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ABSTRACT 
 
 

Temperature effects on the electrochemical oxidation of methanol over PtRu 

nanoparticle catalyst materials were investigated with the aim of assessing errors 

introduced in the measurement of reaction rate and activation energy (Ea) due to 

uncompensated thermal drift at the reference electrode.  Experiments employed PtRu 

black nanoparticles containing 50 at. % Ru.  Focus was on the use of a commercial 

catalyst (Johnson Matthey (JM), Ward Hill, MA).  Some results from in-house prepared 

catalyst are also reported.  The active surface area of the immobilized catalyst was 

determined by CO stripping voltammetry based on reaction of a pre-adsorbed CO 

monolayer.  Accurate measurements of temperature at the reference electrode were made 

and mathematical corrections applied to compensate for shifts in the reference potential 

caused by temperature gradients across the electrode.  Experiments were performed for 

temperatures in the range of 23°C to 70° C.  Potentials were measured with respect to a 

reversible hydrogen electrode (RHE) reference and reported in volts as VRHE. 

Methanol oxidation rates were evaluated in potential step experiments.  The 

activation energy for the oxidation of methanol in 0.1 M H2SO4 at JM PtRu black (50 at. 

% Ru) ranged from 60 kJ/mol to 87 kJ/mol at potentials between 0.5 VRHE and 0.3 VRHE.  

Corrections applied to similar measurements performed on a sonochemically prepared 

PtRu catalyst gave values for Ea in the range of 45 kJ/mol to 55 kJ/mol.  Accounting for 

thermal drift in the reference potential resulted in a change in Ea averaging ± 2 kJ/mol, 

which is not significant in comparison to the margin of error in values for Ea reported in 

the literature (± 7 kJ/mol).   

 iii



LIST OF FIGURES 
 
 

1.1 Schematic of the operating principles of a Direct Methanol Fuel Cell 
 

8 

1.2 Pathways of Primary Partial Oxidation Products of Methanol Electro-
Oxidation 
 

9 

3.1 Votammogram of a Polycrystalline Au Bead electrode in 0.1 M H2SO4 
 

27 

3.2 Cyclic Voltammograms of JM PtRu containing 50 at. % Ru 
 

28 

4.1 Cyclic voltammograms of JM PtRu containing 50 at. % Ru adsorbed 
on a polycrystalline Au electrode recorded in 0.1 M H2SO4 
 

39 

4.2 Constant potential amperometry for the oxidation of 0.5 M methanol in 
0.1 M H2SO4 at JM PtRu 50 at. % Ru at 50°C on polycrystalline gold 
electrode 
 

40 

4.3 Constant potential amperometry for the temperature-dependent 
oxidation of 0.5 M methanol at 0.40 VRHE in 0.1 M H2SO4 at JM PtRu 
50 at. % Ru 
 

41 

4.4 Tafel plot for the oxidation of 0.5 M CH3OH in 0.1 M H2SO4 at JM 
PtRu 50 at. % Ru on polycrystalline gold electrode. 
 

42 

4.5 Arrhenius plot for the oxidation of 0.5 M CH3OH in 0.1 M H2SO4 at 
JM PtRu 50 at. % Ru on a polycrystalline gold electrode 
 

43 

5.1 Tafel plot for the oxidation of 0.5 M CH3OH in 0.1 M H2SO4 at JM 
PtRu 50 at. % Ru on polycrystalline gold electrode at 60°C 
 

54 

5.2 Tafel plot for the oxidation of 0.5 M CH3OH in 0.1 M H2SO4 at JM 
PtRu 50 at. % Ru on polycrystalline gold electrode 
 

55 

5.3 Arrhenius plot for the oxidation of 0.5 M CH3OH in 0.1 M H2SO4 at 
JM PtRu 50 at. % Ru on a polycrystalline gold electrode 
 

56 

5.4 Tafel plot for the oxidation of 0.5 M CH3OH in 0.1 M HClO4 at SC 
PtRu 50 at. % Ru on polycrystalline gold electrode at 62°C 
 
 
 
 

57 

 iv



5.5 Tafel plot for the oxidation of 0.5 M CH3OH in 0.1 M HClO4 at SC 
PtRu 50 at. % Ru on polycrystalline gold electrode 
 

58 

5.6 Arrhenius plot for the oxidation of 0.5 M CH3OH in 0.1 M HClO4 at 
SC PtRu 50 at. % Ru on a polycrystalline gold electrode 

59 

 

 v



LIST OF TABLES AND SCHEMES 
 
 

1.1 Different fuel cells that have been realized and are currently in use and 
development 
 

4 

3.1 Proposed Mechanisms for the Dissociative Chemisorption of Methanol 
on Pt in an Acid Electrolyte 
 

23 

5.1 Effect of the temperature corrections on the activity in terms of 
activation energy for the oxidation of methanol on JM PtRu with 50 at. 
% Ru 
 

50 

5.2 Effect of the temperature corrections on the activity in terms of 
activation energy for the oxidation of methanol on SC PtRu with 50 at. 
% Ru 
 

50 

 

 vi



TABLE OF CONTENTS 
 
 
 

 ACKNOWLEDGEMENTS       ii 
  
 ABSRACT         iii 
 
 LIST OF FIGURES        iv 
 
 LIST OF TABLES AND SCHEMES      vi 
 

CHAPTER 
 
I. INTRODUCTION       1 
        

The Progression of Fuel Cells 1 
 
Fundamentals of Fuel Cell Chemistry 2 
  
Direct Methanol Fuel Cells 6 
 
Focus of Thesis 12 
 
Reference       14 

 
II.  INSTRUMENTAL AND EXPERIMENTAL  
 CONSIDERATIONS 16 

 
Reagents 16 
  
Cells and Instrumentation     16 
 
Procedures       18 
 
Reference       20 

 
III. DETERMINATION OF THE ACTIVE SURFACE  
 AREA AT COMMERCIAL PLATINUM-RUTHENIUM  
 BLACK BY COads STRIPPING     21 

 
Focus        21 

 
Making Use of the Bifunctional Mechanism   22 

 vii



 
Experiments       24 
 

Catalyst Thin Film Preparation   24 
 
    Electrochemistry     24 
 
Results and Discussion     25 
 
Summary       26 
 
References       29 

 
IV. ACTIVITY OF METHANOL OXIDATION AT  
 COMMERCIAL PLATINUM-RUTHENIUM BLACK FOR 
 TEMPERATURESIN THE RANGE OF 23° C TO 70° C  31 

 
   Focus        31 
 
   Understanding PtRu Catalytic Activity and  

Activation Energy      31 
 
Temperature Dependence of Methanol Electro- 
Oxidation on PtRu Catalysts     33 
 
Experiments       34 
 

Catalyst Thin Film Preparation   34 
 
Electrochemistry     34 
 

Results and Discussion     35 
 
Summary       38 
 
References       44 

 
V. THE SIGNIFICANCE OF TEMPERATURE-DEPENDENT 

POTENTIAL SHIFT CORRECTIONS FOR THE ACTIVITY  
 OF METHANOL ELECTRO-OXIDATION ON PLATINUM-
 RUTHENIUM NANOPARTICLES     45 

 
Focus        46 
 

 viii



 
Temperature Dependence of Measured Potential  
At the RHE       46 
 
Experiments 
 

Catalyst Thin Film Preparation   47 
 
    Electrochemistry     47 
 
Results and Discussion     48 
 

Methanol oxidation on JM PtRu with  
50 at. % Ru      48 

 
Methanol oxidation on Sonochemically  
(SC) prepared PtRu with 50 at. % Ru   49 

 
Conclusions       52 
 
References       60 
 
 
 
 
 
 
 
 
 
 
 
 
 

 ix



CHAPTER I 

INTRODUCTION 

 

The Progression of Fuel Cell Development

The discovery of the principle that a galvanic cell can be used to produce current 

spontaneously dates back to the 1850s and was found by Christian Friedrich Schonbein, a 

professor at the University of Basle from 1829 to 1868.  Schonbein was good friends and 

in close contact with Sir William Grove, who is attributed with the invention of fuel cells 

as electrical energy conversion systems [1].  The importance of reverse hydrolysis 

experiments were not immediately realized and little attention was paid to fuel cell 

development until the early 1960s when General Electric produced the fuel cell power 

systems for NASA’s Gemini and Apollo space capsules.  In today’s more modern space 

shuttles, some of the electric power is provided by fuel cells.  The water produced as a 

product of the chemical reaction provides some of the drinking water for the crew [2].  

