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ABSTRACT 

The electrochemical oxidation of 0.5 M methanol in 0.1 M HCIO4 on catalyst 

materials comprised of platinum and ruthenium (PtRu) was investigated. Cyclic 

voltammetry and constant potential amperometry were used to characterize the 

catalyst materials and study the methanol reaction kinetics. Measurements were 

performed at temperature in the range of 23 °C to 70 °C. The following catalyst 

materials were employed: PtRu black containing 50 at. % Ru supplied by 

Johnson Matthey of Ward Hill. MA (JM PtRu black); sonochemically prepared 

nanoparticles of PtRu containing either 50 at. % Ru (SC PtRu(50)) or 25 at. % Ru 

(SC PtRu(25)); and Pt black (supplied by Johnson Matthey) modified by 

spontaneous deposition of Ru via either two (JM Pt-Ru(2)) or four deposition 

cycles (JM Pt-Ru(4)). 

The rate of methanol oxidation was assessed through constant potential 

amperometry measurements. Current was recorded 20 min after stepping to the 

reaction potential. Mechanistic information was derived from Tafel plots (plot of 

the logarithm of the current versus the reaction potential). 

At 23''C, the fastest rates of methanol oxidation were observed on the JM 

PtRu black and JM Pt-Ru(4) catalysts. These systems display phase separation 

of the R and Ru metals. In contrast, the slowest rates of methanol oxidation 

were observed on SC PtRu(50) and SC PtRu(25) catalysts, which show random 

alloy properties. The results provide evidence in support of earlier findings that 
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indicate phase separated PtRu materials yield higher rates of methanol oxidation 

than random alloys. 

In general, results are consistent with the bifunctional mechanism for 

methanol oxidation; Pt enables C-H bond cleavage, while Ru promotes water 

activation at low potentials providing the reactive oxides necessary for formation 

of CO2 from methanol. Tafel plot slopes were typically near 120 mV/decade, 

consistent with a one electron transfer step as rate limiting. For JM PtRu black, 

activation energies in the range of 43 kJ/mol - 53 kJ/mol for potentials between 

0.33 V and 0.50 V were determined. The values are just below those frequently 

observed for methanol oxidation on PtRu alloys (60 kJ/mol). 

Overall, this thesis investigated the catalytic activity of PtRu materials towards 

methanol oxidation and observed the fastest rate for catalysts that displayed 

phase separation of Pt and Ru (JM PtRu black and JM R-Ru[4]). 
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CHAPTER I 

INTRODUCTION 

Background to Fuel Cells 

Electrochemistry is the branch of chemistry concerned with the interrelation of 

electrical and chemical effects. It deals with the study of chemical changes 

caused by the passage of an electric current and the production of electric 

energy by chemical reactions. The field of electrochemistry encompasses a 

large array of different phenomena, devices and technologies [1]. 

Fuel cells are electrochemical devices that convert chemical energy directly 

into electrical energy [2]. Instead of combustion in the cylinder of a heat engine, 

the fuel reacts on the electrodes. A fuel cell provides a DC (direct current) 

voltage that can be used to power motors, lights or any number of electrical 

appliances. There are several different types of fuel cells, usually classified by 

the type of electrolyte they use. The primary fuel cell technologies under 

development are: phosphoric acid fuel cells (PAFCs), proton-exchange 

membrane fuel cells (PEMFCs), solid oxide fuel cells (SOFCs), molten carbonate 

fuel cells (MCFCs), alkaline fuel cells (AFCs), regenerative fuel cells and direct 

methanol fuel cells (DMFCs) 

Figure 1.1 depicts a conventional H2/O2 PEMFC [3]. It consists of a 

membrane electrode assembly (MEA), which is placed between two flow-field 

plates. The MEA consists of two electrodes, the anode and the cathode. Each 

electrode is coated on one side with a thin catalyst layer, and the two electrodes 
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Figure 1.1. Conventional H2/O2 PEM fuel cell 



are separated by a proton exchange membrane. The membrane is permeable to 

protons, but does not conduct electrons. When H2 reaches the catalyst layer, it 

becomes oxidized forming protons (hydrogen ions) and electrons (H2 -> 2H* + 

2e"). Protons are transported through the membrane, and the free electrons, 

produced at the anode, are conducted through the external circuit. At the 

cathode, oxygen from the air combines with electrons and protons to form water 

{Yi O2 + 2H* + 2e" -^ H2O) [3]. Heat is also produced as a by-product of the fuel 

cell reactions. The overall cell reaction is 

H2 + 72 O2->• H2O (1.1) 

PEMFCs typically operate at a temperature of around 80°C [4]. They have a 

number of attributes that make them ideal candidates for use as automotive 

power sources and in small domestic applications, such as replacements for 

rechargeable batteries. They operate at relatively low temperature, which allows 

them to start up rapidly in the cold, and they have a high power density, which 

makes them relatively compact. 

Other types of fuel cells are distinguished based on their different electrolytes 

and operating conditions. In AFCs, the electrolyte is potassium hydroxide either 

in an aqueous solution or in a stabilized matrix. Hydroxyl ions (OH) migrate from 

the cathode to the anode where they react with hydrogen to produce water and 

electrons. AFCs operate at around SOX. The electrode reactions are as 

follows: 



Anode : 2H2 + 40H- - • 4H2O + 46 (1.2) 

Cathode : O2 + 2H2O + 46 -> 40H- (1,3) 

PAFCs are the most commercially advanced fuel cell technology at this time. 

These cells use liquid phosphoric acid as the electrolyte, usually contained in a 

silicone carbide matrix. Phosphoric acid cells work at higher temperatures than 

PEMFCs or AFCs-around 200X-but still require platinum catalysts on the 

electrodes to promote reactivity [5]. 

