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ABSTRACT 

Materials aspects of low temperature (< 100 °C) fuel cell systems were 

investigated.  The first studies presented examine properties of nanometer scale 

catalyst materials toward the electrochemical oxidation of carbon monoxide (CO) 

and methanol (CH3OH) in acid electrolyte solutions.  Catalyst samples studied 

include carbon supported Pt (C/Pt), Pt black, PtRu and PtV.  Special focus was 

on bimetallic materials prepared using sonochemistry.  The second area 

discussed explores hydration in Nafion thin film and freestanding membrane 

materials.  Effects of hydration on Nafion backbone and side-chain groups and 

interactions of solvent with the polymer were investigated with the use of 

transmission infrared spectroscopy. 

 For the C/Pt containing 40 wt. % Pt catalyst, the average yields of CO2 from 

electrochemical oxidation of 0.3 M CH3OH in 0.1 M acid electrolyte solutions 

determined following 180 s electrolysis periods exceeded 50 % for potentials 

≥ 0.6 VRHE.  Experiments on PtRu nanoparticles prepared through a 

sonochemical method show the PtRu materials have properties of uniform bulk 

alloys.  In studies of CH3OH and CO oxidation, sonochemically prepared (SC) 

PtRu samples containing 10 at. % Ru (XRu = 0.1) and 50 at. % Ru (XRu = 0.5) 

displayed activities relative to the catalyst active surface area consistent with 

responses for bulk PtRu having similar composition.  Studies of SC PtV showed 

the material has high resistance toward poisoning by adsorbed CO.  However, 

PtV was not as active as Pt black toward CH3OH oxidation. 

 ix



 For the membrane material Nafion, vibrational modes of polymer bands and 

water inside membrane pores and channels were identified by infrared 

spectroscopy and observed to be sensitive to film hydration.  In the H+ 

exchanged form, -SO3
- groups were shifted to -SO3H and water was easily 

removed upon exposure to a few torr of vacuum at 95 °C.  In contrast, residual 

water was retained by membrane exchanged with Na+ after exposure to these 

conditions for up to 72 hours.  The permeation of CH3OH and acetone 

((CH3)2CO) into Na+ exchanged freestanding (Nafion 112) membrane was also 

examined.  The C-H and O-H stretching modes of CH3OH were perturbed in a 

manner that suggests the polymer disrupts hydrogen bonding interactions within 

the solvent, similar to the effect it exerts on pure water.  For acetone, the C-H 

stretching modes were not shifted appreciably compared to those of the bulk 

liquid.  However, the carbonyl band was affected, indicating the likely importance 

of dipolar interactions between solvent molecules and polar groups on the 

polymer.  Control experiments performed with poly(hexafluoropropylene-co-

tetrafluoroethylene) (FEP) membrane did not show evidence for water or CH3OH 

permeation, which demonstrates the critical role played by the ion filled channels 

and pores in facilitating solvent transport within Nafion membrane. 
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CHAPTER I 

INTRODUCTION 

 
As we entered a new millennium, it was predicted that the global demand 

for energy and world wide vehicle use would rise rapidly during the next few 

decades.  In order to conserve our energy resources, protect our environment, 

and improve the quality of life, energy efficient technologies are needed.  Fuel 

cells are receiving attention as a means to address natural resource depletion 

issues and environmental concerns, such as global warming.  Fuel cells have 

potential for greater operating efficiency with lower emissions over conventional 

power sources in use today [1]. 

Fuel cell technology is not new, as the idea has been around since the 

early days of electrochemistry.  Welch physicist William Grove first demonstrated 

fuel cell technology in 1839. Sir William Grove’s insights were developed from his 

experiments on the electrolysis of water.  He reasoned it would be possible to 

reverse the process by reacting oxygen and hydrogen at separate electrodes to 

produce electricity.  The term “fuel cell” was coined in 1889 by Ludwig Mond and 

Charles Langer, who attempted to use air and coal gas to generate electricity [2].  

The United States National Aeronautics and Space Administration (NASA) began 

using fuel cells in the late 1950s and continues to do so today.  Serious interest 

in the fuel cell as a practical generator began in the 1960s, when they were 

chosen for the United State space program over riskier nuclear power and more 

expensive solar energy.  Fuel cells furnished power for Gemini and Apollo 
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spacecrafts, and continue to provide electricity and water for the space shuttle 

[3].  Fuel cells can be used to produce small amounts of electric power required 

to operate devices such as portable computers or radio transmitters, right up to 

the high powers needed for electric power stations [4].  Today, all major auto 

companies have fuel-cell powered vehicles in the works, and a nascent fuel cell 

industry is growing rapidly. 

 

Background 

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

of a reaction into electrical energy.  In principle, a fuel cell operates like a battery.  

Unlike a battery, however, the reactants, or fuels, are continuously supplied to a 

fuel cell.  Fuel cells convert chemical energy directly into electricity without an 

intermediate conversion into mechanical power [5].  Therefore, fuel cell 

efficiencies are not restricted by the Carnot limit, and in principle efficiencies near 

100% are possible. Other benefits of fuel cells include low temperature operation, 

low emissions, ease of operation, absence of moving parts, low maintenance, 

and clean, safe, quiet performance.  Furthermore, the heat generated can be 

captured for other uses [6]. 