Now that the reduction in the abundance of fossil fuels has led to more energy restrictions 

and increased cost in combustion engine operation, the development of fuel cells has 

received revitalized and sustained interest.  Practically everything that operates on battery 

power can substitute a fuel cell.   From cell phones to CD players and computers, the 

number of applications is endless.  Fuel cell technology is a fantastic source of clean 

alternative energy. 
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Fundamentals of Fuel Cell Chemistry 

 The title of this thesis is a description of a very specific oxidation reaction that 

takes place at the anode of a galvanic electrochemical cell.  It should follow suit and is 

only reasonable to begin a discussion of such specificity with an introduction including 

the fundamental background of the electrochemical principles that have lead to the said 

specific reactions of fuel cell catalysts, the pertinence of the study of platinum-ruthenium 

catalysts in particular, and the significance of current research efforts to report the most 

accurate information characteristic of these catalysts. 

 Behind this study, at the very root of the electrochemistry, is an understanding of 

the electron transfers across a metal-solution interface defined as an oxidation or 

reduction of an analyte species.  The amount of chemical reaction caused by the flow of 

current, or movement of electrons, is proportional to the amount of electricity passed.  

This proportionality is called Faraday’s Law, and therefore these reactions are called 

faradaic processes.  Quantitatively, we must recall that the number of electrons that cross 

an interface is related stoichiometrically to the extent of the chemical reaction, such that 

the number of electrons is measured in terms of the total charge, Q, passed in the circuit.  

Charge is indeed expressed in units of Coulombs (C), where 1 C is equivalent to 6.24 × 

1018 electrons.  Faraday’s Law states that the passage of 96,485.4 C causes 1 equivalent 

of reaction, which corresponds to the consumption of 1 mole (6.02 × 1023 units) of 

reactant or production of 1 mole of product in a one-electron reaction.  The current, i, is 

the rate of flow of coulombs (or electrons), where a current of 1 ampere (A) is equivalent 

to 1 C passed per second (C/s) [3]. 
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A galvanic cell, or a fuel cell, is one in which reactions occur spontaneously at the 

electrodes when they are connected externally by a conductor.  The overall chemical 

reaction taking place in a cell is made up of two independent half-reactions which occur 

at the two electrodes.  Each half-reaction, and the chemical composition of the system 

near the electrodes, responds to the interfacial potential difference at the corresponding 

electrode [3].  The reactions are characterized by the thermodynamic equilibrium 

potential described by the Nernst equation, which will be discussed further in Chapter III 

[4]. 

  For the most part, an electrochemist is usually only interested in one of these 

half-reactions, and labels the electrode at which this reaction is taking place the working 

electrode (WE).  The most practical way to focus on a particular half-reaction is to 

standardize the other half of the cell using an electrode (called a reference electrode, or 

RE) having a constant makeup. Therefore, the RE’s potential is fixed so that any change 

in the cell current can be associated with the working electrode.  A reference half cell 

based on the reversible reaction 2 H+ (aq) +  2 e-   ←⎯→   H2 (g) is defined as 0.0 V 

under standard conditions (aH+ = 1.0 and pH2 = 1.0 atm) at all temperatures and is called 

the standard hydrogen electrode (SHE).  When the electrolyte solution, and hence the H+ 

activity at the reference electrode is the same as in the sample solution, the reference 

electrode is referred to as a reversible hydrogen electrode (RHE). At ambient temperature 

and in aqueous solution containing 0.1 M H+, the potential of the RHE is about -0.05 V 

relative to the SHE.  The RHE is the reference electrode employed for work in this thesis, 

and potentials are reported as volts versus RHE, VRHE.   
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An anodic current is induced by the flow of electrons from an analyte in the 

solution to the metal electrode.  When the analyte looses electrons and its oxidation 

number is made more positive, it is said to be oxidized.  Therefore, oxidation occurs at 

the anode.  Likewise reduction or gain of electrons by the analyte (flow of electrons from 

the electrode to the analyte in solution) occurs at the cathode.  In a complete cell, it is 

obviously necessary to tailor the selection of both the chemicals in solution and the 

electrode materials to optimize energy production.  Table 1.1 summarizes the different 

fuel cell materials that have been realized and are currently in use and development.  For 

the most part, fuel cell function is fundamentally the same for each system, as can be seen 

by a comparison of anodic and cathodic reactions.  The main differences are the 

operating temperatures and electrolytic charge carriers.  The result of these differences 

drastically changes the operating conditions and the realized power output of the cell, and 

therefore, the usefulness in its application.  For example, a solid oxide fuel cell can be 

advantageous on board a ship where large power output is necessary and the high 

operating temperatures enable common hydrocarbon fuels, such as diesel, to be used.  At 

the other end of the spectrum, where heat is a disadvantage and large power output is not 

necessary, such as for cell phone operation, a DMFC can be effective.  In the case of 

DMFCs, commercialization has been hindered by the poor activity of the anode catalyst, 

which promotes the direct oxidation of methanol.  The work performed for this thesis 

aims to further the quest to improve the performance of these catalysts. 

 4



 

Table 1.1: Different fuel cells that have been realized and are currently in use and 
development [1] 

 
 AFC PEMFC DMFC PAFC MCFC SOFC 
 Alkaline Polymer 

Electrolyte 
Membrane 

Direct 
Methanol 

Phosphoric 
Acid 

Molten 
Carbonate 

Solid 
Oxide 

Operating 
temp. (C) 

<100 60-120 60-120 160-220 600-800 800-
1000 

Anode 
Reaction 

H2 + 2OH-→ 
2H2O + 2e-

H2 → 2H+ +2e-

 
CH2OH + 

H2O→ CO2 
+6H+ +6e-

H2→2H+ +2e- H2+CO3
2→ 

CO2+ H2O 
+2e-

H2+O2-→ 
H2O+ 2e-

Cathode 
Reaction 

½O2 +2H+ + 
2e-→ H2O 

½O2 + 2H+ + 
2e-→ H2O 

3/2 O2 + 6H+ 

+ 6e-→ 
3H2O 

½ O2 + 2H+ + 
2e-→ H2O 

½ O2 + CO2 + 
2e-→ CO3

2-
½ O2 + 

2e-→ O2-

Realized 
power 

5-150 kW 5-250 kW 5 kW 50 kW- 
11 MW 

100 kW- 
2 MW 

100- 
250kW 

Electrolytic 
charge 
carrier 

OH- H+ H+ H+ CO3
2- O2-

Applications Transportation, Space, Military, and 
Energy storage systems 

Combined 
heat and 

power for 
stationary 

power 
systems 

Combined heat and 
power for stationary 
and mobile systems 
(trains, boats, etc.) 

 
Direct Methanol Fuel Cells 

Because of the rapid kinetics of hydrogen oxidation on Pt catalyst materials, a 

great deal of research has focused on polymer electrolyte membrane fuel cells (PEMFC) 

that operate on hydrogen.  Due to cost considerations and concern that a widespread 

hydrogen retail infrastructure will not be available in the near future, liquid fuels which 

are much more readily adapted to current distribution methods are considered somewhat 

more viable options for market introduction.  One proposal involves on site reformation 

of hydrocarbons, or liquids such as methanol, into hydrogen for use in PEMFCs.  
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However, the size of the reformer and necessary gas cleanup unit for this process can 

undermine the applicability of the fuel cell.   

Therefore, the DMFC has become an attractive alternative that is also based on 

current PEMFC technology.  The standard thermodynamic potential for a 

methanol/oxygen fuel cell is almost identical to that of a hydrogen/oxygen fuel cell [5]. 

Primarily, the DMFC anode catalyst oxidizes methanol directly, which eliminates the 

need for two things: a fuel reformer to convert the alcohol into hydrogen and, since 

methanol is a liquid at ambient temperatures, a cumbersome and potentially dangerous 

hydrogen storage tank [6].  Methanol is an attractive fuel because it can be readily 

produced from natural gas or renewable biomass resources [4], and has high energy 

conversion efficiency, which is expected to be about 40% [7].  Since there are no moving 

parts in a fuel cell, operation is extremely quiet.  Also, methanol retains the attractive low 

operating temperature range characteristic of PEMFCs, making them viable for small to 

medium sized applications such as, cell phones and laptop computers.   

The DMFC operates like a battery, providing direct current from the chemical 

reactions occurring at the anode and the cathode.  The overall reactions are listed in the 

following equations. 

