) 

94.341 160.256/ 0.7272 

Cost (TJS$/100g) 4700 21 2.4 
* http://www.scescape.net/~woods/elements 

Vulcan XC-72® is different than common carbon because it has better chemical stability 

in acidic and oxidizing environments even at 150°C. It has high corrosion resistance, electrical 

conductance, high surface area (250m2/g) and has low density and low cost [Hooger,G.,2003] 
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Appendix B - Surface area calculation 

Surface areas of the catalysts were calculated using the crystallite size obtained from XRD. 

The following formula was used for the surface area calculations [Min, K.,M.,2001]; 

S = 6/pme,al* d B.l 

Where, S is the surface area of the particles, pmetai is the density of metal and d is the diameter 

of the particle. 

Density of the alloy catalyst was calculated using the relative density of the Pt and Co. 

All the metals other than Pt and Co, like tungsten, which constituted impurities, were not 

taken into consideration for the calculation of the relative density. 

Density of Pt = 21.45 gm/cm3 [http://www.scescape.net/~woods/elements] 
Density of Co = 8.9 gm/cm3 [http://www.scescape.net/~woods/elements] 

Relative density of Alloy (gm/cm3)= Wt % Pt * pcL+_Wt % Co * prn B.2 
Wt% Pt + Wt% Co 

Table B.l Table showing relative density, crystallite sizes and surface area of the electrocatalysts 

Catalysts 
Wt.% 

Pt 
Wt.% 

Co 
Relative Density 

(gm/cm3) 
Crystallite Size 

(nm) 
Surface area 

(m2/gm) 
Pto.25Co0.75-40h 22.445 20.295 15.49 36 10.75 
Pto.25Co0.75-40-20%C-30min 27.82 25.56 15.44 18.6 20.28 
40%PtCo-E-TEK 10.45 12.1 14.71 9 45.3 
10%PtCo-E-TEK 0.77 0.53 16.33 7 52.49 
PtCo-45-l%C-5h 8.21 48.86 10.70 10 5.6 
Lixiviated 15.555 2.025 20.00 7 42.85 
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