MCFCs use either molten lithium potassium or lithium sodium carbonate salts 

as the electrolyte. When heated to a temperature of around 650X these salts 

melt and generate carbonate ions which flow from the cathode to the anode 

where they combine with hydrogen to give water, carbon dioxide and electrons. 

The electrode reactions are as follows: 

Anode COs "̂ + H2 ̂  H2O + CO2 + 2e- (1.4) 

Cathode: CO2+I/2O2 + 2 e - ^ COs '̂. (1.5) 

SOFCs operate at about 750-1OOOX [6]. They use a solid ceramic 

electrolyte, such as zirconium oxide stabilized with yttrium oxide, instead of a 

liquid. In these fuel cells, energy is generated by the migration of oxygen anions 

from the cathode to the anode to oxidize the fuel gas, which is typically a mixture 

of hydrogen and carioon monoxide. The electrode reactions are as follows: 

Anode: H2 + O^'-> H2O + 26 (1.6) 

CO + O^--• CO2 + 2e" (1.7) 



Cathode : O2 + 4e- - • 20^" (1.8) 

The DMFC is a variant of the PEMFC where instead of H2. methanol (CH3OH) 

is supplied to the anode. Methanol is well-known for its simple chemical 

structure, high energy density and easy storage. The methanol is converted to 

carbon dioxide and protons at the anode. The protons are available to react with 

oxygen at the cathode as in a standard PEMFC. DMFCs are expected to 

operate at about 120°C. The standard themnodynamic potential of a 

methanol/02 fuel cell is neariy identical to that of a H2/O2 fuel cell [7]. The overall 

reactions are as follows: 

Anode : CH3OH (aq) + H2O (l)->C02 (g) + 6H* (aq)+ 6e- (1.9) 

Cathode : 3/2O2 (g)+ 6H* (aq)+ 66 -> 3H2O (I) (1.10) 

Complete Cell: CH3OH (aq)+ 3/2O2 (g) ->C02 (g)+ 2H2O (I). (1.11) 

The history of fuel cells can be traced back to the nineteenth century. In 1839 

Sir William Grove, referred to as the "Father of the Fuel Cell", built the first fuel 

cell [4] After the internal combustion engine was invented in the beginning of the 

twentieth century, the fuel cell was overiooked as a promising power source. 

However, the US space exploration activity accelerated fuel cell research in the 

1960s [8]. The National Aeronautics and Space Administration (NASA) adapted 

fuel cell technology for the Gemini and Apollo spacecrafts since batteries were 

too heavy, solar energy was too expensive, and nuclear power was too risky. 



Willard Thomas Grubb, a chemist working for General Electric (GE) modified the 

original fuel cell design by using a sulfonated polystyrene ion-exchange 

membrane as the electrolyte. Another GE chemist, Leonard Niedrach, devised a 

way of depositing platinum onto this membrane and this became known as the 

'Grubb-Niedrach fuel cell' three years later GE together with NASA developed 

this technology and used it in the Gemini space project. This was the first 

commercial use of a fuel cell. 

The oil embargo in 1973 started the interest in fuel cell power for terrestrial 

applications to reduce the dependence on petroleum. Throughout the 1970s and 

1980s research was dedicated to overcoming obstacles to widespread 

commercialization of the fuel cell. 

In 1993, the launch of the first fuel cell-powered vehicle by the Canadian 

company Ballard brought the desire for inexpensive, clean, renewable energy to 

reality. Later, major automobile companies produced prototype fuel cell powered 

cars. Trials of fuel cell powered buses have taken place in Chicago and 

Vancouver along with other cities in North America and Europe. The Californian 

Zero Emission Vehicles (ZEV) mandate, which requires 10% zero emission 

vehicles must be sold annually in California after 2003, is pushing fuel cell 

development further [9]. At present, the only commercially-available ZEVs are 

powered by batteries. But they have limited ranges and speeds. The most 

promising alternatives are the fuel cell-powered vehicles. 



Advantages and Disadvantages of Fuel Cells 

The most attractive advantage of fuel cells is their potential for high efficiency. 

The efficiency of SOFCs can be as high as 80%. Other fuel cells have 

efficiencies around 40%. All of them are much higher than the internal 

combustion engine (about 20-25%) [10]. Fuel cells are not subject to Carnot 

limitations because their operation does not depend on the flow of heat between 

sources and sinks as in a heat engine. The potential for greater efficiency leads 

to reduced emissions of gaseous pollutants and the greenhouse gas CO2 per 

fuel quantity consumed. Fuel cell emissions of currently regulated pollutants 

such as carbon monoxide, nitrous oxide, sulfur oxide and particulates are well 

below current air quality regulations [11]. 

Fuel cells are quiet since they do not have moving parts and they are 

acceptable to a variety of settings, such as hospitals [12]. Fuel cells exhibit good 

performance in response time, useful life, maintainability and cost compared to 

existing mechanical systems. Fuel cells provide on-site operation, thus long 

distance of electricity transportation is not required. This saves the cost in 

equipment for electricity transportation and reduces the energy lost in the 

transmission. Another advantage of fuel cells is their modularity. The size, 

shape and weight of fuel cells can be greatly varied, which has made them 

attractive power sources in applications ranging from cell phones to buses and 

residential power stations [13]. 



The major challenge for fuel cells is the discovery of new catalyst and 

membrane materials that will enable their commercialization [14]. Technical and 

engineering challenges include the need for inexpensive membrane electrolytes 

that have high ion conductivities which enable rapid and selective transport of 

protons, while preventing crossover of the fuels, and the need for catalysts that 

have high activity towards the fuel oxidization and reduction while remaining 

unaffected by impurities. 

