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ABSTRACT 

In situ infrared spectroscopy and cyclic voltammetry were used to study 

the electrochemical reaction pathways of methanol oxidation on nanoscale 

carbon supported platinum (C/Pt, 10% Pt) and platinum ruthenium (C/PtRu, 30% 

Pt, 15% Ru) fuel cell catalysts. A temperature controlled electrochemical cell and 

electrodes that contained a built-in temperature sensor were utilized to probe 

surface electrochemistry of the catalysts from ambient temperatures to 70° C. 

Initial experiments were conducted on bulk Pt to help interpret results in 

experiments with nanocatalysts. Methanol dissociative adsorption studies on bulk 

Pt in 0.1 M HCIO4 and 0.1 M ^^CHsOH in 0.1 M HCIO4 helped attribute bands 

from 2065-2080 cm"̂  to C-0 stretching modes of CO molecules coordinated to 

single Pt atoms in an atop coordination arrangement. An increase in band 

intensity was observed when potentials (reported in volts measured with respect 

to a reversible hydrogen electrode, VRHE) were stepped positive up to 0.5 VRHE-

These intensities began to diminish when potentials approached the oxidation 

levels for CO to CO2 above 0.5 VRHE- Catalyst inactivation data derived from the 

experiments on bulk Pt directed research into probing surface electrochemistry of 

methanol oxidation on the nanoscale catalysts. 

Formic acid and methanol electro oxidation studies were carried out on 

the C/Pt and C/PtRu nanocatalysts from ambient to 70° C. The C/Pt 10% loading 

catalyst was not as active as bulk Pt, as indicated by a comparison of current 
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densities for methanol oxidation at 60° C and by temperature dependent shifts in 

the oxidation potential for rapid methanol oxidation. Greater attention to thermal 

and electrochemical pretreatment of the nanoscale catalyst, in order to remove 

surface contamination would likely help to increase nanocatalyst activity. 

Experiments on the PtRu nanoscale catalysts show that they had comparable 

behavior as that of their bulk counterparts. The PtRu nanocatalysts were more 

active for CO2 formation than bulk PtRu or C/Pt, but adsorbed CO on the catalyst 

surface was difficult to probe. Pretreatment procedures and inherent surface 

properties of C/PtRu are expected to affect electrochemical responses for 

methanol oxidation compared to bulk materials. A better understanding of fuel 

cell catalysts can help speed up the commercialization of direct methanol fuel 

cells. 
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CHAPTER I 

INTRODUCTION 

Fuel Cells - A Brief History 

It all started with a simple experiment. Electrolysis of water had just been 

discovered and had created ripples in the scientific community. Sir William 

Robert Grove [1] was experimenting with reverse electrolysis and his 

investigations ended with what he called the gas battery, or a fuel cell in present 

day terminology. Though significant at that time, interest in Grove's fuel cell 

diminished with the discovery of the steam engine and cheap fossil fuel [2]. 

It took more than a century and a half before fuel cells came into the 

limelight again as the National Aeronautics and Space Administration (NASA) [3] 

began developing mission critical systems for the first prolonged manned flight 

into space. Once in space, the orbiter needed a source of electricity. Batteries 

were ruled out due to the size, weight and toxicity of the cells necessary to 

support a mission of eight days in space. Photovoltaics were not practical, at the 

time, due to the size and weight of the solar panels necessary. The once obscure 

fuel cell became the technological solution to NASA's dilemma of providing 

power for extended missions to space. 

Interests in fuel cells waned again after the first Apollo and Gemini space 

missions. They did not evince much enthusiasm until the late 1980's and early 

1990's with research interests kicked up by the need for solutions to the 



increasing impact of energy consumption on the urban and global environment. 

Increase of greenhouse gas levels, particularly CO2 attributed to industrial and 

automotive power systems and a commensurate predicted rise in the global 

average temperature of 1 to 4° C had caused the governments to take major 

stands. The California gas emissions deadline [4] is one example. High 

efficiency, almost zero pollution and absence of moving parts have made fuel 

cells a good alternative in the face of the above problems. Though it has had a 

little more than its fair share of technological challenges, fuel cell research has 

made remarkable progress over the past decade, and the resurgence of interest 

in fuel cells is here to stay. 

Direct Methanol Fuel Cells 

A fuel cell [5] consists of a fuel electrode (anode) and an oxidant electrode 

(cathode) separated by an ion-conducting electrolyte. The cathodic fuel stream 

contains oxygen, usually derived from air. The anodic fuel stream typically| 

consists of hydrogen derived from methanol, natural gas, other suitable 

hydrocarbons like methane, or from hydrogen stored in cylinders. Hydrogen 

enters the anodic side of the fuel cell, where it is split into two protons (H^) with 

release of two electrons (e") by the anodic catalyst, which is usually platinum, or 

a platinum alloy. The protons then travel through the ion conducting membrane 

(proton exchange membrane) to the cathodic side of the fuel cell. The electrons 

travel through an external circuit to the cathode, powering a load on the circuit. At 



the cathode, electrons are recombined with the protons and an oxygen atom 

derived from O2 from the air, forming water. 

The reactions that take place during the operation of the fuel cell can be 

summarized as follows. 

Anode: H2 ̂  2 H^ + 2e-

Cathode: _ O2 + 2 H' + 2e- ^ H2O 

Overall Cell Reaction: H2 + _ O2 ^ H2O 

The use of hydrogen poses a few problems [4, 6]. First is the issue of 

hydrogen transportation and storage: hydrogen gas being extremely inflammable 

cannot be easily stored in vehicles and the cost of converting existing gas 

vending systems to hydrogen would also be phenomenal. Second is the need to 

produce high purity hydrogen, which is necessary to limit poisoning of the 

catalyst that splits hydrogen into protons and electrons. 