  Fuel cells are usually classified according to the electrolyte employed in 

the cell.  An exception is the direct methanol fuel cell (DMFC), in which methanol 

is directly fed to the anode.  Other types of fuel cells include the alkaline fuel cell, 

the phosphoric acid fuel cell (PAFC), the proton exchange membrane or polymer 
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electrolyte membrane fuel cell (PEMFC), the molten carbonate fuel cell (MCFC), 

and the solid oxide fuel cell (SOFC).  These fuel cells, including the DMFC, share 

the same basic setup.  The alkaline fuel cell is the only one that operates with an 

electrolyte that has a basic pH.  The PAFC, PEMFC and DMFC types utilize 

acidic electrolytes.  The MCFC and SOFC power sources operate with solid 

electrolytes at high temperatures (> 5000C) and PAFCs operate at 175 – 2000C.  

The PEMFC and DMFC have the potential for use in many applications due to 

their high efficiencies and relatively simple operation [7-10].  The types and 

characteristics of all fuel cells are summarized in Table 1.1 [5,7-10]. 
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Table 1.1. Types of Fuel Cells and their Characteristics and Applications [5, 7-

10]. 

Fuel Cell 
Type 

Electrolyte Charge 
Carrier 

Temp. 
(0C) 

Efficiency 
(%) 

       Power Range/ 
       Applications 

      
PEMFC Solid 

polymer 
membrane 

H+ 50-100 35-45 5-250 kW, Automotive, 
CHP 

      
AFC KOH OH- 60-120 35-55 < 5kW, Space vehicles 
      
DMFC Solid 

polymer 
membrane 

H+ 50-100 40-50 1-100 kW, 
Transportation, 
Remote power 

      
PAFC H3PO4 H+ 220 40 200 kW, CHP, portable 
      
MCFC Alkali 

carbonate 
CO3

2- 650 > 50 200 kW-MW Range, 
CHP & Standalone 

      

SOFC Solid oxide 
(Ceramic 
oxide) 

O2- ~ 100 > 50 2 kW- MW Range, 

CHP& standalone 
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Polymer Electrolyte Membrane Fuel Cell 

Polymer electrolyte membrane fuel cells, also called proton exchange 

membrane fuel cells deliver high power density and offer the advantages of low 

weight and volume, compared to other fuel cells. According to the United States 

Department of Energy, “These cells are the best candidates for light-duty 

vehicles, for buildings, and much smaller applications such as replacements for 

rechargeable batteries” [7]. 

PEM fuel cells use a solid polymer as an electrolyte and porous carbon 

electrodes containing a platinum based catalyst. They need only hydrogen (H2), 

oxygen (O2) from the air, and water to operate. They are typically fueled with 

pure hydrogen supplied from storage tanks or onboard reformers [3,7]. 

As dipicted in Figure 1.1, hydrogen is fed to the anode side of the fuel cell.  

Oxygen (or air) enters the fuel cell through the cathode.  Enabled by a catalyst, 

hydrogen is oxidized releasing protons and electrons, which take different paths 

to the cathode.  Protons pass through the polymer electrolyte membrane.  

Electron flow from anode to cathode creates a current that can be harnessed for 

useful work [3,7]. 

Anode reaction    :   H2 (g)   →    2H+ (aq) + 2e-     (1) 

Cathode reaction :   ½ O2 (g) + 2H+ (aq) + 2e-   →    H2O (l)  (2) 

Cell reaction         :   H2 (g) + ½ O2 (g)    →    H2O (l)   (3) 
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Since fuel cells generate power through surface catalytic chemistry of 

clean fuels, emissions from a fuel cell are lower than emissions from even the 

cleanest fuel thermal combustion processes [7].  For a H2/O2 fuel cell, H2O is the 

only by-product. (eq. 1-3).  However, economical sources of pure hydrogen are 

not readily available.  Therefore, among the methods used to produce H2 (natural 

gas reforming, electrolysis, photoelectrolysis, biomass gasification, pyrolysis and 

photobiological methods), currently the most practical source of H2 is the catalytic 

processing of hydrocarbons [11].  Hydrogen produced by steam reforming or 

partial oxidation of hydrocarbon fuels (gasoline, diesel, methane, alcohols) 

contains impurities of CO (1-3%) and larger quantities of CO2 (19-25%) and 

nitrogen (25%).  While N2 has the effect of diluting the hydrogen, CO degrades 

anode performance through poisoning of pure Pt catalysts.  For CO, 

concentrations as low as 10 ppm dramatically reduce catalyst performance [11].  

CO binds strongly to Pt sites; therefore, in a H2/CO mixture, CO reduces the sites 

available for H2 adsorption and oxidation.  Although the electrochemical oxidation 

of CO is thermodynamically favorable, in practice a large overpotential is 

required on pure Pt surfaces before oxidation occurs [11].  To address this issue, 

the present study is focused on bimetallic catalyst materials comprised of PtRu or 

PtV in support of low temperature fuel cell development. 