Project Focus 

The goal of this project was to investigate the activity enhancement of 

methanol electrochemical oxidation on catalysts comprised of mixtures of 

platinum and ruthenium metals (PtRu) at temperatures in the range of 23X to 

70''C. The rate of methanol oxidation was determined through constant potential 

amperometry measurements. Potential step experiments were performed. The 

steady-state current recorded 20 minutes after the initiation of the reaction was 

used to construct Tafel plots. Activation energies were determined from reaction 

rates measured as a function of temperature. The following materials were 

investigated: RRu black containing 50 at. % Ru supplied by Johnson Matthey of 

Ward Hill. MA (JM RRu black); sonochemically prepared nanoparticles of PtRu 

containing either 50 at. % Ru (SC PtRu(50)) or 25 at. % Ru (SC PtRu(25)); and 

R black (supplied by Johnson Matthey) modified by spontaneous deposition of 

Ru via either two (JM Pt-Ru(2)) or four deposition cycles (JM Pt-Ru(4)). The 



materials vary in the degree of random alloy versus Pt and Ru phase separation, 

and the differences affect the rate of methanol oxidation. 
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CHAPTER II 

EXPERIMENTAL AND INSTRUMENTAL CONSIDERATIONS 

Reagents 

All solutions were prepared with deionized water (18 MQ/cm) from a four-

cartridge Nanopure Infinity System (Bamstead, Dubuque, lA). Perchloric acid 

(redistilled. 99.999% purity) was obtained from Aldrich (Milwaukee, Wl). 

Methanol (Burdick & Jackson [Muskegon, Ml] GC grade, or EM Science 

[Gibbstown, NJ] 99.8 %) was washed over alumina, filtered, distilled and stored 

refrigerated. 

JM PtRu black, nominally 50 at. % Ru, and R black were obtained from 

Johnson Matthey (Ward Hill. MA) and used as received. Sonochemically 

prepared nanoparticles of PtRu containing either 50 at. % Ru (SC PtRu[50]) or 

25 at. % Ru (SC PtRu[25]) were donated by Dr. Casadonte. The procedure used 

for preparation has been described [1]. 

Cells and Instrumentation 

The electrochemical cell was made of glass and enclosed with a water jacket. 

The cell was closed with a 1" thick Teflon cap containing o-ring seal ports that 

allowed insertion of the electrodes and tubing for transport of inert gas (Ar or N2) 

for solution degassing. Water from a constant temperature water bath (model 

11 



1131. VWR Scientific) was circulated through the cell jacket to maintain the 

solution temperature constant. 

The working electrode consisted of a disk of polycrystalline gold (8 mm dia. by 

2 mm thick) pressure sealed into a shallow well that had been milled into the end 

of a Kel-F rod (Boedeker Plastics. Shiner, TX). A copper wire made electrical 

contact to the backside of the disk through a drop of silver epoxy. Prior to 

experiments, the electrode was polished mechanically with alumina from 1.0 ^m 

down to 0.05 ^m followed by sonication to remove debris. The counter electrode 

was a platinum wire. A reversible hydrogen electrode (RHE) was used as the 

reference. The reference electrode was immersed directly into the sample 

solution during the experiment. 

Electrochemical measurements were performed with a Gamry Instruments 

PC4/300 potentiostat (Gamry Instruments. Inc.. Wamninster, PA) installed in a 

PC computer running Windows 98. The potentiostat was controlled by Garmy 

CMS 100 and Physical Electrochemistry software. 

Procedures 

Thin catalyst films were immobilized on the working electrode by adsorption. 

Catalyst materials were suspended in water at a concentration of ca. 3 mg/mL. 

Just prior to experiments, a fixed volume (typically 20 nL) was dropped on the 

surface of the Au electrode and the film was allowed to dry in air. Aftenward an 

electrode containing PtRu catalyst was electrochemically cleaned by cyclic 

12 



voltammetry sweeps between 0.05 V and 0.8 V at the scan rate of 50 mV/s. An 

electrode with R black was cleaned by holding it at 0.45 V in 0.1 M HCIO4 for 5 

min. Then the electrode was exposed to a solution that contained 1.0 mM RuCb 

and 0.1 M HCIO4 at open circuit potential for 1 h. The film was rinsed with 

ultrapure water and placed into the electrochemical cell at open circuit potential. 

The potential was then stepped to 0.3 V for 5 min to reduce the adsorbed Ru 

precursor. The spontaneous deposition could be repeated as many times as 

needed in order to obtain the desired Ru packing density (e.g., up to four times in 

this thesis). After the desired number of depositions, the electrode was set at 0.3 

V for approximately 24 h prior to further experiments. Before studies of methanol 

oxidation, the electrode was subjected to the same cleaning and activity test 

procedures as the chemically synthesized PtRu materials. 