To overcome these difficulties, methanol has been proposed as an 

alternative to hydrogen. Methanol is a naturally abundant liquid and is much 

simpler to handle than hydrogen. One important factor in considering methanol is 

that, thermodynamically, a fuel cell operating on methanol would achieve the 

same voltages as a cell operating on hydrogen [7]. 

Methanol as a fuel also has a few problems such as slow reactivity rates 

and catalytic surface poisoning. Surface poisoning [7-11] is mainly due to the 

evolution of carbon monoxide, which is a partial oxidation product in the oxidation 

of methanol. CO concentrations greater than 50 ppm have been shown to cause 
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Figure 1.1: Schematic of a Hydrogen Oxygen Fuel Cell 



catalytic inactivation. Catalytic surface poisoning significantly reduces reaction 

rates, and present research is focused on limiting catalytic poisoning as it 

pertains to CO. 

Methanol electrochemical oxidation on a platinum catalyst takes place 

through a series of complicated steps. CO is formed as one of the intermediates 

[12] as shown in Figure 1.2. The slow reactivity rate of methanol oxidation is 

attributed to the oxidation of water that subsequently is necessary to provide 

oxygen for the conversion of CO to CO2. This rate-limiting step is the target of 

research that is presented in this thesis. 

Summary 

This thesis is focused on studies aimed at elucidating electrochemical 

reaction pathways of methanol electro oxidation on nanoscale fuel cell catalysts. 

A part of this research is concentrated on reducing the catalytic (carbon 

supported Pt and Pt-Ru) loading levels [13] in an effort to drive down the cost of 

the fuel cell. Thermostatted spectro-electrochemical cells were used to perform 

electrochemical reactions on specially modified electrodes. Infrared spectroscopy 

and transient electrochemical techniques were used to investigate the effects of 

temperature on methanol electrochemical oxidation pathways, catalytic loading 

efficiency and membrane transport processes. 
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Figure 1.2: Methanol Electrochemical Oxidation Pathways [14-16] 
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CHAPTER II 

EXPERIMENTAL 

Infrared Spectroscopy 

Infrared spectroscopy is frequently employed [1, 2] in the study of 

electrochemical reaction pathways of small organic molecules that produce CO 

as an intermediate. During methanol oxidation (Figure 1.2), CO is produced, and 

the efficiency of the direct methanol fuel cell is dependent on the conversion of 

CO and other organic compounds to CO2 [3-5]. Infrared spectroscopy, when 

applied to the electrochemical oxidation reaction of methanol, is remarkably 

sensitive to dissolved CO2 and CO adsorbed on transition metal surfaces. 

Bulk Pt electrodes and Pt alloys exhibit high reflectivity [6] across mid 

infrared spectral wavelengths and are useful in probing the surface 

electrochemistry of methanol oxidation. One of the first directions in research 

was to study pathways for CO and methanol oxidation on these electrodes with a 

thermostatted electrochemical cell adapted for in situ infrared 

spectroelectrochemistry [7]. 

Spectral measurements were performed on a Mattson Research Series 

FTIR (Fourier Transform Infrared) spectrometer system with provisions for 

external IR detection. Data was processed by a Personal Computer system 

running WinFirst® software (Mattson Instruments, Madison, Wl). The optics used 
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for external IR measurements are as shown on figure 2.1. Spectra were obtained 

at 4 cm"̂  resolution between 1000 cm"̂  and 4000 cm"̂  

External FTIR 

External reflection sampling methods have been used to obtain spectra of 

electrochemically generated species in in situ infrared spectroelectrochemical 

cells. The optical arrangement used in this specific setup is used for Static Linear 

Polarization (SLP) experiments in which the polarizer is set to allow p-polarized 

radiation to strike the electrode surface. The interference between incident and 

reflected beams creates an electromagnetic field at the surface of the electrode. 

The electric field intensity at the metal electrode surface reaches a maximum 

when p-polarized light strikes the surface at a high angle of incidence. These 

conditions offer maximum sensitivity for the species studied. 

The external reflection sampling method used in this research employs an 

incident infrared beam to enter at an angle of about 60° with respect to a normal 

highly polished electrode surface. The external reflection system [2] contained a 

pair of 60° off axis parabolic mirrors, a polarizer and a narrow band Mercury-

Cadmium-Telluride (MCT) detector (Madison, Wl). One of the mirrors is placed 

before the spectroelectrochemical cell and reflects the infrared beam onto the 

electrode surface through a polarizer. The second parabolic mirror reflects the 

beam off the electrode surface onto a 75° off axis parabolic reflector that then 

focuses the beam onto the liquid nitrogen cooled MCT detector. 
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(1) Polarizer, (2) Cell assembly, (3) MCT detector, (4) Parabolic mirrors 

Figure 2.1: Optical Configuration for the External Reflection FTIR 
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Thin-Laver Infrared Spectro-electrochemical Cells 

The thermostatted electrochemical cell [7] used for in situ IR, consists of a 

glass chamber with an insulated metal jacket (Figures 2.2 - 2.3). The glass 

chamber has provisions for the working, reference and counter electrodes. 

Heating within the cell is achieved with a heating element positioned inside the 

tube that holds the working electrode (Figure 4). Temperatures ranging from 

ambient to 80° C were used to probe surface electrochemistry of methanol 

oxidation in the cell. A sensor attached to the backside of the working electrode 

monitored the temperature of the working electrode during spectral and 

electrochemical measurements. 