A major breakthrough in the field of PEM fuel cells came with the use of 

Nafion membrane as the electrolyte.  The heart of any fuel cell is the electrolyte.  

While low and intermediate temperature fuel cells consist of solid polymer 
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electrolytes, other high temperature fuel cells utilize liquid electrolytes.  Most of 

the research efforts on the solid polymer electrolytes have been devoted to only 

a small number of materials, notably the ethylenes, styrenes, rubbers, and those 

based on poly(tetrafluoroethylene). Nafion is one such example of a 

poly(tetrafluoroethylene) based ionomer and is the most widely studied and used 

electrolyte for polymer electrolyte fuel cells [12].  To optimize fuel cell 

performance, it is necessary to understand the nature and the structural changes 

of the polymer electrolyte membrane during fuel cell operation. 

This dissertation targets improved understanding of chemistry within 

PEMFC and DMFC power sources, focusing on methanol (MeOH) and carbon 

monoxide (CO) oxidation over different catalyst materials and water uptake by 

Nafion thin films and freestanding membrane.  
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Figure 1.1. Polymer Exchange Membrane Fuel Cell [13] 
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Nafion 

The cation transport properties and thermal, chemical and mechanical 

stability of the polymer Nafion have combined to make it attractive as a 

membrane separator for power sources and chemical sensors.  Nafion is a 

perfluorosulfonate polymer consisting of a polytetrafluoroethylene backbone and 

perfluoroether side chains that terminate in a sulfonate group.  The polymer can 

be exchanged with a variety of cations producing acid (H+) or neutralized (Na+, 

K+, etc.) forms (Scheme 1.1).  The sulfonated side chains endow Nafion with high 

proton conductivity and cation exchange capacity. The value of m in Scheme 1.1 

can be varied to create materials with different equivalent weights (EW). The 

form 1100 EW is the most common, though EWs of 900-1400 are available. The 

relationship between EW and m is EW = 100m + 446 so that, for example side 

chains are separated by around 14 CF2 units in a membrane of 1100 EW.   

Nafion membranes are identified as Nafion 112, 1135, 115, 117 etc.  In this 

standard nomenclature, the first 2 digits indicate the equivalent weight, and the 

last digit(s) indicates the thickness of the membrane in thousands of an inch.  For 

example, Nafion 112 is a membrane of 1100 EW and thickness of 0.002 inches 

[14,15].  Interest in the structure of Nafion in relation to its frequent application as 

an ionically conductive medium has been an important factor in motivating its 

study by spectroscopic techniques that enable the polymer to be probed at 

temperatures and pressures near ambient and in a wide range of hydration 

states.  
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 Several models proposed to describe the way in which ionic groups 

aggregate within Nafion membranes. These models include the Mauritz-

Hopfinger Model [16], the Yeager Three-Phase Model [17], the Eisenberg-Hird-

More Model of Hydrocarbon Ionomers [18], and the Gierke Cluster Network 

Model [19].  Each of these models attempts to predict the fundamental features of 

equilibrium ionic selectivities and ionic transport. Electrostatic and hydrophobic 

interactions cause the fluorocarbon-rich and ion-rich groups to segregate and 

form regions enriched in the different phases [20].  Yeager’s model describes 

Nafion as consisting of three regions: a fluorocarbon region (A), an interfacial 

zone (B) and an ionic cluster region (C). These regions are depicted in Figure 

1.2. Region A consists of the fluorocarbon backbone and is quite hydrophobic. 

Region C consists of clusters of pendant sulfonate groups. This region is quite 

hydrophilic and is where most absorbed water and counterions are believed to 

exist. Gierke has proposed the ionic groups cluster to form sphere-like regions 

filled with solvent and cations, which can exist within a network interconnected by 

smaller channels [21].  Region B is dominated by the side chains, which form an 

interface.between the fluorocarbon-rich phase and the ionic cluster regions.  The 

polar nature of the ether linkages are thought to enable water and counter ions to 

penetrate the region to some extent [8].   

The proton conductivity of Nafion is dependent on its hydration state. In 

the dry state, Nafion is a poor ion conductor, but the ionic conductivity increases 

as the water content rises and reaches a maximum and become independent of 
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water content [22].  Because of the dependence of ion, or proton conductivity on 

hydration level, reactant gases are typically humidified before they enter a 

PEMFC. However, this need for humidification limits the operational temperature 

of non-pressurized Nafion based PEMFCs to under 100 oC, to prevent 

membrane dry out. On the other hand, if too much water is present, the reactant 

gas flow fields and gas diffusion layer pores of the fuel cell can fill with water.  

The condition is called “flooding” and leads to mass transport limitations in the 

fuel cell by preventing reactant gas from reaching active catalyst sites. Therefore, 

water management is often a delicate balance that is critical to good fuel cell 

performance [23, 24]. 
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Figure 1.2. Yeager's three-phase model of Nafion; a fluorocarbon region 
(A), an interfacial zone (B) and an ionic cluster region (C) [17]. 