For methanol oxidation studies, the working electrode was initially checked by 

cycling the potential between 0.05 V and 0.8 V at 50 mV/s in 0.1 M HCIO4 until 

features characteristic of Pt and/or Ru appeared. After this film activation, the 

potential was held at 0.0 V while an aliquot of CH3OH was added to bring the 

CH3OH concentration in the cell to 0.5 M. The solution was mixed for 3 min by 

bubbling with Ar, and the cell was maintained at 0.0 V for an additional 4 min 

before stepping to the reaction potential. The steady-state current was 

continuously recorded. The current value 20 min after the initiation of the 

reaction was used to constmct Tafel and Arrhenius plots. Activation energies 

13 



were detemnined through reaction rates measured as a function of temperature in 

the range of 2 3 X to 70X. 
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CHAPTER III 

ACTIVITY OF METHANOL OXIDATION AT COMMERCIAL 

PLATINUM-RUTHENIUM BLACK AT TEMPERATURES 

IN THE RANGE OF 23X TO 70X 

Introduction 

Research aimed at improving DMFC operation has been ongoing for several 

decades, since the DMFC is capable of producing electric power by the direct 

oxidation of methanol at the fuel cell anode rather than requiring reformation of 

methanol to H2. Also, by avoiding the direct use of H2, the DMFC overcomes 

problems associated with the needs for H2 storage and transportation. However, 

practical use of the DMFC is limited by several problems, including a high 

overvoltage for the anodic process on currently available electrodes. The slow 

kinetics for methanol oxidation has impeded the commercialization of DMFCs. 

The mechanism for methanol electro-oxidation on Pt was postulated by 

Parsons and Vandernoot [1]. A first step involves the adsorption of methanol 

onto the substrate to forni cartDon-containing intemnediates. Very few materials 

are able to absorb methanol, and in acidic electrolytes, only Pt-based electro-

catalysts have the required activity and chemical stability. Following adsorption a 

sequence of bond dissociation steps occurs, as shown in Scheme 3.1 [2]: 
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Scheme 3.1 Dissociative Chemisorption of Methanol on a Pt Surface 
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The splitting of three C-H and one 0-H bonds together with the release of 

electrons at the Pt surface gives the main catalyst poison, linearly bonded carbon 

monoxide (Pt-CEO). 

Reaction of CO with oxygen-containing species (Pt-OHaas) produces carbon 

dioxide. The equations that follow describe important steps in the 

electrochemical oxidation of methanol [3]. 

CHaOHsoi - CHsOHads > COads + 4H* + 4e" 

H2O > OHads + Ĥ  + e" 

COads + OHads > CO2 + H* + e" 

(3.1) 

(3.2) 

(3.3) 

In addition to the CO producing pathway, other intermediates can form, such as 

HCHO and HCOOH, as shown in Figure 3.1 
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At potentials below 0.45 V. the process described by equation 3.2 occurs at 

an insignificant rate on Pt. This has encouraged an intensive search for 

alternative materials that can oxidize water at lower overpotentials, and in 

particular for additional secondary materials that might combine with Pt to 

promote equations 3.2 and 3.3. Different promoters such as Ru, Sn, Mo, Os or 

Cu for methanol oxidation have been investigated in the past decades. Among 

them. Ru has shown the most promise. 

In fuel cells, catalysts consist of high surface area, nanometer-scale particles. 

RRu materials with 50 at. % Pt are favored for DMFC operation. An interesting 

property of nanometer-scale PtRu is phase separation can occur to produce Ru-

rich and R-rich regions [4]. This structure contrasts bulk PtRu materials, which 

form random alloys. 

This chapter investigates the kinetics of methanol oxidation at a commercial 

fuel cell catalyst, JM PtRu black. Temperatures in the range of 23°C to 70°C 

were investigated. It is shown these materials display high activity for methanol 

oxidation with rate constants and activation energies consistent with literature 

reports [4]. 

Experiments 

Catalvst Thin Film Preparation 

The R-Ru black film was prepared by depositing a ca. 2 mg/mL catalyst 

suspension in ultra pure water via a pipette onto a polished gold electrode. The 

18 



suspension was then evenly dispersed on the surface by adding additional water 

droplets. Aftenward. the electrode surface was dried in air for 2-3 h, followed by 

rinsing in a jet of ultra pure water to remove the loosely held particles. The 

resulting electrode surface contained a thin, reflective Pt-Ru layer, which 

provided excellent catalytic activity for methanol oxidation. 

Electrochemistry 

After catalyst deposition, the Pt-Ru black modified wori<ing electrode was 

cleaned for each experiment by cycling between 0.05 V and 0.8 V in 0.1 M 

HCIO4 until features characteristic of Ru appeared. The perchloric acid solution 

was deoxygenated by bubbling with Ar for about 10 min to remove O2 before 

use. 

Prior to methanol constant potential amperometry experiments, the methanol 

concentration was brought to the desired level in the cell by addition of an aliquot 

of pure methanol to the 0.1 M HCIO4 solution in the cell to obtain the expected 

0.5 M methanol solution. The electrode was held at 0.0 V during methanol 

addition and 7 min was allowed to pass before potential steps began. 

Results and Discussion 

Cyclic voltammograms of a Pt-Ru black film on gold recorded in 0.1 M HCIO4 

are shown in Figure 3.2. The voltammograms display responses characteristic of 

RRu materials [5]. The hydrogen adsorption-desorption region (0.0 V - 0.3 V) 
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Figure 3.1 Methanol Oxidation Pathways 
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contains broad waves rather than the sharp peaks that appear on pure Pt 

surfaces associated with the reversible process of H* reduction to Pt-H. The 

double-layer region (0.3 V - 0.8 V) is broad and featureless typical of the 

pseudocapacitive properties of Ru oxides [4]. It is important to note each 

voltammogram in Figure 3.2 was recorded with a freshly prepared JM PtRu black 

film, so the temperature dependent differences that appear in the hydrogen 

adsorption region are probably due to slight variations in the active surface area 

of the films rather than themnal effects. 

Results of constant potential amperometry measurements perfomried at 

ambient temperature are shown in Figure 3.3. After 20 min. the current became 

stable and was considered as having reached a steady-state. The steady-state 

current increases as potential becomes more positive, due to the greater driving 

force being applied to the methanol oxidation reaction. 