The cell window was made of CaF2 and adapted for external reflection IR 

experiments. The working, counter and reference electrodes enter the cell 

through the threaded glass connectors as shown in Figure 2. The working 

electrode enters through the back of the cell and was held in place by the glass 

connector. A micrometer adapter was used to tighten the working electrode 

against the window, so that a thin film of reagent was enclosed between the 

reflecting working electrode and the window. 

The initial experiments used bulk Pt and Pt- Ru alloys as the working 

electrodes [8-10]. Later experiments with carbon supported Pt and Pt-Ru 

catalysts supported on a polished polycrystalline gold disk [11, 12] that served as 

a reflecting layer for the IR beam were employed. 
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Heater Electrodes 

Custom-made working electrodes [14] were used for measurements. The 

first set of experiments involving bulk Pt were performed on a polycrystalline 

platinum disk thermally sealed on a 0.5" Kel-F rod (Bodeker Plastics, Shiner, TX). 

A silver coated piece of wire was soldered onto the backside of the platinum disk 

to provide connection to the potentiostat. 

In subsequent experiments, a modified version of the previous electrode 

was used. The modifications involved placement of a thermofoil heater (Minco 

products, Minneapolis, MN) inside and along the length of the working electrode 

to heat the surrounding solution and maintain it at temperatures above ambient 

This version of the electrode also had thermocouple wires epoxy sealed onto the 

back of the working electrode to heat and maintain the metal disk of the working 

electrode at the same temperature as of the surrounding solution. The 

thermocouple was coupled to an AD595 (Analog Devices, Norwood, MA) 

amplifier and a PID temperature controller (Wavelength Electronics, Bozeman, 

MT). Measurements on the nanoscale catalysts were conducted on a gold disk 

pressure sealed onto the Kel-F rod. 

Before each experiment, the electrode (Pt or Au) was polished 

mechanically with alumina powder from 1.0 down to 0.05 \im followed by 

sonication to remove debris. The next step was electrochemical polishing, 

performed through repeated cycling in 0.1 M HCIO4, between 0.0 V and 1.5 V 

with respect to the Reversible Hydrogen Electrode (RHE). 
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Figure 2.4: Detail of Heater Incorporated Working Electrode 
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Data Acquisition 

Data acquisition was done through Single Potential Alteration Infrared 

Spectroscopy (SPAIRS). According to this technique, the electrode was held at a 

constant potential while recording a specific number of interferograms. The 

interferograms are then averaged, Fourier transformed and stored. The electrode 

is then stepped up to the next potential and the next series of interferograms are 

recorded and manipulated. Each sequence results in a single beam spectrum 

between 1000 to 4000 wavenumbers. A potential difference IR spectrum is 

generated by a ratio of two single beam spectra acquired at different electrode 

potentials. 

Cyclic Voltammetry 

Cyclic voltammetry was also used to probe methanol surface 

electrochemistry. A Pt counter wire electrode and an Ag| AgCI | KCI (sat) 

reference electrode were used in all experiments. All voltages reported were with 

respect to the Reversible Hydrogen Electrode (RHE). Electrode potentials were 

controlled with a Princeton Applied Research (PAR) model 173 potentiostat 

during cyclic voltammetric studies. A Pine Instruments potentiostat model 

AFRDE 4 was used for controlling potential during spectroscopy measurements. 

All electrodes, whether Pt or Au, were repeatedly cycled for predetermined 

periods of time in 0.1 M HCIO4 between 0.0 and 1.5 VRHE. For experiments where 
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CO adlayers were formed on a Pt surface, the working electrode was held at 0.0 

VRHE while CO was bubbled into the solution for 5 minutes. 
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CHAPTER III 

SURFACE ELECTROCHEMISTRY ON BULK PLATINUM CATALYST 

Introduction 

Initial surface electrochemical measurements were based on bulk Pt 

catalysts performed at ambient temperatures [1, 2]. These experiments were 

performed to gain fundamental insight into methanol electro oxidation on this 

material. Infrared spectroscopy and cyclic voltammetry were employed to 

investigate methanol and CO electrochemistry in the thermostatted 

spectroelectrochemical cell. Formic acid electro oxidation [3] was performed 

under the same conditions to simulate reaction pathways [4] via the formation of 

-CHO during methanol electro oxidation. 

Experimental 

Reagents 

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

(Gibstown, NJ) 99.8%) was washed with alumina, filtered and refrigerated. The 

carbon- 13 isotope of methanol (Cambridge Isotopes, Andover, MA) was used in 

some of the experiments to enable detection of CO2 from methanol oxidation 

without interference from CO2 in the atmosphere. All solutions were prepared 

with deionized water (18 MQ-cm) from a four- cartridge Nanopure Infinity system 
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(Barnstead, Dubuque, lA). Perchloric acid (99.999% purity) was obtained from 

Aldrich. 

Instrumentation 

The jacketed spectroelectrochemical cell described in Chapter II was used 

in experiments involving bulk catalysts. The working electrode was a 

polycrystalline Pt disk thermally sealed onto a Kel-F rod also described in 

Chapter II. The working electrode was polished with alumina before each set of 

experiments. A platinum wire served as a counter electrode and a KCI saturated 

Ag/AgCI reference electrode was used. The PAR potentiostat was used to 

perform cyclic voltammetric experiments and the Pine potentiostat was used to 

control potential during infrared spectroscopy measurements. 