Anodic reaction:  CH3OH (aq) + H2O (l) → CO2 (g) + 6H+ (aq) + 6e- (1.1) 

Cathodic reaction:  3/2 O2 (g) + 6H+ (aq) + 6e- → 3H2O (l)    (1.2) 

Net cell reaction: CH3OH (aq) +  3/2 O2 (g) → CO2 (g) + 2H2O (l)  (1.3) 

 The oxidation of methanol occurs at the anode on platinum based nanoparticles 

catalysts that are either supported (i.e. on carbon) [11-15], or unsupported [16-18] and are 
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deposited on a proton exchange membrane (PEM).  In modern fuel cells, the PEM is the 

solid electrolyte of the cell. The catalyst transfers electrons from the solution to the 

electrode.  Current flows through an external circuit and powers a load on the circuit.  At 

the cathode, the electrons reduce oxygen from the air.  The circuit is maintained in the 

cell by the conduction of protons in the electrolyte [8].  Figure 1.1 represents a schematic 

diagram of an operational methanol fuel cell as it has just been described. 

The Gibbs free energy change of a chemical reaction and its relationship to the 

cell voltage produced according to Eq 1.3 is given by: 

 ∆E0 = -∆G°/nF = 1.22 V       (1.4) 

where n is the number of electrons involved in the reaction, F is the Faraday constant, 

and ∆E0 is the voltage of the cell at thermodynamic equilibrium, which corresponds to the 

absence of current flow.  
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Figure 1.1: Schematic of the operating principles of a Direct Methanol Fuel Cell 

The equilibrium potential for oxygen reduction, Eq. (1.2) is 1.23 VSHE, and 

therefore the anode of the cell must have an equilibrium potential of 0.01 VSHE.  Since 

fuel cells operate isothermally during current flow, they are not subject to Carnot 

limitations and in principle could have unit energy conversion efficiency.  Perfection is 

never achieved, however, because of the kinetic constraints surrounding the reactions of 

both electrodes together with the net resistive components of the cell, which arise from 

mass transport limitations.  The result of these factors acting on the system forces the 

cathode to operate at a lower potential and the anode to operate at a higher potential.  

Thus, the potential difference across the cell, and subsequently, the power output are 

decreased.  The resultant shift in potential for each respective electrode is called the 

overpotential, and is given the symbol, η.  A fundamental challenge to building a better 

fuel cell is to minimize the overpotentials of the anode and cathode.  For DMFCs, an 

important aim is to achieve a desired current at an acceptable overpotential by finding a 
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suitable electrocatalyst for both the oxidation of methanol and the reduction of oxygen 

[5]. 

 Before diving too deeply into kinetics, it seems only sensible to include a more 

detailed description of other factors that affect fuel cell efficiency.  Of primary research 

interest is what has been described as methanol cross-over.  The membranes used in 

DMFCs were developed for PEM applications and designed to optimize proton 

conductivity, and are not specifically for DMFCs.  Proton movement in the membrane is 

related to the water content of the membrane.  Water and methanol have similar dipole 

moments, and are transported through the electrolyte to the cathode by electro-osmotic 

flow as well as diffusion [1].  The result is that methanol causes a mixed potential due to 

its interference with the oxygen reduction reaction at the cathode, and a decrease in cell 

performance is experienced.  Likewise, the influx of water to the cathode reduces the 

efficiency of gas diffusion resulting in what is described as mass transport loss.  The 

combined effect is a lowering of the cell voltage by 0.2-0.3V [19].  

The kinetics of methanol oxidation at the anode nanoparticle catalyst are complex 

[5], as there are a number of elementary steps possible in route to carbon dioxide, the 

desired product [9].  Figure 1.2 depicts the steps which have been of considerable 

significance.  Though other pathways are possible, the intermediates are not stable and 

quickly oxidized at the catalyst surface or desorb and react further in solution.  These 

reactions are poorly understood and difficult to probe [9].   
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Figure 1.2: Pathways of Primary Partial Oxidation Products of Methanol Electro-
Oxidation. 

 

Formaldehyde, formic acid, and carbon monoxide are the partial oxidation products that 

have received most attention.  Further oxidation of these intermediates is sluggish 

resulting in accumulation of the adsorbed intermediate on the catalyst surface, hindering 

CO2 production and thereby decreasing energy conversion efficiency [5, 9, 10, 20-23].  

Complete oxidation of CO, a strong poison of platinum in fuel cell catalysts, remains of 

significant importance and continues to be the focus of intensive research.   

Improvements in the catalysts for both methanol oxidation and oxygen reduction 

are key to the further development of low temperature DMFCs.  It is now well known 

that the reactions taking place at the electrodes are sensitive to surface morphology, 

crystallography, electronic states of the catalysts, catalyst preparation methods, and 

temperature, among other factors.  It has long been understood that platinum is an 
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effective catalyst for the oxidation of H2 and the cleavage of C-H bonds in methanol.  

Additions of other metals to Pt enhance the catalytic activity even more.  Studies have 

shown that Re, Ru, Os, Rh, Mo, Pb, Bi, and Sn additions to platinum catalyst materials 

have a promoting effect on the activity for methanol oxidation [1].  For all these species it 

was found that the determining factor for promotion is the formation of an adsorbed 

oxygen containing species on the secondary metal at potentials lower than for Pt.  This is 

known as the bifunctional mechanism [24], and it is discussed on more detail in Chapter 

III.  Of the bimetallic materials mentioned, Pt-Ru alloys have shown the most promise 

and are by far the most widely used anode catalysts for DMFCs.  Current efforts for Pt-

Ru electrocatalytic study are focused on high surface area nanoparticles, typically having 

a 2-10 nm diameter.  For fuel cell applications, these particles are the catalysts which are 

immobilized in thin layer polymers, such as Nafion. 

There are still significant literature discrepancies surrounding the report of anode 

catalyst performance for the oxidation of methanol on Pt-Ru nanoparticles.  It has been 

shown that many factors affect catalyst performance; including particle size, support 

material and catalyst coverage on the support, and the catalyst preparation method [25].  

Efforts have been made to account for many experimental variances among the multiple 

studies, primarily affecting reaction rate measurements, which are important for assessing 

the quality of a catalyst.  The rate of methanol electro-oxidation is temperature dependent 

[26], and it is therefore important to correct for any shifts in reference potential that may 

occur due to uncompensated temperature gradients between the working and reference 

electrodes [25].  It is the primary goal of this thesis to assess the significance of this 
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temperature dependent potential shift as it pertains to the accurate reporting of reaction 

rates and the associated activation energies for methanol electrochemical oxidation on Pt-

Ru catalyst materials. 

 

Project Focus 
 

Temperature effects on the electrochemical oxidation of methanol over PtRu 

nanoparticle catalyst materials were investigated with the aim of assessing errors 

introduced in the measurement of reaction rate and activation energy (Ea) due to 

uncompensated thermal drift at the reference electrode.  Experiments employed PtRu 

black nanoparticles containing 50 at. % Ru.  Focus was on the use of commercial catalyst 

from Johnson Matthey (Ward Hill, MA).  Some results from in-house prepared catalyst 

are also reported.  Experiments were carried out in aqueous acidic medium (0.1 M 

H2SO4) containing 0.5 M methanol.  Catalyst was immobilized by spontaneous 

adsorption onto a flame annealed and mechanically polished gold bead electrode.  

Measurements were made in a jacketed cell with the working electrode in a meniscus 

configuration.  The active surface area of the immobilized catalyst was determined by CO 

stripping voltammetry based on reaction of a pre-adsorbed CO monolayer.  Accurate 

measurements of temperature at the reference electrode were made and mathematical 

corrections applied to correct for shifts in the reference potential caused by temperature 

gradients across the RE.  Experiments were performed for temperatures in the range of 

23°C to 70° C.   
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Methanol oxidation rates were evaluated in potential step experiments.  The 

current recorded 20 minutes after the initiation of the reaction was used to construct Tafel 

plots [3].  Reaction rates determined as a function of temperature were employed to 

calculate activation energies.  Corrections were also applied to previous work done on 

sonochemically prepared nanoparticles containing 50 at. % Ru (SC PtRu).  The 

application of the calculated temperature corrections for the potential shift (and the 

subsequent current shift) causing an average activation energy change of ± 2 kJ/mol from 

experimental values are found to be insignificant with respect to the margin of error in 

published literature activation energy values of ± 7 kJ/mol, and can, therefore, be hardly 

realized with current methods.  Activation energies determined experimentally in this 

thesis support current literature values, and raise questions concerning the validity of 

some recently published claims. 
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CHAPTER II 

INSTRUMENTAL AND EXPERIMENTAL  

CONSIDERATIONS 

 

Reagents

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

cartridge Nanopure Infinity System (Barnstead, Dubuque, IA).  Sulfuric acid (99.999% 

purity) was purchased from Aldrich, Milwaukee, WI.  Methanol (99.9%), obtained from 

Fisher Scientific (Fair Lawn, NJ) was washed over alumina, filtered, distilled, and stored 

refrigerated. 