To quantify the responses recorded in constant potential amperometry 

experiments, plots were constructed of the logarithm of the steady-state current, 

measured at the 20 min reaction point, as a function of potential (Tafel plots). 

Results of experiments performed with JM PtRu black at the temperatures of 

23X, 50 X . 60 °C and 70 °C are shown in Figure 3.4. The current values are 

normalized to the mass of catalyst applied to the electrode for comparison to 

recent literature [6]. The results for the JM PtRu black sample are in excellent 

agreement with reports for the catalyst system at 23 X in 0.1 M HCIO4 

containing 1.0 M methanol [6]. 
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The plots reported in Figure 3.4 have Tafel slopes (change in potential per 

decade of current) that range from 107 mV/decade - 132 mV/decade. The 

values are consistent with those reported eariier for methanol oxidation at PtRu 

black samples and have been interpreted as indicating the reaction is controlled 

by a one electron transfer step [6]. Also notable from Figure 3.4 is the oxidation 

cun-ent for methanol could be measured down to potentials as low as 0,25 V, 

much lower than for platinum black catalysts. The addition of Ru to the Pt 

catalyst provides sites that enable water activation at low potentials, supplying 

reactive OH species that convert adsorioed CO to CO2 and thereby reducing 

catalyst poisoning. The reaction rate increased dramatically at higher 

temperature due to the thermal activation processes involving methanol 

dissociative chemisorption and water activation [7]. 

An Arrhenius plot was prepared from the reaction rate measurements at 

different temperatures. Results are shown in Figure 3.5. Activation energies 

were determined from the slopes and were in the range of 42.8-52.5 kJ/mol for 

potentials between 0.33 V and 0.5 V. The values are close to but somewhat 

lower than 60 kJ/mol, which has been reported for bulk PtRu alloys [8]. The 

lower activation energies may be related to the properties of Pt and Ru phase 

separation in JM RRu black [6]. 
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Conclusions 

In this chapter, the ability to perfomn cyclic voltammetry and controlled 

potential amperometry measurements with thin films of PtRu catalysts is 

demonstrated. The steady-state currents recorded 20 min after initiation of 

methanol oxidation give linear Tafel plots with a slope consistent with a one 

electron transfer step as rate limiting. 
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CHAPTER IV 

ACTIVITY OF METHANOL OXIDATION AT SONOCHEMICALLY 

PREPARED PTRU PARTICLES AT TEMPERATURES 

IN THE RANGE OF 23X and 70X 

Introduction 

It is well known that a binary PtRu catalyst can produce a noticeable 

enhancement of current for methanol electrooxidation at low potentials [1. 2]. A 

major effort has been reported on producing high activity surfaces made of PtRu 

composites as a catalyst for methanol electrooxidation. These catalysts typically 

consist of electrodeposits of ruthenium on platinum. PtRu alloys, or codeposits of 

ruthenium and platinum on carbon. 

In bimetallic catalysis, the Ru may enhance the activity in three possible ways: 

by blocking surface sites to prevent the fonnation of strongly bound "'poisons", by 

lowering the potential for water activation compared to Pt (the bifunctional 

mechanism), or by modifying the electronic properties of Pt. Among them, the 

bifunctional mechanism is believed to be most responsible. Important steps are 

summarized in equations 4.1 -4 .4 below. 

CH30Hsoi== CHaOHads > COads + 4H* + 4e (4.1) 

Pt + H2O > R-OHads + H* + e- (4.2) 

Ru + H2O > Ru-OHads + H* + e' (4.3) 
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COads + OHads > CO2 + H* + e" (4.4) 

Since at room temperature interactions between methanol and Ru are weak, 

the first step in the proposed mechanism consists of methanol dehydrogenation 

on R surface ensembles, leading to the formation of adsorbed dehydrogenation 

fragments [3]. These fragments are both intermediates and surface poisons. In 

close analogy to R electrodes, there is evidence the linearly bonded CO is the 

predominant fragment. By analogy to the gas-phase mechanism for the 

oxidative removal of COads on a Pt surface [4], a Langmuir-Hinshelwood 

mechanism is tjelieved to operate under electrochemical conditions. Water 

activation can occur at both Pt and Ru sites to produce adsorbed oxides (Pt-

OHads and Ru-OHads. Eqs. 4.2 and 4.3). The adsorption of oxygen-like species 

on R will not occur to any appreciable extent below 0.7 V. while it occurs on Ru 

at potentials as low as 0.2 V [5]. Then, reaction between the adsorbed CO and 

oxides can occur to fomn CO2 (Eq. 4.4) [6]. 

This chapter investigates the kinetics of methanol oxidation at PtRu catalysts 

that display alloy properties. The catalysts were prepared with a sonochemical 

procedure that gives a high probability for randomization of Pt and Ru metals 

within the catalyst. Methanol oxidation at temperatures in the range of 23°C to 

70*0 were investigated. It is shown the sonochemically prepared PtRu materials 

have lower activity for methanol oxidation than JM PtRu black, which displays 

phase segregation of the metals. 
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Experiments 

Catalvst Thin Film Preparation 

The SC RRu film was prepared by depositing onto a polished gold electrode 

20 ^L from a suspension that contained approximately 4 mg/mL catalyst in 

tetrahydrofuran (THF). The electrode surface was dried in air for 2-3 min. The 

resulting electrode surface contained a thin, reflective Pt-Ru layer. 