Methanol Electro Oxidation on Bulk Pt 

The infrared spectroelectrochemical cell could hold about 9 mL of solution. 

Methanol used was 0.1 M and the electrode was maintained at 0.0 VRHE while 

methanol was added to 0.1 M HCIO4. The solution was maintained at 0.0 VRHE 

for 10 minutes before initial spectral acquisition. Spectra obtained were an 

average of 120 interferograms, and the background spectrum was collected at 

0.0 VRHE. Potentials were stepped up in 50 mV increments until 1.2 VRHE-

Representative spectra are shown in Figure 3.1. Bands at 2065-2080 cm are 
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Figure 3.1: Potential Difference IR Spectra of 0.1 M ^̂ C Methanol in 0.1 M HCIO4 
on Bulk Platinum. (A) CO2 Bands. (B) CO bands 
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due to CO and were detected initially at 0.05 VRHE- CO2 bands are first observed 

at 0.4 VRHE and become stronger in intensity as potential is increased positive. 

Experimental data in Figure 3.1 were obtained at ambient temperatures. 

The shift in wavenumbers for CO and CO2 bands relative to regular methanol is 

due to the carbon-13 isotope of methanol used in the experiments. 

CO Adsorption 

CO adsorption on Pt [5] was carried out under the same experimental 

conditions as described in the previous section. CO gas was bubbled into a 

solution of 0.1 M HCIO4 while the electrode was held at 0.0 VRHE. Spectra were 

recorded according to the procedure described for methanol oxidation, and 

bands associated with the C-0 stretching modes of atop CO (CO coordinated 

with a single surface atom) were detected [6, 7]. 

It was noted that the electrode surface could be saturated with CO at 0.0 

VRHE. Figure 3.2 shows that the intensity of the CO band increased with an 

increase in positive potential up to about 0.5 VRHE. This increase in band intensity 

was attributed to the shifting on CO molecules from bridging to atop positions. 

The CO2 band was observed at potentials greater than 0.5 VRHE suggesting that 

high energy levels were needed to convert CO to CO2. One direction to achieve 

this would be to perform the experiment at higher temperatures [8]. Literature 

studies have shown that CO desorbs at potentials lower than 0.5 VRHE reducing 
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surface poisoning of the catalyst surface at above ambient temperatures. 

Literature data at 75° C have shown that the thermal energy available at that 

temperature would activate the desorption of CO. At temperatures below 75° C, 

the CO molecules lost by desorption were replenished by CO in solution at a fast 

rate and steady state coverage of CO was maintained through the surface of 

catalyst, blocking active sites [8]. 

Spectral data obtained in this study from CO adsorbed on bulk Pt (Figure 

3.2) were in agreement with previous studies of the same system. Bands at 

2065-2080 cm"̂  were due to C-0 stretching modes of CO molecules coordinated 

to single Pt atoms in an arrangement known as atop coordination [8]. An 

increase in band intensity was observed when potentials were stepped positive. 

These intensities begin to diminish when potentials approached the oxidation 

levels for CO. Literature studies on adsorbed CO on bulk Pt [7] at 75° C have 

indicated that it undergoes oxidation at 0.2-0.3 VRHE- It has been suggested that 

these temperature dependent shifts of lower oxidation potentials result from 

water thermal activation and the resulting generation of surface oxides at low 

potentials. 

Catalyst inactivation data derived from the above experiments have 

directed research into probing surface electrochemistry of methanol oxidation at 

higher temperatures [8-10]. Spectra of polycrystalline Pt in HCIO4 containing 

methanol were compared to data from adsorbed CO. Results suggest that 
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processes that lead to adsorbed CO were not sensitive to the effects of 

temperature between -0.1 and 0.0 VRHE- The persistence of CO adsorption at 

higher temperatures (75° C) have been attributed to a sufficient source of the 

reactant that can replenish it. This contrasts to the persistence of CO adlayers 

due to methanolic oxidation under the same conditions. References [2, 8] 

suggest that this could be due to the non-CO surface poisons that are associated 

with methanol dissociative chemisorption which can slow the oxidation of CO by 

inhibiting water activation and decreasing the access of the CO layer to surface 

oxides that have been shown to aid CO oxidation. 

Conclusions 

All experiments in this chapter were performed to gain an understanding 

and reestablish the fundamental aspects of the various reaction pathways of 

methanol electro oxidation in bulk catalysts. Measurements involving bulk Pt 

catalysts helped in assigning CO and CO2 bands formed as a result of oxidation 

of the isotopically labeled ^̂ C methanol and bands due to CO2 from the 

atmosphere. 

Experiments performed with CO dosing were used to study potentials and 

concentrations at which the conversion of CO to CO2 took place. Electro 

oxidation studies on formic acid supported the results of the previous 
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experiments and helped in understanding of the reaction pathways by 

identification and characterization of the resulting CO and CO2 bands. 
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CHAPTER IV 

SURFACE ELECTROCHEMISTRY ON NANOSCALE CATALYSTS 

Introduction 

One of the primary concerns in the development and commercialization of 

a fuel cell is cost [1] as it pertains to the catalyst. Transition metals like platinum 

and ruthenium that have been used as catalysts are expensive and economically 

infeasible when in their bulk form. Research in this direction over the past few 

years has focused on fuel cell catalysts that consist of transition metal particles 

that have a diameter of a few nanometers supported by carbon powder. These 

metal nanoparticles have diminished reflectance [2-4] when probed by infrared 

spectroscopy. One way to get around poor reflectivity is to prepare thin catalyst 

films of a few nanometers on the surface of bulk polished Au. Catalyst films a few 

monolayers in thickness can be prepared by this method [5, 6]. The modified 

substrate maintains the high reflectivity of the bulk gold, and upon reflection of 

infrared radiation, strong electric fields are sustained at the metal surface [7, 8]. 