 JM PtRu Black, 50 at. % Ru, was obtained from Johnson Matthey (Ward Hill, 

MA) and used as received.  Sonochemically prepared nanoparticles of PtRu containing 

50 at. % Ru (SC PtRu[50]) were donated by Dr. Dominick Casadonte.  The procedure 

used for the preparation of these materials has been described [1].  

  

Cells and Instrumentation

The electrochemical cell was made of Pyrex glass.  The cell was enclosed with a 

water jacket and covered with a one inch thick Teflon cap containing O-ring seal ports to 

allow insertion of the electrodes and tubing for transport of inert gas (Ar, ultra high purity 

(UHP), Air Liquide America Corp, Houston, TX) for solution degassing.  The cell 

temperature was maintained by circulating water through a constant temperature water 

bath (Model 1131, VWR Scientific).  The cell temperature was calibrated and monitored 
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using a stainless steel jacketed, electrically isolated K-type thermocouple probe (0.020 in 

diameter by 12 in long,  part # KMQXL-020U-12, Omega Engineering, Stamford, CT) 

and a digital thermocouple meter (Omega Engineering model DP 701). 

 A reference polycrystalline gold bead working electrode was made by melting 1.0 

mm diameter high purity (99.999%) gold wire (Alfa Aesar, Ward Hill, MA).  A flat 

surface was created by sanding the bead followed by polishing with alumina (Buhler) 

from 9.0 μm in stages down to 0.05 μm.  Electrical contact to the gold bead electrode was 

made by tightly winding a platinum wire to the short segment of gold wire extending 

from the bead.  The platinum wire was passed through a glass tube, which was secured in 

a ring clamp during measurements with the electrode.  The glass tube provided a rigid 

holder for the working electrode and insulated the electrode from ring clamps and 

accidental grounding.  Prior to each experiment, the working electrode was polishing 

with alumina from 0.3 micron to .05 micron followed by sonication to remove debris.  A 

gold electrode was used as a support for catalyst materials in this work, because the gold 

provides a low current background over the range of potentials where the catalyst 

material studied is active.  Gold does not support hydrogen adsorption states and is inert 

to methanol oxidation over the potential ranges employed [2].   

A reversible hydrogen electrode (RHE) was used as the reference, and all 

potentials are reported in volts versus RHE, VRHE.  The reference electrode was made by 

heat sealing a 0.5 mm diameter platinum wire in a glass pipette.  Prior to each 

experiment, the pipette was filled with 0.1 M sulfuric acid and attached to the negative 

terminal of a Hewlett Packard model E3630A triple output direct current power supply.  
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The potential was gradually increased until electrolysis produced hydrogen gas, which 

was allowed to accumulate around the platinum wire.  The temperature of the electrolyte 

at the RHE was measured inside the pipette, approximately one centimeter from the 

platinum wire using the stainless steel jacketed, electrically isolated K-type thermocouple 

probe previously described [1].  A solid platinum wire, 1.0 mm diameter high purity 

(99.999%) from Alfa Aesar (Ward Hill, MA) was used as a counter electrode.   

Electrochemical measurements were performed with a Gamry Instruments 

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

computer running Windows 98.  The potentiostat was controlled by Gamry CMS 100 and 

Physical Electrochemistry software. 

 

Procedures

 After the working electrode was mechanically polished, the electrode was 

electropolished by cycling the potential between the limits of 0.05 V and 1.8 V at a scan 

rate of 50 mV/s in 0.1 M H2SO4 until features characteristic of the clean gold surface 

were attained.  The electrode was then ready for catalyst adsorption.  Catalyst materials 

were suspended in water at a concentration of ca. 2 mg/mL.  A fixed volume of the 

catalyst suspension was transferred by pipette to the surface of the working electrode and 

allowed to air dry.  Thus, a thin catalyst film was immobilized on the working electrode 

by adsorption.  The electrode containing the PtRu catalyst was then conditioned in the 

supporting 0.1 M H2SO4 electrolyte by holding the potential at +0.2 VRHE for 20 min. 
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 For methanol oxidation studies, the catalyst modified gold working electrode was 

checked for activity by cycling the potential between 0.05 VRHE and 0.8 VRHE at 50 mV/s 

in 0.1 M H2SO4 until the characteristic features of Pt and Ru appeared.  Following this 

catalyst film activation, the potential was held at 0.0 VRHE during the addition of CH3OH.  

This aliquot was measured to bring the total concentration of CH3OH in the cell to 0.5 M.  

The cell solution was then mixed by bubbling with Ar for 3 min at 0.0 VRHE and was held 

at this potential for an additional 4 min before stepping to the reaction potential, where 

the steady state current was continuously recorded.  The current value 20 min after the 

initiation of the reaction was used to construct Tafel and Arrhenius plots.  Activation 

energies were determined through reaction rates measured as a function of temperature in 

the range of 23° C to 70° C.   
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CHAPTER III 

DETERMINATION OF THE ACTIVE SURFACE AREA  

OF PLATINUM-RUTHENIUM BLACK CATALYST  

BY COads STRIPPING VOLTAMMETRY 

 

Focus 

The primary goal of this work is to assess the significance of the temperature-

dependent potential shift corrections in experiments used to develop criteria which 

establish the quality of anodic catalyst for the oxidation of methanol.  In reporting the rate 

for the oxidation of methanol over supported catalyst materials, it is desirable to reference 

the reaction velocity to the active catalyst surface area.  This enables comparisons to be 

made with results in the literature and the reaction to be expressed in terms of electron 

transfer events per second per catalyst surface atom, when the surface atom density of the 

catalyst material is known [2].  To determine the active surface area of PtRu materials, 

CO stripping voltammetry can be used [13].  This is accomplished by adsorbing CO to all 

available active sites on the catalyst, the same active sites available to methanol, and 

measuring the subsequent current produced when the potential is scanned to oxidize the 

COads to CO2.  A fundamental discussion of what is currently known concerning the 

oxidation of methanol on the surface of the catalyst is necessary to understand this and 

other principles to follow in Chapter IV [1]. 
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Making Use of the Bifunctional Mechanism

As previously stated in the introduction, the kinetics of methanol oxidation are 

complex [2], so that experimental parameters must be defined and assumptions specific 

to the relationship between measurable current and the rate of methanol oxidation must 

be made.  Of the very few metals that are able to absorb methanol in an acidic medium, 

Pt is an excellent catalyst for the oxidation of H2 and the cleavage of C-H bonds in small 

alcohols [3].  Scheme 3.1 shows the pathway for the oxidation of methanol on Pt 

proceeding by the adsorption of the molecule followed by several deprotonation steps to 

give the main catalyst poison, carbon monoxide [4].  This reaction on Pt is represented in 

Equation 3.1.   

  Pt + CH3OHsol ↔ Pt-CH3OHads → Pt-COads + 4H+ + 4e-   3.1 

  Pt-COads + Ru-OHads → Pt + Ru + CO2 + H+ + e-   3.2 

In order to avoid poisoning of the platinum catalyst by chemisorbed CO, the CO must be 

removed by oxidation to CO2 (Equation 3.2) [5].  On platinum, oxidation of CO is 

extremely slow at potentials below 0.4 VRHE, close to the thermodynamic potential for 

methanol oxidation and a target for DMFC operation [6].  However, the incorporation of 

oxophillic transition metals such as Ru (represented in Equation 3.2) into Pt catalyst 

materials activates water at lower potentials than platinum to create oxides that convert 

incomplete methanol oxidation products and impurities to CO2 [1,7-10,16].  The CO 

oxidation reaction described by Equation (3.2) is known to occur through a Langmuir-

Hinshelwood mechanism involving encounters between adsorbed CO and adsorbed OH  
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Scheme 3.1: Proposed Mechanisms for the Dissociative Chemisorption of Methanol on Pt 
in an Acid Electrolyte [4] 
 
to produce CO2 [12].  This two step process, represented by Equations 3.1 and 3.2, is 

known as the bifunctional mechanism for the complete oxidation of methanol [11].  

Water activation leading to the Ru-OHads in Equation 3.2 has been shown to be enhanced 

by substantial amounts of hydrous ruthenium oxides (RuOxHy) that are found in 

commercially available catalysts because the hydrous oxides act as mixed proton and 

electron conductors [16].  The Johnson Matthey PtRu nanoparticle catalyst materials are 

prescreened for high activity, are well characterized, and may be considered benchmarks 

for high-activity H2 and direct methanol oxidation reactions [6].  Thus, the JM PtRu black 

was selected for the work in this thesis.  