Electrochemistry 

After catalyst deposition, the electrode was activated by cycling between 0.05 

V and 0.8 V in 0.1 M HCIO4 until features characteristic of Ru appeared. The 

perchloric acid solution was deoxygenated by bubbling with Ar for about 10 min 

to remove O2 before use. Prior to methanol constant potential amperometry 

experiments, the methanol concentration in the cell was brought to 0.5 M by 

addition of an aliquot of pure methanol to the 0.1 M HCIO4 solution. The 

electrode was held at 0.0 V during methanol addition, and 7 min was allowed to 

pass before potential steps began. 

Results and Discussion 

Cyclic voltammetry of the SC PtRu(50) catalyst (sonochemically prepared 

RRu containing 50 at. % Ru) on gold in 0.1 M HCIO4 is shown in Figure 4.1. The 

hydrogen adsorption and desorption features (0.05 V - 0.25 V) are diminished 

greatly compared with pure platinum, just as for the JM PtRu black sample 
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studied in Chapter III and bulk PtRu alloys with similar composition [2]. The 

responses also show the large pseudocapacitive responses characteristic of Ru 

containing materials across the double layer potential region. 

A Tafel plot that summarizes results from constant potential amperometry 

experiments perfomied with SC PtRu(50) at the temperatures of 23 X , 50 X , 

60 X and 70 X is given in Figure 4.2. Methanol oxidation current could be 

measured down to 0.35 V. The limit is comparable to bulk PtRu alloys at room 

temperature [3], but is not as low as the measurable responses for the JM PtRu 

black catalyst. The Tafel slopes for the experiments reported in Figure 4.2 are in 

the range of 105 mV/decade -111 mV/decade. The values are consistent with 

those observed for JM RRu black samples and can be interpreted similarly as 

indicating the reaction is controlled by a step involving a one electron transfer 

reaction However, at all temperatures the oxidation rates are more than one 

order of magnitude lower than those measured for the oxidation of 0.5 M 

methanol at JM RRu black. In Chapter V, evidence will be presented that shows 

these reaction rate differences can be explained, at least in part, by effects of Pt 

and Ru phase separation. 

Figure 4.3 shows a Tafel plot that includes results from experiments with the 

sonochemically prepared RRu catalyst containing 25 at. % Ru, SC PtRu(25). 

The oxidation of methanol becomes detectible at 0.3 V, 0.05 V lower than SC 

RRu(50). This shifting of the onset potential for methanol oxidation is consistent 

with the behavior of bulk PtRu alloys; bulk RRu containing 10 at. % Ru shows 
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the lowest potentials for activation of methanol oxidation at ambient temperature 

[2]. In Figure 4.3, the Tafel slopes of 87 mV/decade and 89 mV/decade for 

reactions at 23 "C and 70 °C, respectively, indicate a chemical step, rather than a 

one electron transfer step, may limit the reaction rate. A similar response has 

been reported recently for CO oxidation on Pt surfaces [7]. 

In general, the responses for methanol oxidation on the sonochemically 

prepared RRu samples are consistent with the bifunctional mechanism. Relative 

to pure R. methanol oxidation begins at lower potentials and occurs at faster 

rates due to an increase in the coverage of OHads at low potentials through 

reaction 4.3. There is also evidence for an ensemble effect in comparing the 

reaction of methanol on SC PtRu(50) and SC PtRu(25) [2,3]. The adsorption of 

methanol according to equation 4.1 requires an ensemble of adjacent Pt atoms. 

In bulk RRu alloys, the optimum ratio of R:Ru for ambient temperature methanol 

oxidation is 10:1 [2, 3]. This composition both maximizes the rate of methanol 

adsorption and dissociation (equation 4.1) by making available a large number of 

R adsorption sites, while enabling the oxidative removal of CO by Ru-OHads 

(equation 4.3) at low potentials. It is notable that JM RRu black, which has a 

nominal composition of 50 at. % Ru, shows higher than expected rates of 

methanol oxidation. It has been suggested Pt and Ru phase separation within 

the catalyst is responsible for observed rate enhancements [8, 9]. 

From the reaction rates measured at different temperatures, an An-henius plot 

was constructed. Figure 4.4 displays results for the oxidation of 0.5 M CH3OH in 
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0.1 M HCIO4 at SC PtRu(50). The activation energies determined from the slopes 

are in the range of 51 kJ/mol - 54 kJ/mol for reaction potentials between 0.35 V 

to 0.5 V, very close to the value of 60 kJ/mol reported in the literature for bulk 

RRu alloys [3]. 

Conclusions 

In this chapter, the electrochemical catalytic properties of sonochemically 

prepared RRu materials was investigated. The slopes of Tafel plots for SC 

RRu(50) was consistent with a one electron transfer step being rate limiting in 

the oxidation of 0.5 M methanol. A more complicated response was observed in 

experiments with the SC PtRu(25) material. Compared to JM PtRu black, the 

rate of methanol oxidation at SC PtRu(50) and SC RRu(25) was slower by about 

one order of magnitude. Since the sonochemically prepared materials have 

properties similar to bulk PtRu alloys, phase separation of Pt and Ru in the JM 

RRu black sample may be responsible for the differences. 
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Figure 4 2 Tafel plots for the oxidation of 0 5 M CH3OH m 0 1 M HCIO4 at SC 
RRu(50) prepared as a thin film on Au. The current values were measured 20 
mm after stepping from 0 0 V to the indicated potentials 
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Figure 4.3 Tafel plots for the oxidation of 0 5 M CH3OH in 0.1 M HCIO4 at SC 
PtRu(25) The current values were measured 20 min after stepping from 0 V to 
the indicated potentials 
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CHAPTER V 