High quality infrared spectra of molecules interacting with adsorbed catalyst on 

the gold can be obtained under these conditions [5, 6]. 

The focus of research in this section is to probe methanol electrochemical 

oxidation on Pt and PtRu nanocatalysts supported on Vulcan XC-72R carbon at 

temperatures between ambient and 60°C. Studies on bulk Pt as discussed in 

Chapter II have been used to elucidate results on the carbon supported catalysts. 
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Focus is on materials with low metal loadings (Pt = 10 %, Pt-Ru = 15 %), as the 

small diameter (2-4 nm) metal particles typical of at least Pt catalysts display CO 

adsorption characteristics that contrast those of bulk Pt [9-11]. The Vulcan 

carbon-supported catalysts were cast as ultra-thin films on optically flat gold 

electrodes according to procedures developed by the Weaver group [5, 6]. The 

electrochemistry of methanol on the modified gold electrodes was probed by 

voltammetry and in situ reflectance infrared spectroscopy. On Pt catalysts, the 

potential for methanol oxidation shifted negative with temperature by an amount 

similar to that for polycrystalline Pt. The rate of CO2 formation was slower than 

expected, but consistent with findings for methanol oxidation on carbon-

supported, 2-3 nm diameter Pt particles [12]. Pt-Ru catalysts showed strong 

activity for methanol oxidation, and the onset potential for CO2 formation shifted 

to within 200 mV of the thermodynamic value at 60 °C. 

Experimental 

Reagents 

The catalysts, Vulcan carbon-supported Pt at 10 wt % metal loading (C/Pt, 

10 %) and Vulcan carbon-supported PtRu at 30% Pt, 15 wt % Ru loading (C/Pt-

Ru, 30 wt % Pt, 15 % Ru) were from Alfa Aesar/Johnson- Matthey (Ward Hill, 

MA). Methanol (Burdick & Jackson, Muskegon, Ml) GC grade or EM Science 

(Gibstown, NJ) 99.8%) was washed with alumina, filtered and refrigerated. The 

carbon- 13 isotope of methanol (Cambridge Isotopes, Andover, MA) was used in 

some of the experiments to enable detection of CO2 from methanol oxidation 
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without interference from CO2 in the atmosphere. All solutions were prepared 

with deionized water (18 MQ-cm) from a four cartridge Nanopure Infinity system 

(Barnstead, Dubuque, lA). Perchloric acid (99.999% purity) was obtained from 

Aldrich. 

Instrumentation 

The working electrode consisted of a disk of polycrystalline Au (0.8 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 

nm down to 0.05 fxm followed by sonication to remove debris. A KCI saturated 

silver-silver chloride electrode was employed as a reference in all experiments. 

For reporting purposes, the measured potentials were converted to the reversible 

hydrogen electrode (RHE) scale and expressed as volts versus RHE, VRHE- A 

loop of Pt wire served as the counter electrode in all experiments. Cyclic 

voltammograms were recorded with the use of a Princeton Applied Research 

(PAR) model 273 potentiostat/galvanostat controlled by a computer running PAR 

research electrochemistry software version 4.10. 

Infrared spectral measurements were performed with a Mattson 

Instruments R/S-1 Fourier transform infrared spectrometer system running 

WinFirst (version 2.10) software (Thermo Electron Corp., Madison, Wl). The 
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optics used for external reflection measurements were as described in Chapter 2. 

Spectra were obtained at 4 cm"̂  resolution. Other spectral acquisition conditions 

are specified in the figure legends. The spectroelectrochemical cell consisted of 

a glass chamber that was jacketed to maintain constant temperature [13]. 

Elements for heating and temperature control were built into the working 

electrode [13, 14]. Temperature was monitored at the backside of the Au disk 

working electrode by a thermocouple, and cell heating was enabled by a 

thermofoil heater (Minco Products, Minneapolis, MN) inserted into the electrode 

body [13]. A PID temperature controller (LFI-3551, Wavelength Electronics, 

Bozeman, MT) was used to maintain the cell temperature. During spectral data 

collection, the cell potential was applied with a Pine Instruments (Grove City, PA) 

potentiostat. 

Thin films of C/Pt, 10 % catalyst and C/PtRu, 30 % Pt, 15 % Ru catalyst 

were prepared according to the procedure reported in Refs[5,6]. A suspension of 

catalyst (ca. 3 mg/mL) was prepared in ultra pure water, sonicated for 3 min, and 

dispensed with a micro-pipette onto the surface of a polished Au electrode. The 

electrode surface was allowed to dry in a stream of nitrogen for about 15 min. 

The surface was then rinsed in a jet of ultrapure water to remove loosely held 

particles. The resulting electrode surface supported a thin catalyst layer while 

maintaining the high reflectivity of Au. Just prior to experiments, the catalyst 

modified Au electrode was cycled briefly between -0.02 VRHE and +1.05 VRHE (for 

C/Pt, 10 %), or 0.0 VRHE and 0.8 VRHE (for C/PtRu, 30 % Pt, 15 % Ru), in 0.1 M 
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HCI04 to ensure waves characteristic of Pt were identifiable. Then, the electrode 

was held at 0.0 V while sufficient methanol was added to bring the cell to the 

desired concentration. 