 
 

 

 12



Direct Methanol Fuel Cell 

 A DMFC is a relatively new member of the fuel-cell family, and is similar to 

the PEMFC in that they both use a polymer membrane as the electrolyte.  Its 

typical operating temperature is 500C – 1000C.  Higher efficiencies are achieved 

at higher temperatures.  There are many advantages to employing CH3OH as the 

fuel (as opposed to hydrogen). CH3OH is a liquid, hence its storage and 

transportation is less complicated. Also, CH3OH can be supplied more easily 

through the existing gasoline infrastructure. Although hydrogen can be generated 

in situ from CH3OH using a reforming process, the reformer unit further 

complicates the fuel cell system. Also, reformed hydrogen contains significant 

levels of CO that poison the Pt catalyst.  The ease of storage and handling, high 

energy density, low to zero pollutant emission, and safety of CH3OH fuel also 

make it attractive for low power applications, such as for cellular phones and 

laptops [25].   

Figure 1.3 shows a schematic of DMFC [26].  The reactions in a DMFC 

are as follows [26]: 

Anode    :    CH3OH (aq) + H2O (l)       →   CO2 (g) + 6H+ (aq) + 6e-    (4) 

Cathode :    6H+ (aq) + 6e- + 3/2 O2 (g)  →   3H2O (l)      (5) 

Cell        :    CH3OH (aq) + 3/2 O2 (g)     →   CO2 (g) + 2H2O (l)    (6) 

 

Methanol and water react at the anode to produce CO2, protons, and electrons.  

An acidic electrolyte is advantageous to CO2 rejection since insoluble carbonates 
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form in alkaline electrolytes.  The protons produced at the anode migrate through 

the polymer electrolyte to the cathode where they react with O2 (usually from air) 

to produce water.  The electrons produced at the anode carry the free energy 

change of the chemical reaction and travel through the external circuit where 

they can be made to do useful work, such as powering an electric monitor [24]. 

A major problem for DMFCs is the cross over of fuel from the anode to the 

cathode. Creating a mixed potential at the cathode and poisoning the cathode, it 

affects the overall performance of the cell [25].  Crossover can be minimized by 

controlling the methanol feed concentration, enhancing the efficiency of the 

anodic reaction, and developing membranes that are less permeable to CH3OH 

[27]. 
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Figure 1.3. Direct Methanol Fuel Cell [26] 
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Bimetallic Catalysts for Electrooxidation of CH3OH 

 Among the most significant issues facing the development of low cost, 

high efficiency CH3OH powered fuel cells is the poisoning of the anode catalyst 

by CO generated during the electrochemical oxidation of CH3OH.  In addition to 

CO, other byproducts, such as CH2O, and HCOOH can also form [28]. Figure 1.4 

shows some important CH3OH oxidation pathways.   

 PtRu catalysts have shown an increased tolerance to CO poisoning, 

enhanced current densities, and a decreased overpotential for fuel oxidation 

when compared to pure Pt [29].  While Pt is an effective catalyst for CH3OH 

dehydrogenation, Ru can dissociate water at low potentials to create surface 

oxides necessary for the conversion of CH3OH to CO2 [30-33].  Simplified 

mechanisms for CH3OH oxidation on Pt and PtRu catalyst are shown in Scheme 

1.2 and 1.3 respectively.  Pt sites act as centers for adsorption and dehydration 

of CH3OH and Ru sites as centers for CO oxidation.  Further, adjacent Pt-Ru 

sites and boundaries between domains of Pt and Ru surface atoms were 

proposed as active sites for CO electrooxidation [34-36].  According to the 

bifunctional mechanism, the electrolytic oxidation of adsorbed CO is facilitated at 

lower anodic overpotentials over high Pt content PtRu materials than on pure Pt, 

due to the more favorable kinetics for the formation of OHads species on Ru 

surface atoms, which are more oxophillic than Pt.  The OHads can be generated 

by electrochemical dissociation of water on these sites at more negative 

potentials compared with pure Pt [33,35-40].  It was observed that adding a small 
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or medium amount of Ru (Ru mole fraction, XRu ≈0.1-0.5) to Pt electrode 

materials greatly increases catalytic activity toward CH3OH and CO oxidation 

[33,41,42] 

 In addition to PtRu, other bimetallic catalysts such as PtBi [43], PtSn [5, 

44,45], PtMo [46] and also ternary and higher alloy catalysts namely, PtRuOs 

[47], PtRuSn [48], and PtRuW [49], PtRuOsIr [50] have been developed to obtain 

enhanced catalytic activity toward CH3OH electrochemical oxidation.  Of all the 

bi- or tri-metallic catalysts mentioned, PtRu materials have long been recognized 

as exhibiting superior catalytic activity.  Additionally, Ru is a fairly noble metal 

and therefore much more stable than other promoters under the conditions of 

DMFC operation [51,52,53].   

 

 

 

 

 

 

 

 

 

 

 

 17



 

 

 

 

Pt + CH3OH  →  Pt-COads + 4H+ + 4e-   

 Pt + H2O      →  Pt-OHads + H+ + e-      

  Pt-COads  +  Pt-OHads →  CO2 + 2Pt +  H+ + e-    

 

        Scheme 1.2. Methanol oxidation reactions on Pt. 