ROOM TEMPERATURE ACTIVITY OF METHANOL 

OXIDATION AT RUTHENIUM SPONTANEOUSLY 

DEPOSITED ON PLATINUM BLACK 

Introduction 

Underpotential deposition (UPD) refers to the formation of submonolayer to 

monolayer amounts of a metal on a foreign metal substrate at potentials positive 

of the thermodynamic, bulk deposition potential [1]. The UPD process appears 

to be a general phenomenon which precedes and acts as a precursor to three-

dimensional bulk film formation. A typical UPD adlayer forms when the metal 

being deposited has a lower work function than the substrate, which is usually a 

noble metal. The formation of such UPD films is usually reversible or quasi-

reversible, and the processes can be modeled based on interfacial 

thermodynamics. On ordered single crystal substrates, the UPD layer usually 

forms a regular, two-dimensional overiayer, and the specific structure depends 

on the electrode material, potential and surface crystallographic face, and the 

type of anion associated with the cation precursor. UPD process can be 

explained by the existence of stronger attractive forces between the foreign metal 

substrate and the depositing species than among atoms in the three-dimensional 

depositing layer. 
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Electrodeposition of submonolayer to monolayer amounts of a noble metal 

onto a noble metal substrate can occur by different principles [1-4]. In this case, 

the admetal forms islands a few atomic layers in height, and deposition occurs 

spontaneously without the need for an applied potential. Further, 

electrooxidation of the noble metal islands usually does not lead to reversible 

dissolution. Instead, the material remains on the surface as stable oxides. The 

spontaneous deposition process yields a variety of submonolayer to monolayer 

coverage structures, depending on the substrate used and the noble metal 

cation. 

Ruthenium is a metal that fomas spontaneous deposits on platinum surfaces 

[1-4]. The metal islands have diameters that range from a few nanometers to 

tens of nanometers depending upon the exposure time of Pt to Ru^* in solution. 

RRu surfaces formed by spontaneous deposition of Ru onto R have been used 

as a catalytic material for methanol electrochemical oxidation with fuel cell 

applications targeted [1-4]. The Ru islands are prepared by exposure of the Pt 

surface to an aqueous solution that contains RuCb. To control the coverage and 

morphology of Ru, the spontaneous deposition procedure can be repeated 

multiple times. 

In this chapter, kinetic measurements of methanol oxidation were performed 

on JM R black following modification by spontaneous deposition of Ru according 

to literature procedures [2-4]. The R and Ru metals in the catalysts that result 

are phase separated. It is shown that after either two or four cycles of Ru 
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deposition on JM R black the catalyst samples (JM Pt-Ru(2) and JM Pt-Ru(4), 

respectively) display high activity for methanol oxidation. The JM Pt-Ru(4) 

sample gives rate constants comparable to those obtained in reactions on JM 

RRu black reported in Chapter 3. 

Experiments 

Catalvst Thin Film Preparation 

The R black film was prepared by depositing a 20 \iL of ca. 2 mg/mL catalyst 

suspension in ultra pure water via a pipette onto a polished gold electrode. The 

suspension was evenly dispersed on the surface by adding additional water 

droplets. Aflenward, the electrode surface was dried in air for 2-3 hours and 

cleaned by holding it at 0.45 V in 0.1 M HCIO4 for 5 min. Then the electrode was 

exposed to solution that contained 1 0 mM RuCb and 0.1 M HCIO4 at open circuit 

potential for 1 h. The film was rinsed with ultrapure water and placed into the 

electrochemical cell at open circuit potential. The potential was then stepped to 

0.3 V for 5 min to reduce the adsorbed Ru precursor. The spontaneous 

deposition could be repeated as many times as needed in order to obtain the 

desired Ru packing density (e.g. up to four times in this thesis). After the desired 

number of depositions, the electrode was set at 0.3 V for approximately 24 h 

prior to further experiments. 
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Electrochemistry 

After catalyst deposition, the JM Pt-Ru modified working e. 

cleaned for each experiment by cycling between 0.05 V and 0.8 V . 

HCIO4 until features characteristic of Ru appeared. The perchloric acid i» 

was deoxygenated by bubbling with Ar for about 10 min to remove O2 before 

use 

Prior to methanol constant potential amperometry experiments, the methanol 

concentration was brought to the desired level in the cell by addition of an aliquot 

of pure methanol to the 0.1 M HCIO4 solution in the cell to obtain the expected 

0.5 M methanol solution. The electrode was held at 0.0 V during methanol 

addition and 7 min was allowed to pass before potential steps began. 

Results and Discussion 

Figure 5 1 displays cyclic voltammograms of the gold electrode after 

adsorption of a R black film in 0.1 M HCIO4 This voltammogram has waves 

characteristic of R. The oxide stripping peak on the negative going sweep near 

0 7 V and defined hydrogen adsorption/desorption waves between 0.05 V and 

0.3 V indicate the presence of R on the gold surface. The small peaks at 1.4 V 

(upward) and 1.2 V (downward) arise from oxidation and reduction, respectively, 

of the Au substrate 

Cyclic voltammograms of JM Pt black after modification with Ru are shown in 

Figure 5.2. Results are for JM R-Ru(2) and JM Pt-Ru(4) films in 0.1 M HCIO4. It 
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is necessary to note each voltammogram in figure 5.2 was recorded with a 

freshly prepared JM Pt-Ru film, so the coverage dependent differences that 

appear in the hydrogen adsorption region are probably due to slight variations in 

the active surface area of the films. Scans are limited to 0.8 V to prevent 

oxidative dissolution of Ru. The loss of defined waves for hydrogen 

adsorption/desorption between 0.05 V and 0.3 V in the voltammograms is 

evidence of R site passivation. The deposited Ru has been shown to form 

islands on the R surface and limit the active Pt surface area [2-4]. Thus, the 

smaller number of R sites available for hydrogen adsorption leads to a lower 

current peak. 