Results and Discussion 

Cyclic Voltammetry 

Figures 4.1 and 4.2 show cyclic voltammograms of a gold electrode before 

and after modification with an ultra-thin layer of C/Pt, 10 % loading catalyst The 

current and peak potentials of the general features are in good agreement with 

voltammograms reported earlier for the Au / C / Pt, 10 % loading system in 0.05 

M H2SO4 [5, 7] and in 0.05 M H2SO4 containing 0.1 M methanol [6]. The faradaic 

current relative to the charging current in each case suggests the catalyst film 

coverage is about one monolayer [6, 7]. In clean 0.1 M HCIO4 (Figure 4.1), 

waves appear from 0.0 VRHE to 0.2 VRHE characteristic of hydrogen adsorption 

and hydrogen desorption processes at polycrystalline Pt. Weak features 

associated with oxide formation and stripping on Pt can also be discerned from 

0.5 VRHE to 0.8 VRHE- Addition of methanol to the solution (Figure 4.3A) gave the 

response typical for the oxidation of methanol and methanol dissociative 

chemisorption fragments on Pt electrodes [6, 15]. 
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Figure 4.2: Cyclic Voltammogram of C/Pt, 10 % on Au 
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Figure 4 3- A Cyclic Voltammograms of C/ Pt, 10% in 0.1M HCIO4 Containing 
0 1 M CH3OH (top) at a scan rate of 50 mV/s. B: C/PtRu, 30% Pt, 15% Ru in 0.1 

M HCIO4 at 23°C (bottom) and in 0.1 M HCIO4 containing 0.050 M CH3OH at 
23°C and 60°C. Scan rate was 20 mV/s 
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Voltammograms of a C/PtRu, 30 % Pt, 15 % Ru loading film on Au are 

shown in Figure 4.3 B. The voltammograms were recorded in the temperature 

controlled in situ infrared cell with the working electrode pulled a few millimeters 

away from the window. The positive potential was limited to 0.8 VRHE to minimize 

oxidation-induced changes in the Ru composition at the catalyst surface [16]. 

The film was a few monolayers in thickness [5, 7]. The broad, featureless 

voltammogram recorded in 0.1 M HCIO4 (Figure 4.3A bottom, 4.3B bottom) was 

similar to responses that had been observed for high Ru content bulk PtRu alloys 

[17, 18] and related materials that contain nanometer-scale Ru [19, 20, 21]. With 

the addition of methanol, the current begins to increase rapidly just past 0.4 VRHE 

on a positive going sweep from 0.0 VRHE (Figure 4.3A top). On the return sweep, 

the methanol oxidation current remains at a steady state, consistent with reports 

of methanol voltammetry on PtRu bulk alloys over the limited potential range [17, 

18]. 

The top most cyclic voltammogram in Figure 4.3 B was recorded 

immediately afterward with the same electrode and catalyst layer, but with the 

cell thermostatted at 60 °C. The responses for methanol oxidation at 23 °C and 

60 °C on C/PtRu, 30 % Pt, 15 % Ru catalysts are similar, but at the higher 

temperature the current is greater above 0.4 VRHE. These differences are shown 

more clearly in Figure 4.4 (top), where the fonA/ard scans of the voltammograms 

recorded at 23 °C and 60 °C are overlaid. The two scans begin to diverge at 

about 0.35 VRHE- At a potential of 0.6 VRHE, the current for the scan recorded at 
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60 °C is twice as large as the current on the ambient temperature scan. These 

trends have been observed in voltammograms recorded with bulk PtRu alloy 

electrodes under similar conditions [17, 18]. 

Linear sweep voltammograms for methanol oxidation at a C/Pt, 10 % 

loading catalyst were also recorded at 23 °C and 60 °C (Figure 4.4, bottom). The 

responses were recorded with the same electrode and catalyst layer without 

visible loss of catalyst between scans. Methanol oxidation does not appear to be 

as sensitive to temperature on the Pt catalyst as on PtRu. The onset potential for 

methanol oxidation on the carbon-supported Pt was 36 mV more negative at 60 

°C than at ambient (Fig 4.4, bottom), which is consistent with the effects of water 

thermal activation that have been observed on bulk Pt electrodes [10, 11, 17]. 

CO Adsorption 

Measurements were also obtained for adsorbed CO on the catalyst layers 

at ambient temperatures to simulate CO poisoning on the catalyst film. Figure 4.5 

shows a cyclic voltammogram of C/Pt 10% catalyst monolayer on a 

polycrystalline gold substrate with adsorbed CO. Scan rates were in the order of 

50 mV/s. CO was dosed onto the catalyst layer as mentioned in Chapter III. 
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Infrared Spectroscopy 

Infrared spectra were recorded on the catalyst films prepared under the 

same conditions as described for cyclic voltammetry. All spectral measurements 

were performed with the jacketed infrared spectroelectrochemical cell under 

experimental conditions described in the instrumental section of this chapter. 