It is significant that linearly bound COads forms a stable intermediate on PtRu 

catalyst at 0.0 VRHE in 0.1 M H2SO4.  For pure platinum, the commonly used method to 

determine the active surface area is by measurement of the hydrogen adsorption charge in 

the under-potential deposition potential (UPD) regime.  However, the approach is 

inadequately suited for PtRu electrodes due to difficulty in distinguishing H-adsorption 

charge from the broad double-layer pseudo-capacitance charge that develops in Ru-rich 

materials [13].  Therefore, methods based on COads stripping have been employed in 

active surface area determinations for PtRu nanoparticles [1, 13].  Jusys, et. al advanced 
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the approach through the use of differential electrochemical mass spectrometry (DEMS) 

to determine the double-layer charging contribution to the total charge measured during 

COads stripping from PtRu electrode materials.  The double-layer charge grows with 

increasing Ru content reaching 50% at 40 at. % Ru and remaining approximately 

constant with further increases in Ru composition [13].  With this information, it is 

possible to make use of the bifunctional mechanism and the stability of linearly adsorbed 

CO on the active sites of the catalyst to determine the surface area.  From the background 

corrected charge measured by integration of the peak recorded during the oxidation of a 

monolayer of CO on PtRu (50 at. % Ru) catalyst in a linear sweep voltammetry scan, the 

surface area was calculated using the factor 352 μC/cm2 determined by Jusys et al. to be 

appropriate for PtRu alloy catalyst with 50 at. % Ru content, according to the following 

relationship [13]:   

Faraday charge (12.1 mC) × double layer charging corr. (0.5) 
  Active surface area (17.2 cm2)   3.3 

 

Experiments

Catalyst Thin Film Preparation 

 The JM PtRu black film was prepared by depositing an appropriate aliquot 

determined for specific mass loading of a ca. 2 mg/mL catalyst suspension in ultra pure 

water via pipette onto a polished gold electrode.  The electrode surface was dried in air 

for 2-3 hours, followed by rinsing in a jet of ultra pure water to remove the loosely held 

particles. 

Electrochemistry 
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 JM PtRu (50%) catalyst was applied to the working electrode and activated as 

described in Chapter 2.  Briefly, the catalyst modified working electrode was cleaned by 

cycling between 0.05 VRHE  and 0.95 VRHE in 0.1 M Ar purged H2SO4 electrolyte until 

features characteristic of JM PtRu (50%) appeared. 

 To form a CO monolayer, the working electrode was held at 0.0 VRHE while an 

aliquot (ca. 3.0 mL) of CO saturated 0.1 M H2SO4 was added to the 0.1 M H2SO4 

solution (ca. 20 mL) in the cell.  Following 10 min of CO exposure, the cell solution was 

purged with Ar for 10 min to remove dissolved CO.  The voltammetric scan was started 

immediately afterward. 

Results and Discussion 

 Figure 3.1 shows a cyclic voltammogram of a clean polycrystalline Au electrode 

in 0.1 M H2SO4 scanned at 50 mV/s.  The region of ideal polarizability appears in the 

range of interest for PtRu alloy characterization (0.05-1.0 VRHE). 

 Voltammograms of JM PtRu (50%) in 0.1 M H2SO4 before and after the 

adsorption of CO appear in Figure 3.2.  The background voltammogram displays the 

broad and featureless responses characteristic of PtRu alloys with high Ru content in the 

double-layer region from 0.3-0.8 VRHE in acid electrolyte solutions.  Also characteristic 

of these materials are the broad waves rather than sharp peaks seen for pure Pt in the 

hydrogen adsorption-desorption region, which is 0.0-0.3 VRHE on pure platinum [8-10, 

13, 15].  A single wave is present in the CO stripping cycle at about 0.6 VRHE.  The 

symmetry and position are consistent with literature reports for bulk PtRu alloys 

containing 50 at. % Ru [10, 15].  The area of the CO stripping peak was calculated and 
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converted to units of charge by dividing the area by the scan rate (0.05 VRHE/s) and the 

background corrected stripping charge for a CO monolayer at saturation coverage 

(calculated from Equation 3.3) according to Reference 1.  The active surface area of a 

120 μg JM PtRu with 50 at. % Ru high surface area catalyst loading on a 0.04155 cm2 Au 

bead electrode was found to be 1.275 cm2, which is a 30 fold increase of surface area 

over the smooth polycrystalline Au bead. 

Summary

 Experiments performed in this chapter provide necessary information concerning 

the physical characteristics of the active surface area available for the oxidation of 

methanol on JM PtRu with 50 at. % Ru.  The active surface area was determined to be 

1.275 cm2.  The determination of the active surface area of the working electrode catalyst 

is necessary to convert measurements in later experiments to current densities, which can 

be correlated for accuracy to values published in current literature.  A working 

understanding of cyclic voltammetry is displayed. 
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Figure 3.1: Cyclic Votammogram of a Polycrystalline Au Bead electrode in 0.1 M H2SO4 
with Scan Rate of 50 mV/s. 
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Figure 3.2: Cyclic Voltammograms of JM PtRu containing 50 at. % Ru scanned from  
0.05 V – 0.95 VRHE at 50 mV/s adsorbed on a polycrystalline Au electrode recorded in 
0.1 M H2SO4 before and after CO adsorption as indicated.  The PtRu loading was 120 

μg/cm2 The active PtRu catalyst surface area was determined to be 1.275 cm2. 
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CHAPTER IV 

ACTIVITY OF METHANOL OXIDATION AT  

COMMERCIAL PLATINUM-RUTHENIUM BLACK FOR  

TEMPERATURES IN THE RANGE OF 23° C TO 70° C 

 

Focus 

In order to asses the ability of an electrode catalyst to promote the oxidation of 

methanol, which is in turn related to the ability of the catalyst to produce more electricity 

in a fuel cell, the catalyst must be described in terms of its activity.  Catalyst activity can 

be expressed as the rate of reaction per unit surface area, or mass of catalyst.  The focus 

of this chapter is on the measurement of reaction rates for methanol as a function of 

applied potential and temperature with proper correction for temperature effects on the 

reference electrode.  The rate and activation energy for the oxidation of 0.5 M methanol 

at JM PtRu black with 50 at. % Ru is investigated at temperatures in the range of 23° C to 

70° C.  These materials are shown to display high activity for methanol oxidation with 

activation energies consistent with those reported in literature [1, 2]. 

 

Understanding PtRu Catalytic Activity and Activation Energy 

In the heterogeneous reaction of the electrochemical oxidation of methanol at 

PtRu catalysts, the reaction rate is a function of potential; therefore, a potential dependent 

rate constant is required for an accurate description of interfacial charge-transfer 

dynamics.  It should be noted that interfacial dynamic dependence is circumstantial to 
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heterogeneous reactions in which concentrations entering into the rate expression are 

concentrations at the electrode surface, which may differ from concentrations of the bulk 

solutions since the electrode interface can only respond to its immediate surroundings.  

For an electrochemical oxidation/reduction reaction, the Nernst equation relates the 

potential to the bulk concentrations of the participating reactants such that: 

  E = E0’ + RT/nF ln (CO/CR)      4.1 

 CO and CR are the concentrations of the oxidized and reduced species, respectively.  E0’ is 

the formal potential, R is the molar gas constant (8.314 J/mol*K), T is the temperature 

(K), and F is the Faraday constant (96,485.4 C).  Since the reaction of interest is known 

to be heterogeneous and controlled by interfacial dynamics, the current is related 

exponentially to the overpotential, η, and is given by the Tafel equation [4]. 

  i = ioeαfη         4.2 

The symbol α is the transfer coefficient and is a measure of the symmetry of the energy 

barrier (estimated to be 0.5).  The current and the exchange current are i and io 

respectively, and f is shorthand for F/RT defined previously.  By experimental design, a 

RHE is used for the cathode, and by definition, contributes a very small voltage 

(approximately -0.05 VSHE) to the total cell potential.  Since the value of E0 for methanol 

is approximately 0 VSHE and the reaction is performed at +0.3 VRHE and above, the 

exchange current is negligible when η is much greater than zero.  Therefore, the Tafel 

equation can be reduced to: 

  log i = η (-2.3αF/RT).       4.3 
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When electrode kinetics are sluggish and significant activation overpotentials are 

required, good Tafel relationships can be seen such that the slope as calculated from 