 

 

 

Pt + CH3OH  →  Pt-COads + 4H+ + 4e-   

 Ru + H2O      →  Ru-OHads + H+ + e-      

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

         

         Scheme 1.3. Methanol oxidation reactions on PtRu. 
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Figure 1.4. Some methanol oxidation pathways. 
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CO Poisoning Effect on Fuel Cell Catalysts 

 In low temperature polymer electrolyte fuel cells, both for PEFCs operated 

by H2-rich reformate, i.e. by CO contaminated fuel gases generated by reforming 

of organic fuels, or for PEFCs driven by direct oxidation of methanol (DMFCs), a 

key problem is gradual poisoning of the catalysts by CO either by adsorption of 

CO trace impurities present in the feed or by CO generation during the stepwise 

dehydrogenation of methanol [36].  CO concentrations of 50 ppm or greater can 

poison Pt anode catalysts [8].  CO blocks Pt sites, and the CO is not oxidatively 

removed by reaction with water to make CO2 unless the anode potential is 

increased to ~ 0.6 VRHE. The result of doing this is an unacceptable loss of cell 

voltage and efficiency. When the electrode potential is lower than about 

0.45 VRHE, a layer of strongly bonded adsorbed CO forms on the surface of Pt 

based catalysts.  It has been found that by adding O2 to the system, the CO can 

be oxidized at a lower potential, but the gain in the cell voltage is not large 

[10,49].  Furthermore there is a loss of power because no current is generated 

when CO is oxidized by O2 on the anode surface.  The net result is the significant 

degradation of fuel cell performance [32]. 

 

Project Focus 

 The goals of this project were to evaluate the activity, surface 

characteristics, and the efficiency of carbon dioxide formation during the 

electrochemical oxidation of methanol on different types of catalysts and to 
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investigate the changes of sub-micron thin films of Nafion and freestanding 

Nafion membrane (Nafion 112) that occur upon hydration and dehydration when 

exposed to vapor phase water and methanol/water mixtures. To address the first 

objective, different compositions of Pt based catalysts (Pt, PtRu, and PtV) were 

studied.  The study of sonochemically prepared PtRu and PtV catalyst was a 

special new area of emphasis. These catalysts are of interest for use in direct 

methanol fuel cells.  For analysis of CO2 formation efficiency, electrochemical 

and ex situ Fourier transform infrared (FTIR) spectroscopy techniques were 

used.  Surface characteristics were observed with CO stripping experiments and 

the rate of methanol oxidation was determined through constant potential step 

chronoamperometry measurements.  The steady-state current recorded 20 min 

after the initiation of the reaction was used to construct Tafel plots. 

Measurements were conducted in aqueous solutions containing either 0.1 M 

HClO4 or 0.1 M H2SO4.  In all experiments, bare electrode surface 

characteristics, catalyst surface characteristics and cell cleanliness were critical 

issues.   

To meet the second objective of the project, transmission infrared 

spectroscopy was applied to investigate properties of the perfluorosulfonated 

polymer Nafion and the changes of the polymer properties with different 

hydration levels.  Detailed information in relation to the environment of water 

molecules inside pores and channels of the polymer was of interest.  

Measurements that probed effects of hydration and dehydration were made on 
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thin films formed by casting the polymer from solution onto ZnSe windows, and 

on freestanding Nafion 112 membrane.  In work with thin films, a complex band 

structure between 1350 cm -1
 – 1100 cm -1

 was analyzed by fitting the region to 

Gaussian functions. Features associated with vibrational modes of –CF2 and 

 –SO3
-
 groups were identified and observed to be sensitive to film hydration. 

Vibrational bands for water were also examined. The broad OH stretching 

intensity (3000-4000 cm-1) provides information concerning hydrogen bonding of 

water and thus reflects the wide variety of environments for water molecules 

present inside Nafion.  The focus of experiments was on low hydration states of 

Nafion, where spectral features of the free OH stretching mode of interfacial 

water molecules were apparent.  In studies of freestanding Nafion 112 

membrane, bands for water interacting with fluorocarbon-rich and sulfonate-rich 

regions of Na+ exchanged Nafion membrane were investigated and assigned to 

interfacial water by comparison to vibrational sum frequency (VSF) spectroscopy 

studies of water-organic and salt solution-air interfaces.  Methanol permeation 

through the Nafion membrane was also studied.   
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Summary 

 Understanding of surface characteristics, CH3OH and CO oxidation kinetic 

processes, and structural properties of membrane materials that are of interest 

for use in low temperature (< 100 °C) fuel cell systems has significant influence 

both in fuel cell applications and in theoretical electrochemical studies.  This 

dissertation examines the CH3OH and CO oxidation on various Pt based catalyst 

materials and performance of proton exchanged Nafion through studies of film 

hydration and dehydration.  Chapter II describes instrumentation and general 

experimental procedures.  Results for CH3OH oxidation on Carbon supported Pt 

nanoparticles on glassy carbon electrode in 0.1 M HClO4 are discussed in 

Chapter III.  CH3OH and CO oxidation on JM PtRu (XRu ≈ 0.5), and 

sonochemically prepared PtRu (XRu ≈ 0.5) and PtRu (XRu ≈ 0.1) catalysts on Au 

electrode in acid electrolyte is presented in Chapter IV and the results are 

compared with benchmarks of PtRu alloy catalyst with same composition.  