Infrared spectra recorded during methanol oxidation on carbon-supported 

Pt (10% loading) are shown in Figure 4.6. The bands at 2277 cm'̂  are from 

''^C02 formed upon the oxidation of ^^CHsOH at the indicated potentials. The 

carbon-13 isotope of methanol was used as reactant to enable CO2 from 

methanol oxidation to be detected with minimal interference from CO2 in the 

atmosphere. The methanol concentration was 0.2 M instead of 0.1 M to provide 

for improved sensitivity toward adsorbed CO and CO2 during reactions on the low 

Pt metal loading material. In the experiments, the band for ^^C02 became 

evident initially at 0.8 VRHE- The ^^C02 band is weak, and its shape is broadened 

by baseline drift and a small feature that extends downward at 2343 cm'"' due to 

excess atmospheric CO2 in the background spectrum. The evolution of ^^C02 

continued to be slow until 1.2 VRHE was reached. At 1.2 VRHE, the rate of ^^C02 

formation was more rapid and a downward extending feature assignable to 

adsorbed "CO (1969 cm" )̂ appeared. The 1969 cm'^ band arises from 

adsorbed "CO present at the background potential of 0.0 VRHE- The band was 

detectable only after the "CO coverage was lowered upon its oxidation at the 

high positive potential. The rapid increase in "CO2 band intensity at 1.2 VRHE 
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likely results from faster adsorbed "CO oxidation. It could also be attributed to 

decreased surface poisoning of "CH3OH dissociative chemisorption due to a 

lower steady state "CO coverage. 

The curved spectral baselines in Figure 4.7 result from compositional 

changes that take place in the thin layer cavity in stepping the electrode from the 

background up to the sample potential. In earlier studies of methanol oxidation 

on carbon-supported Pt catalysts, baseline fluctuations were reduced by 

maintaining a small interval between the reference and sample potentials and 

keeping the interval constant by shifting in equal amounts the potentials at which 

both spectra were recorded [6]. Using the approach in the present studies did 

not reveal bands from CO2 or adsorbed CO below 0.8 VRHE. The low Pt content 

of the thin films probably sets limits on the ability to detect these species. In 

earlier studies of oxidation reactions involving dissolved CO [5] or methanol [12] 

at C/Pt, 10 % loading catalysts, spectral bands of adsorbed CO were barely 

apparent. 

Formic Acid Electro Oxidation 

Formic acid ("C) electro oxidation experiments were also performed to aid 

in reaction pathway studies. The band at 2277 cm-1 (Figure 4.8) arises from 

13C02. The spectra show the early onset of CO2 formation at 0.2 V. Normal 

concentration levels used for formic acid were a result of shift in CO and CO2 
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bands that resulted in minimal interference from atmospheric gases. The 

background spectrum was recorded at 0.0 VRHE-

High Temperature Studies 

Figure 4.9 shows the effect of raising the temperature from ambient to 

60°C on the C/Pt (10%) catalyst films. The increase in temperature shifted the 

onset potential for the appearance of CO2 bands by 50-100 mV in the more 

negative direction as observed in the case of bulk Pt electrodes [9]. At 0.35 V, 

methanol oxidation at bulk Pt and C/Pt (10%) catalysts show similar temperature 

dependent shifts in the onset potential for rapid methanol oxidation. The C/PtRu, 

30% Pt, 15% Ru catalyst films were also more active at 60° C than at ambient 

(Fig 4.10). The concentration of "CH3OH was reduced from 0.1 M to 0.050 M to 

enable CO2 formation to be followed without saturating the CO2 concentration in 

the thin layer cavity. In Figure 4.10, "CO2 becomes detectable at 0.3 VRHE, a 

shift of 200 mV toward more negative potentials compared to the C/PtRu catalyst 

at ambient temperature (Figure 4.7). 
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Comparison Between Nano-Scale Catalvsts and Bulk Pt 

In comparing the results from methanol oxidation in carbon supported 

catalysts and bulk Pt and PtRu catalysts, a striking difference is evident in the 

voltammetry of methanol at Pt catalysts. At bulk Pt (as well as low Ru content 

bulk PtRu), the current density for methanol oxidation at 0.6 VRHE can change by 

almost one order of magnitude between ambient and 60 °C [13, 14]. In contrast, 

for C/Pt, 10 % loading catalyst the current at 0.6 VRHE increased by only a factor 

of 1.4 over the same temperature range (Figure 4.4, bottom). Bulk Pt and C/Pt, 

10 % loading catalyst show expected temperature dependent shifts in the onset 

potential near 0.35 VRHE for rapid methanol oxidation but the shift is lower for bulk 

Pt. 

Some of the disparity in the measurements on bulk and carbon supported 

nano-catalysts reflect differences in the surface properties and preparation 

procedures. Prior to electrochemical measurements, bulk metals were either 

sputter cleaned in Ultra High Vacuum (UHV) [17, 18], or cleaned by oxidative 

chemical and electrochemical treatments [10, 11]. In comparison, the thin films 

of Pt and PtRu supported on Vulcan XC-72R carbon were treated only briefly by 

voltammetric cycling in 0.1 M HCIO4 to avoid inducing structural changes in the 

nanometer-scale catalysts through excessive oxidation. It is likely the clean 

surface characteristics of the bulk materials after processing contribute to their 

higher activity for methanol oxidation. 
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In situ infrared spectroscopy measurements show PtRu materials are 

especially active for CO2 formation [11, 16, 22]. On bulk PtRu with XRU = 0.10, 

CO2 was detected at potentials as low as 0.2 VRHE in the presence of 1.0 M 

methanol for temperatures of 25 °C and 70 °C [11]. The potential at which CO2 

evolution was first detected was approximately 100 mV more negative on the 

bulk alloy than on bulk polycrystalline Pt under the same conditions [10]. The 

C/PtRu, 30 % Pt, 15 % Ru catalyst shows related behavior in that it readily 

transforms methanol to CO2 (Figures 4.7 and 4.10) and it is much more active 

than the C/Pt, 10 % loading catalyst. However, the onset potential for CO2 

formation appears to be lower for bulk PtRu materials than the C/PtRu, 30 % Pt, 

15 % Ru catalyst investigated. 