Equation 4.3 should be approximately 118 mVRHE/decade at 298 K, which is 

approximately room temperature[4].  Tafel slopes with this value have been interpreted 

as indicating the reaction is controlled by a one electron transfer step [5].  Since mass-

transfer effects are not included here, the overpotential associated with any given current 

serves solely to provide the activation energy required to drive the heterogeneous process 

at the rate reflected by the current [4].  The exclusion of mass-transfer effects stems from 

the sluggishness of the kinetics of methanol oxidation (i.e. the bifunctional mechanism 

steps discussed in Chapter III).  That is to say, the rate limitations of methanol oxidation 

are dependent on the slow surface kinetics rather than the speed of analyte transport to 

the reaction site.  Therefore, if the reaction is allowed to continue to some time (t) where 

current decay is essentially constant, the reaction will have reached an interfacial 

equilibrium if the volume of the analyte and supporting electrolyte are large compared to 

the quantity of analyte oxidized.  This is to ensure that there is no current loss due to 

concentration change or analyte depletion.  At this steady state, or “quasi-equilibrium” 

[6], the rate of methanol oxidation is proportional to the current.  A plot of the ln i 

normalized to the active surface area of catalyst vs. the inverse of the reaction 

temperature provides an Arrhenius relationship in which the slope of the line generated is 

proportional to the activation energy for the reaction.  The slope represents the height of 

the energy barrier necessary to initiate the oxidation of methanol. 
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Temperature Dependence of Methanol Electro-Oxidation on PtRu Catalysts

 It is of importance that a catalyst display good activity at temperatures above 

ambient for fuel cell applications to improve efficiency and power density [7].  It has 

been shown that methanol dissociative chemisorption on a high Ru content alloy is 

thermally activated such that a bulk PtRu alloy becomes more poison resistant as 

temperature is raised above ambient (i.e. 70° C - 80° C) [8].  Investigations into the 

temperature dependence of methanol oxidation have also attributed a shift in the rate 

determining step from methanol adsorption/dehydrogenation at low temperature to the 

surface reaction between the dehydrogenated intermediate and surface oxygen at high 

temperature for high Ru content PtRu catalysts.  The result of this shift on the apparent 

activation energy has revealed a decrease in activation energy with increasing 

temperature [6].  For purposes of this chapter, measured activation energy for the 

oxidation of 0.5 M methanol at JM PtRu catalyst with 50 at. % Ru is likewise expected to 

decrease with increasing temperature. 

Experiments

Catalyst Thin Film Preparation 

 The JM PtRu black film was prepared by depositing an appropriate aliquot 

determined for specific mass loading of a ca. 2 mg/mL catalyst suspension in ultra pure 

water via pipette onto a polished gold electrode.  The electrode surface was dried in air 

for 2-3 hours, followed by rinsing in a jet of ultra pure water to remove the loosely held 

particles. 
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Electrochemistry 

 JM PtRu with 50 at. % Ru catalyst was applied to the working electrode and 

activated as described in Chapter 2.  Briefly, the catalyst modified working electrode was 

cleaned by cycling between 0.05 VRHE  and 0.95 VRHE in 0.1 M Ar purged H2SO4 

electrolyte until features characteristic of JM PtRu with 50 at. % Ru appeared. 

 Before initiation of constant potential amperometry experiments, the 

concentration of methanol was brought to 0.5 M CH3OH by aliquot addition of pure 

methanol to the 0.1 M H2SO4 cell solution.  During the methanol addition, the cell 

potential was held at 0.0 VRHE.  The cell solution was then mixed by bubbling with Ar for 

3 min at 0.0 VRHE and was held at this potential for an additional 4 min before stepping to 

the reaction potential.  The steady state current was continuously recorded.  The current 

values for mathematical calculation and graphical representation were taken 20 min after 

the initiation of the reaction. 

Results and Discussion

 Figure 4.1 shows cyclic voltammograms of JM PtRu with 50 at. % Ru in 0.1 M 

H2SO4 scanned at 50 mV/s at temperatures from 23° C to 70° C.  It is known that Ru 

forms mixed valent oxides (RuIII-OH and RuIV-O2-, or RuOxHy) at room temperature in 

acidic electrolytes at 0.2-0.4 VRHE [5].  Because of their divalent nature, these oxides 

conduct both protons and electrons, and therefore exhibit a broad capacitive feature in the 

classical double layer potential region (0.3 -0.8 VRHE).  It is also common procedure in 

the study of PtRu catalysts to enhance the catalyst activity by polarizing the anode to low 

positive potentials before operation, which is often referred to as catalyst conditioning.  
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 Figure 4.2 displays results of constant potential amperometry measurements 

performed at 50° C.  The electrode was held at 0.0 VRHE during the addition of methanol 

before stepping to the potentials indicated.  Higher currents are recorded as potential 

becomes more positive due to the greater driving force being applied to the methanol 

electro-oxidation reaction.  After 20 min, the current becomes more stable and is 

considered to have reached quasi-equilibrium, or the quasi-steady state described earlier.  

 The effect of temperature on the oxidation of methanol at the JM PtRu catalyst is 

demonstrated by constant potential amperometry in Figure 4.3.  The potential was held at 

0.0 VRHE during the addition of methanol before stepping to 0.4 VRHE at the temperatures 

indicated.  In the case of methanol oxidation near 23° C, methanol absorption is inhibited 

on high Ru content alloys.  PtRu catalysts with a composition of about 10 at. % Ru show 

the best methanol oxidation kinetics at ambient temperatures [1].  Ru passivation towards 

methanol oxidation diminishes above approximately 60° C, and methanol dissociative 

chemisorption becomes enabled [6].  This Ru functionalization has been described by 

some as the source of the shift in the rate determining step described previously in 

Equation 3.2 [6]. 

 To investigate the validity of the constant potential amperometry experiments to 

the kinetic theory developed in this chapter for the control of the reaction being dictated 

by a one electron transfer step, the logarithm of the steady-state current as measured 20 

min after the initiation of the reaction was plotted as a function of potential at the 

temperatures of 23° C, 50° C, 60° C, and 70° C, as shown in Figure 4.4.  Recall that the 

Tafel slope is a function of temperature from Equation 4.3, so that at 23° C a slope of 
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approximately 118 mV/dec is expected.  Likewise, at 70° C, a slope of 146 mV/dec 

would indicate the reaction is controlled by a one electron transfer step.  The slopes of the 

lines in Figure 4.4 calculated by linear regression range from 111 mV/dec at 23° C to 165 

mV/dec at 70° C, and are in excellent agreement with values published for similar 

catalysts [6]. 

The plot of the current measured 20 min after initiation of the methanol oxidation 

reaction on the PtRu electrocatalyst to the inverse of the temperature is shown in Figure 

4.5.  The activation energies for oxidation of 0.5 M methanol on the catalyst at the 

potentials indicated were calculated from the slope of the lines generated by this 

Arrhenius relationship and were found by linear regression to be from 60 kJ/mol at 0.5 

VRHE  to 87 kJ/mol at 0.3 VRHE.  Values reported in literature for a similar bulk PtRu with 

46 at. % Ru alloy are 60 kJ/mol at 0.4 VRHE and are indicated by the red line for 

comparison [6].   

Recently, the kinetics of methanol oxidation on PtRu catalyst was evaluated by a 

linear potential sweep voltammetry procedure [7].  A thin-layer flow cell was employed 

to eliminate effects of oxidation products evolved at the proximate counter cathode [7].  

From the measurements, an activation energy of 16 kJ/mol was determined for the 

methanol oxidation reaction on PtRu at 0.45 VRHE to 0.55 VRHE [7].  The activation 

energy is low in comparison to prior literature reports and work presented in this 

dissertation.  It was suggested that accurate account of temperature dependent shifts in 

reference potential can account for the disparities.  Chapter 5 of this thesis explores this 

issue.   
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Summary

Building on the information developed from previous chapters, the active surface 

area of the JM PtRu with 50 at. % Ru was used to express experimental data from the 

cyclic voltammetry and constant potential amperometry experiments presented in this 

chapter in terms of current density.  The steady-state currents attained after 20 min of the 

reaction of methanol on the PtRu catalyst were used to construct Tafel plots, which 

showed experimental consistency with kinetic theory.  The activation energy for the 

oxidation of methanol in 0.1 M H2SO4 at JM PtRu with 50 at. % Ru electrocatalyst was 

calculated to range from 60 kJ/mol to 87 kJ/mol at potentials between 0.5 VRHE and 0.3 

VRHE.  The values are consistent with prior literature, but raise questions about the 

importance of uncompensated shifts in reference potential, which were recently shown to 

have a strong affect on activation energy determinations [7].  This chapter established 

methods for evaluating the activity of PtRu catalyst toward the oxidation of methanol, 

and will be used further to assess the significance of temperature dependent potential 

shift corrections as they pertain to the accurate reporting of activation energies for 

methanol oxidation on PtRu catalyst. 
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Figure 4.1: Cyclic voltammograms of JM PtRu containing 50 at. % Ru adsorbed on a 
polycrystalline Au electrode recorded in 0.1 M H2SO4 scanned from 0.05 V – 0.95 VRHE 

at 50 mV/s at temperatures indicated.  The currents are normalized to the active PtRu 
catalyst surface area.  
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Figure 4.2: Constant potential amperometry for the oxidation of 0.5 M methanol in 0.1 M 