Results from CH3OH and CO oxidation on sonochemically prepared PtV 

(XV  ≈ 0.5) are discussed in Chapter V.  Chapter VI and VII describe Fourier 

transform infrared studies on cast Nafion film and freestanding Nafion 112 

membrane at different hydration levels respectively.  Investigations shed light on 

performance of polymer bands and interfacial water regions at different relative 

humidity.  The summary of this project is presented in Chapter VIII. 
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CHAPTER II 

INSTRUMENTATION AND GENERAL EXPERIMENTAL  

CONSIDERATIONS 

 

In the first part of the project, electrochemical techniques and transmission 

infrared spectroscopy were combined to study the formation of CO2 from the 

electrochemical oxidation of methanol on fuel cell catalyst particles.  Catalyst 

samples studied include carbon supported Pt (C/Pt), Pt black, PtRu and PtV.  

The differences of performance between commercial PtRu catalyst samples and 

sonochemically synthesized PtRu catalyst were compared.  Catalysts were 

supported on bulk gold (Au) and glassy carbon (GC) electrodes, since Au and 

GC electrodes are conductive but not reactive toward methanol oxidation.  Cyclic 

voltammetry and potential step chronoamperometry were employed for 

electrochemical characterizations, while infrared spectroscopy was used for the 

detection and quantification of CO2 produced from the oxidation of CH3OH.   

As the second part, infrared spectral bands that are prominent and 

undergo changes during the hydration and dehydration of cast Nafion films 

(~1 μm thickness) and Nafion 112 membranes (50 μm thickness) were 

investigated using Fourier transform infrared (FTIR) spectroscopy.  Cast films 

were prepared by dispensing a few milliliters of Nafion solution onto a Zinc 

Selanide (ZnSe) window and spreading the solution by gentle tilting followed by 
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drying at 1100C. Nafion 112 membranes (30 cm ×  30 cm) were purchased from 

Ion Power Incorporation (New Castle, DE)  and cut into 1 cm × 1 cm pieces.  

 

Reagents 

CH3OH (Fisher Scientific, 99.9%) was washed over alumina, filtered, 

distilled and stored refrigerated.  The isotopically labeled compounds 13CH3OH 

(99% isotope purity) and D2O (99.9% isotope purity) were obtained from 

Cambridge Isotope Laboratories (Andover, MA). Tetrahydrofuran (THF) (99+% 

purity), HClO4 (99.999% purity), H2SO4 (99.999% purity), NaCl (99% purity), LiCl 

(99% purity), and Nafion solution (5 wt. % in a mixture of lower aliphatic alcohols 

and water) were from Aldrich Chemical Co, Milkwaukee.  MgCl2.6H2O (99.96% 

purity) was from Mallinckrodt, Inc. (St. Lois, MO).  H2O2 (3 % by volume (v/v)) 

was from Aaron Industries, Inc., Lynwood, CA. All aqueous solutions were 

prepared with deionized water (18 MΩ-cm) from a four-cartridge Nanopure 

Infinity System (Barnstead, Dubuque, IA).  The gases Ar (Air Liquide American 

Corp. Houston, TX), N2 (Airgas, Lubbock, TX), and CO (Metheson Tri-Gas, 

Houston, TX) were ultrahigh purity grade.  Au wire was grade premion from Alfa-

Aeser (Ward Hill, MA). Pt black catalyst (nominally 10 nm diameter, 27 m2/g), Pt 

at 40 wt. % metal loading on Vulcan XC-72R carbon (C/Pt, 40 %), PtRu black 

catalyst (50 at. % Pt, 50 at. % Ru, XRu ≈ 0.5), PtBr4 (99.9% purity) and RuCl3. 

xH2O (99.9% purity, 42 wt% Ru content) were obtained from Johnson Matthey 
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(Ward Hill, MA).  Information related to catalysts used in this study is summarized 

in Table 2.1. 
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Table 2.1.Catalyst Information 

Catalyst 
Abbreviation 

Description Source 

   

Pt black  Pt black, pure Johnson Matthey 
(Ward Hill, MA).   

   
C/Pt, 40% Pt at 40 wt. % metal loading  

on Vulcan XC-72R carbon 
Johnson Matthey 
(Ward Hill, MA).   

   
   
JM PtRu (XRu ≈ 0.5) 50 at. % Pt, 50 at. % Ru Johnson Matthey 

(Ward Hill, MA) 
   
SC PtRu (XRu ≈ 0.5) Sonochemically prepared  

PtRu black catalyst (50 at. % Pt, 
50 at. % Ru) 

Synthesized 

   
SC PtRu (XRu ≈ 0.1) Sonochemically prepared  

PtRu black catalyst (90 at. % Pt, 
10 at. % Ru) 

Synthesized 

   
SC PtV (XV ≈ 0.5) Sonochemically prepared  

PtV black catalyst (50 at. % Pt, 
50 at. % V) 

Synthesized 
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Electrochemistry 

Cells and Instrumentation 

 A Princeton Applied Research (PAR) model 275 Potentiostat/galvanostat 

controlled by a computer running model 270/250 PAR research electrochemistry 

software version 4.10 or Gamry PC4/300 (Gamry Instruments, Warminter, PA) 

running version 4.10 software was used for controlling electrochemical potentials.  