Figure 5.3 shows a Tafel plot that displays results for the oxidation of 0.5 M 

methanol in 0.1 M HCIO4 at ambient temperature on JM Pt-Ru(2) and JM Pt-

Ru(4) films. The films show high catalytic activity for methanol oxidation, similar 

to JM PtRu black (see Chapter 3). Also, the onset of methanol oxidation 

becomes detectible at 0.2 V. much lower than for other catalysts investigated in 

this thesis. The methanol oxidation activity increases with additions of Ru to the 

surface. The rates observed for the JM R-Ru(4) catalyst are consistent with 

prior measurements that demonstrated the effectiveness of the spontaneous 

deposition procedure for producing highly active methanol oxidation catalysts [3, 

4]. The Tafel slopes of 125 mV/decade and 138 mV/decade for JM Pt-Ru(2) and 

JM R-Ru(4). respectively, are consistent with a one electron transfer reaction as 

the rate detemnining step. It has been suggested that the phase separation of Pt 
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and Ru in these materials is an important factor in promoting fast methanol 

oxidation kinetics [2, 3]. Similar conclusions regarding the possible importance of 

Pt and Ru phase separation have been reached in studies of JM PtRu black [5, 

6]. The experiments in this dissertation demonstrate highest methanol oxidation 

rates for materials that display phase separation of Pt and Ru, in parallel with 

prior findings. 

Conclusions 

In this chapter, the successful preparation of methanol oxidation catalysts 

according to procedures for spontaneous deposition of Ru on JM R black was 

demonstrated. The catalysts were characterized by cyclic voltammetry and 

controlled potential amperometry techniques. Tafel plots showed the catalysts 

have high activities for methanol oxidation, comparable to literature reports on 

the materials. The studies confirm catalysts that display phase separation of Pt 

and Ru have advantages for the promotion of methanol oxidation. 
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CHAPTER VI 

SUMMARY 

Comparisons 

One of the most significant obstacles limiting the development of direct 

methanol fuel cells involves the poor activity of anode catalysts. PtRu is the 

favored anode catalyst for the oxidation of methanol in DMFCs. High surface 

area, nanoscale. RRu blacks demonstrate the best performance as anode 

catalysts in DMFCs [1]. This thesis focused on investigations of the activity of 

catalyst materials towards methanol oxidation at temperatures in a range that is 

of interest for DMFC operation (23°C to 70°C). 

Figure 6.1 presents a Tafel plot that summarizes results of kinetic 

measurements for 0.5 M CH3OH oxidation at the different PtRu materials studied 

in this dissertation work. For comparison to eariier related measurements, the 

current values are normalized to the mass of catalyst applied to the electrodes. 

In the range of potentials investigated, the JM PtRu black and JM Pt-Ru(4) 

sample show the highest rates of CH3OH oxidation. The mass normalized 

cun-ent values for the JM PtRu black sample are in good agreement with results 

reported recently for the oxidation of 1.0 M CH3OH at the same untreated 

catalyst [2]. The mass nomialized CH3OH oxidation rates for the SC PtRu are 

more than one order of magnitude lower. 
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It has been recognized that PtRu black materials are not necessarily single-

phase alloys, but are instead bulk mixtures of Pt metal, Pt hydrous oxides, and 

hydrous and dehydrated RUO2 [2-4]. Thermogravimetric analysis and X-ray 

photoelectron spectroscopy of JM RRu black indicate that it contains substantial 

amounts of hydrous ruthenium oxide (RuOxHy) in addition to Pt metal [4]. This 

heterogeneity is believed to play an important role in facilitating rapid methanol 

oxidation kinetics [2,4]. First, the presence of RuOxHy provides for both electron 

and proton conduction through reaction 6.1, for example. 

Ru"^ -O^- + H* + e ^ Ru"'-OH- (6.1) 

Second, RuOxHy dissociates H2O efficiently, making available at low potentials 

the OHa<te required for complete conversion of methanol to CO2. Finally, Pt 

serves as a catalyst for C-H bond cleavage. Kinetic studies suggest nanometer-

scale regions of R and Ru best promote methanol electrochemical oxidation 

[2.4-8]. The results presented in the dissertation support this proposal. The 

materials that display phase separation of R and Ru (JM PtRu black, JM Pt-

Ru(2) and JM R-Ru(4)) produce the fastest reaction rates for 0.5 M methanol in 

0.1 M HCIO4 electrolyte, while much lower rates are obtained with catalysts that 

display properties of random alloys (SC PtRu(50) and SC PtRu(25)). Also, in 

cases where temperature dependent measurements allowed activation energies 

to be determined in this thesis work, the values measured were close to the 
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quantity of 60 kJ/mole typically observed for bulk PtRu alloys, but were 

somewhat lower (43-53 kJ/mol) for phase separated JM PtRu samples consistent 

with the rapid reaction kinetics displayed by the materials. 

Conclusions 

This thesis investigated the catalytic activity of PtRu materials towards 

methanol electrochemical oxidation at temperature in the range of 23X to 70X. 

Among the samples investigated: JM PtRu black, SC PtRu(50), SC PtRu(25), 

JM R-Ru(2) and JM Pt-Ru(4). the highest methanol oxidation activity was 

obtained with materials that display phase separation of Pt and Ru (JM PtRu 

black and JM R-Ru(4)). The nanometer-scale domains of Pt and Ru in the 

catalysts likely facilitate the rapid kinetics. 
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