H2SO4 at JM PtRu 50 at. % Ru at 50°C on polycrystalline gold electrode. 
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Figure 4.3: Constant potential amperometry for the temperature-dependent oxidation of 
0.5 M methanol at 0.40 VRHE in 0.1 M H2SO4 at JM PtRu 50 at. % Ru on a 

polycrystalline gold electrode.  The potential was held at 0.0 VRHE during the addition of 
methanol before stepping to 0.4 VRHE at the temperatures indicated. 
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Figure 4.4: Tafel plot for the oxidation of 0.5 M CH3OH in 0.1 M H2SO4 at JM PtRu 50 
at. % Ru on polycrystalline gold electrode.  Current values were measured 20 min. after 

stepping from 0.0 VRHE to the indicated potentials. 
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Figure 4.5: Arrhenius plot for the oxidation of 0.5 M CH3OH in 0.1 M H2SO4 at JM PtRu 
50 at. % Ru on a polycrystalline gold electrode. Current density values were measured 20 

min. after stepping from 0.0 VRHE to the indicated potentials.  The red reference line is 
representative of values reported for a bulk PtRu 46 at. %Ru alloy electrode in 0.5 M 

CH3OH in 0.5 M H2SO4 at 0.4 VRHE [6]. 
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CHAPTER V 

THE SIGNIFICANCE OF TEMPERATURE-DEPENDENT  

POTENTIAL SHIFT CORRECTIONS FOR THE  

ACTIVITY OF METHANOL ELECTRO-OXIDATION  

ON PLATINUM-RUTHENIUM NANOPARTICLES 

 

Focus

In the discussion of the temperature dependence of the activity of methanol 

electro-oxidation on PtRu nanoparticles, both thermodynamics and kinetics must be 

considered.  Until recently, the temperature dependence of the cell overpotential (η) for 

the oxidation of methanol, as it pertains to the stability of the potential at the reference 

hydrogen electrode, has been ignored in studies that appear in the literature.  The current 

densities reported in Chapter 4 of this thesis were also not adjusted for temperature 

dependent changes in the reference potential.  The measured values were adopted directly 

into Arrhenius plots.  A recent publication has made efforts to account for the 

thermodynamic consequences of increased reaction temperatures on the RHE [1].  It is 

the purpose of this chapter to investigate the significance of this potential shift at the 

RHE and the associated current changes at the working electrode on our constant 

potential amperometry measurements carried out in the temperature range of 23°C to 70° 

C.  The mathematical corrections are also applied to results obtained earlier for the 

oxidation of methanol over a similar temperature range on a sonochemically prepared 

PtRu catalyst containing 50 at. % Ru in 0.1 M HClO4. 
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Temperature Dependence of Measured Potential at the RHE 

 In accordance with the definition of the RHE with respect to the SHE discussed in 

the first chapter, it is apparent that the value of the measured potential E, as described by 

the Nernst equation (Eq. 4.1), is dependent on the temperature.  As indicated by the slight 

negative potential shift from 0.0 VSHE to about -0.05 VRHE at ambient temperature, an 

increase in reaction temperature shifts the potential at the RHE more negatively.  

Therefore, the temperature dependent potential shift at the RHE is the contribution of the 

potential at the RE to the total cell potential.  Since the potential vs. SHE, or E(SHE) is 

defined as zero at all temperatures, the potential shift of the RHE at T° C, or E[RHE(T)], 

relative to the SHE is given by 

  E[RHE (T)] = (RT/F) ln [a(H+)/pH2
1/2]  VSHE  5.1 

where a(H+) and pH2 are the proton activity (0.13 in 0.1 M H2SO4) and the hydrogen 

partial pressure (0.908 atm), respectively. Substituting for the known variables in 

equation 5.1 gives 

 E[RHE (T)] = -0.000172t   VSHE  5.2  

For example, by elevating the temperature from 0° C to 70° C, the calculated E[RHE (t)] 

value shifts in the negative direction by 0.0588 VSHE.

 It is possible to correct for the potential shift in the constant potential 

amperometry experiments performed in Chapter IV by calculating E[RHE(T)] at the 

experimentally measured temperature followed by determining the actual working 

electrode potential from the total cell potential.  The current appropriate to the original 
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(uncorrected) set cell potential can be determined from the equation for the Tafel plot 

calculated via linear regression of the log (i) versus potential data. 

Experiments

Catalyst Thin Film Preparation 

 The JM PtRu black film was prepared by depositing an appropriate aliquot 

determined for specific mass loading of a ca. 2 mg/mL catalyst suspension in ultra pure 

water via pipette onto a polished gold electrode.  The electrode surface was dried in air 

for 2-3 hours, followed by rinsing in a jet of ultra pure water to remove the loosely held 

particles. 

Electrochemistry 

 JM PtRu with 50 at. % Ru catalyst was applied to the working electrode and 

activated as described in Chapter 2.  Briefly, the catalyst modified working electrode was 

cleaned by cycling between 0.05 VRHE  and 0.95 VRHE in 0.1 M Ar purged H2SO4 

electrolyte until features characteristic of JM PtRu with 50 at. % Ru appeared. 

 Before initiation of constant potential amperometry experiments, the 

concentration of methanol was brought to 0.5 M aliquot addition of pure methanol to the 

0.1 M H2SO4 cell solution.  During the methanol addition, the cell potential was held at 

0.0 VRHE.  The cell solution was then mixed by bubbling with Ar for 3 min at 0.0 VRHE 

and was held at this potential for an additional 4 min before stepping to the reaction 

potential.  The steady state current was continuously recorded.  The current values for 

mathematical calculation and graphical representation were taken 20 min after the 

initiation of the reaction. 
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Results and Discussion 

Methanol oxidation on JM PtRu with 50 at. % Ru 

 

Figure 5.1 represents the change induced on the Tafel plot by the temperature 

dependent shift in RHE potential for 0.5 M methanol oxidation at 60 °C.  The red line is 

representative of data with applied corrections.  Though the red and black lines are hardly 

distinguishable from one another, as the temperature is increased, the cell potential 

contribution of the reference electrode drifts more negative vs. 0.0 VSHE.  The potential 

correction then shift the lines associated with each temperature data set, or the Tafel plot 

lines, more positive of 0.0 VRHE.  The associated current shift correction results in a 

slightly lower current compared with the uncorrected value.  The slopes of the Tafel plot 

lines remain unaffected by the RHE corrections indicative of the Butler-Volmer model of 

electrode kinetics [6].  The complete corrected Tafel plot data set is presented in Figure 

5.2.   

Figure 5.3 shows the Arrhenius plots for the methanol electro-oxidation reaction 

that result from using corrected current densities.  There is a slight lowering of the lines 

and a shift of the slope, which reflects the temperature dependent nature of the 

corrections.  For reference, the red line indicating reported literature values remains in the 

graph [4].  The overall effect of the temperature corrections on the activity in terms of 

activation energy for the oxidation of methanol on the JM PtRu catalysts is summarized 

in Table 5.1.  In general, the corrections account for a decrease in the activation energy of 

approximately 2 kJ/mol.   
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Methanol oxidation on sonochemically (SC) prepared PtRu with 50 at. % Ru 

 

The activity of methanol oxidation on sonochemically prepared PtRu catalyst with 

50 at. % Ru was measured following reported methods and procedures [2, 5].  Current 

was normalized to the active surface area by the method discussed in Chapter III, and  

constant potential amperometry experiments were performed as described in Chapter IV.  

From the current taken 20 min after initiation of the reaction, temperature dependent 

potential and current shift corrections were applied. 