A KCl saturated silver/silver chloride (Ag/AgCl/KCl(sat)) electrode and a 

reversible hydrogen electrode (RHE) prepared in 0.1 M H2SO4 served as 

reference electrodes. A ring of Pt wire was used as the counter electrode in all 

voltammetric experiments.  The Ag/AgCl/KCl(sat) electrode contacted the 

electrolyte solution through a Vycor glass frit.  The compartment that held the 

reference electrode was separated from the test solution by a ground glass 

stopcock to minimize the contamination of the test solution by leakage of 

chloride.  When a RHE was used as the reference, it was directly immersed in 

the electrolyte solution.   All voltages were converted to the RHE scale and 

identified as volts versus RHE (VRHE) for reporting purposes.  The working 

electrodes used were a GC electrode (5 mm diameter) mounted in a Teflon 

sheath, a polycrystalline Au disk (8 mm diameter by 2 mm thick) pressure sealed 

into a shallow well milled into the end of a Kel-F rod, and a polycrystalline Au 

bead (1.16 mm diameter) electrode.  The Au bead was formed from a Au wire.  A 

flat surface was exposed by securing the bead in acrylic resin and polishing 

successively with abrasive paper (320, 400, and 600 grit), aluminium oxide 
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powder (9.5 μm and 3 μm) and de-agglomerated alpha alumina (1 μm, 0.3 μm 

and 0.05 μm).   Afterward, to release the electrode from the resin, it was soaked 

in dichloromethane for a few hours.  Before experiments, the working electrode 

was polished mechanically with de-agglomerated alpha alumina from 1.0 μm 

down to 0.05 μm followed by sonication for 2 min. to remove debris.  The Au 

electrode was cycled at 50 mV/s scan rate between 0.0 VRHE and 1.8 VRHE either 

in 0.1 M HClO4 or H2SO4, in the voltammetric glass cell or in the glass 

electrochemical cell.  Characteristic sharp features in the oxide stripping and 

oxide formation regions of a cyclic voltammogram (CV) indicate the surface 

cleanliness of the electrode.  Prior to experiments, electrochemical cells and 

other glass and Teflon parts were stored in an acid bath solution (2:1:3 ratio of 

nitric acid, sulfuric acid and water) overnight, followed by rinsing with deionized 

water for several minutes. 

Side views of the electrochemical cells used for electrolytic experiments 

are shown in Figure 2.1.  The solution electrochemical cell was made of Pyrex 

glass.  The cell was 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.  

The whole cell volume was 100 mL.  In thin layer electrochemical cell, the 

window was a Kel-F disk (diameter 2.45 cm) that contains a well of fixed volume 

(50 μL) machined into the center on the interior side.  A 2 mm recess cut into the 

top edge of the well allows the working electrode to be positioned with the metal 

disk facing the well and in contact with the electrolyte.  A hole in the cell body 
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allows transport inert gas (Ar/N2) for solution degassing.  A drilled hole at the 

center of the well allows the transfer of solution through a 23-guage needle.   

 

Catalyst Preparation and Treatment 

C/Pt, 40 % was used on GC electrodes, and JM PtRu (XRu ≈ 0.5), SC 

PtRu (XRu ≈ 0.5), SC PtRu (XRu ≈ 0.1), and SC PtV (XV ≈ 0.5) catalyst were 

immobilized on Au electrodes.  Catalyst films were adsorbed onto the clean, 

polished GC or Au electrode by adapting procedures of Jusys, Behm, and 

Weaver and coworkers [1,2,3,4].  All JM catalysts were suspended in ultra pure 

water to make a slurry with a density of 2 mg/mL catalyst.  Few micro liters of the 

C/Pt, 40 % catalyst samples were pipetted with a glass pipette onto the GC 

electrode and films were air dried. The dried films were covered with a thin layer 

of Nafion by pipetting Nafion solution onto the thin catalyst layer, to prevent 

adsorbed particles from coming off the electrode surface.  Sonochemically 

prepared samples were by Casadonte group, prepared in THF with a density of 

4 mg/mL.  Known volumes of the catalyst suspension were pipetted with a micro-

pipette onto the disk electrode and films were air dried.  Catalyst films were 

cycled between 0.0 VRHE and 1.2 VRHE (for Pt catalysts) or 0.0 - 0.05 VRHE and 

0.9 - 1.1 VRHE (for PtRu black) in N2 saturated 0.1 M HClO4 or 0.1 M H2SO4 to 

clean the thin film surface.   
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Figure 2.1. (a) Solution electrochemical cell (b) Thin layer electrochemical cell. 