In situ infrared spectroscopy measurements also suggest there may be 

differences in the rate of steps that control the steady state coverage of adsorbed 

CO during methanol oxidation at bulk versus nanometer-scale PtRu. On bulk 

alloys, compositions of XRU = 0.10 and XRU = 0.90 in 1.0 M methanol were 

observed to support near saturation coverages of adsorbed CO in parallel with 

rapid CO2 formation [11]. The adsorbed CO detected appeared to be the steady 

state coverage that resulted from the balance between CO formation during 

methanol dissociative chemisorption and its conversion to CO2 through reaction 

with surface oxides [11]. The same behavior has been reported for a PtRu bulk 

alloy with XRU = 0.15 in 0.1 M HCIO4 containing 0.5 M methanol [22]. On C/PtRu, 

30 % Pt, 15 % Ru catalyst in 0.1 M methanol, adsorbed CO was not detected. 
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Attempts to raise the methanol concentration to 1.0 M caused gas bubbles of 

CO2 to accumulate in the thin layer cavity between the working electrode and the 

cell's infrared transparent window. It appears the transformation of adsorbed CO 

to CO2 may be faster on C/PtRu, 30 % Pt, 15 % Ru catalyst than on bulk PtRu 

materials, but effects of increasing methanol concentration on adsorbed CO 

coverage at the catalyst was difficult to probe. 

Pretreatment procedures for Pt and PtRu are expected to affect 

electrochemical responses for methanol oxidation at bulk metal versus 

nanometer-scale particles. In the case of PtRu materials, inherent surface 

properties may also account for differences. 

Sonochemically Prepared Nanocatalysts 

Sonochemically prepared PtRu nanocatalysts were obtained from Dr. 

Casadonte's group at Texas Tech University. These catalysts were probed 

under the same conditions as that of the commercially acquired nanocatalysts. 

Infrared spectra of "CO2 produced from oxidation of "CH3OH on the 

sonochemically prepared catalyst are shown in Figure 4.11. Although "CO2 

forms readily by 0.4 VRHE, the reaction at low potentials is much more sluggish 

than on the Johnson Matthey (JM) nanocatalysts. Even with the higher metal 

loading and longer integration times employed in experiments (Figure 4.11) with 

the sonochemically prepared catalyst, "CO2 formation lags that of the JM 
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catalyst (Figures 4.9 and 4.10) at low potentials. Adsorbed CO was detected on 

the catalysts after CO dosing to the 0.1 M HCIO4 electrolyte solution Figure 4.12, 

although CO bands from methanol electro oxidation were difficult to observe. 

Summary 

The effects of temperature on methanol electro oxidation on nanometer 

scale Pt and PtRu nanocatalysts have been studied. Results from the 

experiments on the PtRu nanoscale catalysts show that they have comparable 

behavior as that of the bulk counterparts [10]. The C/Pt 10% loading catalyst did 

not perform as well as bulk Pt as indicated by a comparison of current densities 

for methanol oxidation at 60° C and by temperature dependent shifts in the 

oxidation potential for rapid methanol oxidation. It is believed that differences in 

the surface properties and preparation of bulk materials and the nanoscale 

catalysts are responsible for such behavior. Thermal and electrochemical 

pretreatment of the nanoscale catalysts in order to remove surface contamination 

and a slightly better metal loading would help in achieving comparable results 

and a promising nanocatalyst. 

The PtRu nanocatalysts (C/PtRu, 30% Pt, 15% Ru) showed comparable 

results to bulk PtRu (XRU = 0.10, 0.46 and 0.50) catalysts [11]. The PtRu 

nanocatalysts were more active for CO2 formation than on bulk PtRu with XRU = 

0.10. The current for methanol oxidation at 0.6 VRHE at 60° C was comparable to 

bulk PtRu with XRU = 0.46 [11] although the onset potential for methanol oxidation 
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under the same conditions was about 0.1 VRHE more positive than the bulk 

material. The PtRu nanocatalysts were much more active for the formation of 

CO2 from methanol than the C/Pt nanocatalyst [23]. Experiments to compare the 

formation of adsorbed CO on the nanocatalysts with the bulk materials were 

hampered by accumulation of CO2 bubbles formed on the surface of the cell 

window at high methanol concentrations. Lower methanol concentrations did not 

show appreciable CO bands suggesting that the PtRu nanocatalyst resists the 

accumulation of CO. A comparison between the sonochemically prepared 

catalysts and JM C/PtRu showed that methanol oxidation and formation of CO2 

take place at more positive potentials at low potential ranges. The JM C/PtRu 

nanocatalysts seem to be superior to the sonochemically prepared PtRu 

although they have a lower metal loading and smaller integration times. 
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CHAPTER V 

SUMMARY 

The surface electrochemistry of methanol electro oxidation on various 

nanocatalysts was studied using cyclic voltammetry and Fourier transform 

infrared spectroscopy. The primary goal of this research was to characterize cost 

effective and robust catalysts for use in direct methanol fuel cells, which appear 

as promising portable power sources. The results obtained through these 

experiments have resulted in a better understanding of the processes that take 

place during methanol electro oxidation. The study of the nanocatalysts showed 

their advantages with respect to their performance at a low metal loading of 

catalysts, better resistance to CO poisoning and robustness at experimental 

conditions. Once some of these basic hurdles are overcome, the reality of 

commercial direct methanol fuel cells would prove to be an important turning 

point in the history of mankind. 
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