As presented for correlation to the JM PtRu catalyst, Figure 5.4 is representative 

of the slight shift of the Tafel slope more positive of 0.0 VRHE and the resulting current 

shift slightly lower than the original value.  The Tafel slopes reported for these data are in 

the range of 105 mV/dec - 111 mV/dec.  Although these values are somewhat lower than 

the kinetically predicted slope range of 118 mV/dec to 146 mV/dec discussed in Chapter 

IV, they can still be interpreted as indicating the reaction is controlled by a one electron 

transfer.  Figure 5.5 is a Tafel plot of all corrected data expressed as the log of current 

density vs. the potential.  At all temperatures the oxidation rates are more than one order 

of magnitude lower than those measured for the oxidation of methanol on the JM PtRu 

catalyst.  Evidence has been presented suggesting that these rate differences are at least 

partially due to Pt and Ru phase separation [2].  Figure 5.6 are the Arrhenius plots of the 

mathematically corrected data.  Once again for reference, the red line indicating reported  
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Table 5.1: Effect of the temperature corrections on the activity in terms of activation 
energy for the oxidation of methanol on JM PtRu with 50 at. % Ru  
 
E vs. VRHE Ea (kJ/mol) before 

corrections 
Ea (kJ/mol) after corrections 

0.3 86.08 87.19 
0.35 76.38 72.08 
0.4 81.31 75.91 
0.45 65.01 62.43 
0.5 60.25 60.51 
Average 73.90 71.62 
Change -2.18 
 
Table 5.2: Effect of the temperature corrections on the activity in terms of activation 
energy for the oxidation of methanol on SC PtRu with 50 at. % Ru  
 
E vs. VRHE Ea (kJ/mol) before 

corrections 
Ea (kJ/mol) After 
corrections 

0.3 50.87 54.48 
0.37 52.97 45.13 
0.4 53.79 54.38 
0.43 53.66 54.15 
0.45 54.45 53.88 
0.47 54.09 55.49 
0.5 51.94 55.54 
Average 53.11 54.58 
Change -1.47 
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literature values remains in the graph [3].The overall effect of the temperature corrections 

on the activity for the oxidation of methanol on the SC PtRu catalysts are summarized in 

Table 5.2.  Despite the order of magnitude difference in the activity for methanol 

oxidation the corrections account for a 1.5 kJ/mol decrease in activation energy. 

Reported quasi-steady state Ea values for the oxidation of methanol on similar 

PtRu catalyst are noted to be ±7 kJ/mol at 0.31 VRHE with similar discrepancies at other 

potentials reported [4].  Therefore, with a larger variation in activation energy resulting 

from other factors (i.e. experimental design, catalyst preparation method, and other 

reasons already discussed) the temperature dependent potential and current shift 

corrections are determined to be insignificant. 

This result suggests that the disparities between low activation energies recently 

reported [1] and the work in this dissertation arise from influences other than or in 

addition to those of temperature dependent shifts in reference potential.  The use of linear 

potential sweep voltammetry seems inappropriate for a steady state kinetic measurement.  

Scanning the potential in the positive going sweep, rather than holding the potential 

constant, increases the driving force for the oxidation of methanol on the PtRu catalyst in 

infinitesimal increments at small time intervals, suggesting that the initial rates of the 

reaction are measured rather than the steady state value.  As made apparent by Figures 

4.2 and 4.3, the initial current densities produced are substantially higher for small T 

values compared to steady state currents at T = 1200 s. 
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Conclusions

Temperature effects on the electrochemical oxidation of methanol over PtRu 

nanoparticle catalyst materials were investigated with the aim of assessing errors 

introduced in the measurement of reaction rate and activation energy (Ea) due to 

uncompensated thermal drift at the reference electrode.  Experiments employed PtRu 

black nanoparticles containing 50 at. % Ru.  Focus was on the use of commercial catalyst 

from Johnson Matthey (Ward Hill, MA).  Some results from in-house prepared catalyst 

are also reported. 

Accurate measurements of temperature at the reference electrode were made and 

mathematical corrections applied to account for shifts in the reference potential caused by 

temperature gradients across the electrode.  Experiments were performed for 

temperatures in the range of 23°C to 70° C.   

Methanol oxidation rates were determined in potential step experiments as a 

function of temperature and employed to calculate activation energies.  Corrections were 

also applied to previous work performed with sonochemically prepared nanoparticles 

containing 50 at. % Ru.  The application of the calculated temperature corrections for the 

potential shift (and the subsequent current shift) causing an average activation energy 

change of ± 2 kJ/mol from experimental values are found to be insignificant with respect 

to the margin of error in published literature activation energy values of ± 7 kJ/mol, and 

can, therefore, be hardly realized with current methods.  Activation energies determined 

experimentally in this thesis are consistent with literature values based on steady-state 

currents measured in potential step chronoamperometry experiments.  The findings 

 52



suggest differences with recently reported activation energies determined by potential 

sweep methods arise from the measurement technique rather than uncompensated drift in 

the reference electrode temperature. 
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Figure 5.1: Tafel plot for the oxidation of 0.5 M CH3OH in 0.1 M H2SO4 at JM PtRu 50 
at. % Ru on polycrystalline gold electrode at 60°C.  Current values were measured 20 
min. after stepping from 0.0 VRHE to the indicated potentials.  Corrected values for the 

temperature dependent potential shifts at the RHE are indicated in red.

 54



-1

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

0.2 0.3 0.4 0.5

E (V vs. RHE)

lo
g 

I (
uA

/c
m

^2
)

23 C

50 C

60 C

70 C

 
 
Figure 5.2: Tafel plot for the oxidation of 0.5 M CH3OH in 0.1 M H2SO4 at JM PtRu 50 
at. % Ru on polycrystalline gold electrode.  Current values were measured 20 min. after 

stepping from 0.0 VRHE to the indicated potentials corrected for the temperature 
dependent potential shifts at the RHE. 
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Figure 5.3: Arrhenius plot for the oxidation of 0.5 M CH3OH in 0.1 M H2SO4 at JM PtRu 
50 at. % Ru on a polycrystalline gold electrode. Current density values were measured 20 
min. after stepping from 0.0 VRHE to the indicated potentials and have been corrected for 
temperature dependent current density shifts.  The red reference line is representative of 

values reported for a bulk PtRu 46 at. %Ru alloy electrode in 0.5 M CH3OH in 0.5 M 
H2SO4 [4]. 
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Figure 5.4: Tafel plot for the oxidation of 0.5 M CH3OH in 0.1 M HClO4 at SC PtRu 50 
at. % Ru on polycrystalline gold electrode at 62°C.  Current values were measured 20 
min. after stepping from 0.0 VRHE to the indicated potentials.  Corrected values for the 

temperature dependent potential and current shifts at the RHE are indicated in red. 
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Figure 5.5: Tafel plot for the oxidation of 0.5 M CH3OH in 0.1 M HClO4 at SC PtRu 50 
at. % Ru on polycrystalline gold electrode.  Current values were measured 20 min. after 

stepping from 0.0 VRHE to the indicated potentials corrected for the temperature 
dependent potential and current shifts at the RHE. 
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Figure 5.6: Arrhenius plot for the oxidation of 0.5 M CH3OH in 0.1 M HClO4 at SC PtRu 
50 at. % Ru on a polycrystalline gold electrode. Current density values were measured 20 
min. after stepping from 0.0 VRHE to the indicated potentials and have been corrected for 
temperature dependent current density shifts.  The red reference line is representative of 

values reported for a bulk PtRu 46 at. %Ru alloy electrode in 0.5 M CH3OH in 0.5 M 
H2SO4 [4]. 

 59



REFERENCES 
 
 

1. Wakabayashi, N.; Uchida, H.; Watanabe, M. Eletrochem.  Solid-State Letters. 
2002, 5(11), E62-E65. 

 
2. Korzeniewski, C.; Basnayake, R.; Vijayaraghavan, G.; Li, Z.; Xu, S.; Casadonte, 

D. Surf. Sci. 2004, 573, 100–108. 
 
3. Gasteiger, H.; Markovic, N.; Ross, P.; Cairns, E. J. Electrochem. Soc. 1994, 141, 

7. 
 

4. Chrzanowski, W.; Wieckowski, A. Interfacial Electrochem. 1999, 937-954. 
 
5. Xu, Shangong. “Activity of Methanol Electro-Oxidation at PtRu Materials at 

Temperatures in the Range of 23°C to 70°C”. A Thesis in Chemistry. 2004. 
 

6. Bard, A.J; Faulkner, L. R. Electrochemical Methods: Fundamentals and 
Applications, John Wiley & Sons. Inc. New York, 2001. 

 

 60



PERMISSION TO COPY 
 
 
 

 In presenting this thesis in partial fulfillment of the requirements for a master’s 

degree at Texas Tech University or Texas Tech University Health Sciences Center, I 

agree that the Library and my major department shall make it freely available for research 

purposes.  Permission to copy this thesis for scholarly purposes may be granted by the 

Director of the Library or my major professor.  It is understood that any copying or 

publication of this thesis for financial gain shall not be allowed without my further 

written permission and that any user may be liable for copyright infringement. 

 

Agree  (Permission is granted.) 

 

___________David E. Snow________________________         ___04/19/05  _____ 
 Student Signature      Date 
 
 
 
Disagree  (Permission is not granted.) 
 
 
 
_______________________________________________         _________________ 
 Student Signature      Date 
 
 

 
 

 
 

 
 

 

 61