 

 35



Electrolysis 

CO oxidation experiments and activity measurements with PtRu and PtV 

catalysts were performed in the glass electrochemical cell.  In CO monolayer 

electrooxidation experiments, the electrode was dosed at a fixed potential of  

0.2 VRHE by dispensing a few milliliter of CO saturated electrolyte solution into the 

clean electrolyte in the cell.  A CO layer was formed over a period of 10 min after 

which Ar was bubbled into the solution for about 10 min to remove the CO from 

the solution and cyclic voltammetry experiments were performed.  Active surface 

areas of Pt catalyst were estimated by integrating the waves in the hydrogen 

adsorption/desorption regions in cyclic voltammograms (CVs) recorded in 0.1 M 

HClO4 or in 0.1 M H2SO4 [5].  Active surface areas of PtRu films were estimated 

using CO stripping voltammograms [6].   

For CH3OH electrooxidation experiments, the catalyst deposited Au 

electrode was held at 0.0 VRHE while an aliquot of CH3OH was added to the 

electrolyte to bring the CH3OH concentration in the cell to 0.5 M.  The solution 

was mixed for 3 min by bubbling with Ar, and the cell was maintained at 0.0 VRHE 

for an additional 4 min before stepping to the reaction potential.  The steady state 

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

of the reaction was used to construct the Tafel plot. 

Thin layer electrochemical cell and the GC electrode were used for 

methanol oxidation experiments on C supported Pt catalysts.  50 µL samples of 

0.3 M CH3OH in 0.1 M HClO4 electrolyte were oxidized for 6 min at fixed 
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potentials.  Following sample electrolysis, 50 µL of solution was removed from 

the well with a 23-guage needle of a gas-tight syringe for CO2 quantification. 

 

Carbon Dioxide Quantification 

 Spectral measurements were performed on a Mattson Instrument R/S-1 

Fourier transform infrared spectrometer system operating with a liquid nitrogen 

cooled, narrow band mercury-cadmium telluride (MCT) detector. Data was 

processed by WinFirst (Version 2.10) software (ThermoEletcron Corp., Madison, 

WI). Transmission spectral measurements were made with a micro demountable 

flow thru cell (Spectra Tech, Shelton, CT, P/N 0010-508) fitted with a pair of flat, 

CaF2 windows positioned with standard spacers to give a 100 μm path length 

(Figure 2.2). 

Electrolysed samples from the thin layer electrochemical cell were injected 

into the micro volume flow cell for the determination of produced CO2 by 

transmission infrared spectroscopy.  Spectra were collected from 64 signal 

averaged interferograms obtained at 4 cm-1 resolution between 1000 cm-1 and 

4000 cm-1.  A 0.1 M HClO4 solution served as the blank.  For 12CO2 and 13CO2 

determinations, spectra were baseline corrected between 2200 - 2500 cm-1 and 

2220 - 2400 cm-1 and integrated between 2400.9 - 2300.6 cm-1 and 2300.6 - 

2250.5 cm-1 respectively.  Standard 12CO2 solutions were prepared by acidifying 

0.2 M NaHCO3 solution to pH 1 with 0.5 M HClO4.   
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Figure 2.2. Micro-demountable flow cell for transmission infrared spectral 

measurements 
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FTIR Measurements of Nafion Membrane Materials 

Infrared spectra were recorded on the Mattson Instruments RS/1 Fourier 

transform infrared spectrometer system described above.  Spectra were 

computed from the average of 128 interferograms measured at 2 cm-1
 resolution 

and apodized with a triangular function.  The sample cell was based on a 

previously reported design [7] and constructed by modification of an infrared 

transmission cell (Demountable Liquid Cell, Aldrich).  The windows employed 

were made of ZnSe (32 mm diameter by 3 mm thick).  When mounted, the 

windows were held parallel and separated by one or two Kel-F spacers (6.5 mm 

or 10.05 mm respectively).  Figure 2.3a shows the configuration used with cast 

films.  For experiments with freestanding membrane, a thinner (5 mm), dual 

spacer that sandwiched the membrane and centered it between windows was 

employed.   The spacers were machined to include a port for entry of a syringe 

needle (23 gauge) and a shallow well to hold a solvent droplet.  Prior to each 

experiment, the windows were polished with 0.05 μm alumina and then rinsed in 

deionized water (Barnstead Nanopure, 4-cartridge Infinity System) followed by 

acetone and then brief sonication in deionized water. In a final step, the windows 

were further rinsed in deionized water and then set in an oven at 95 °C for 10 min 

to dry.  The spectrometer bench and sample compartment were purged 

continuously with dry air (Balston Inc., Haverhill, MA).   
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Figure 2.3. Infrared transmission cells employed with (a) thin (~ 1 μm) Nafion 
films prepared by casting (b) freestanding Nafion 112 membrane (50 μm). 
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Cast Film Preparation 

About 1.5 mL Nafion solution (5 wt. % in a mixture of lower aliphatic 

alcohols and water) was dispensed with a pipette onto the center face of one 

window (ZnSe).  The solution spread across the disk and was directed to the 

edges by gentle tilting.  The window was then placed inside the oven on a level 

surface and allowed to dry at 110 °C for 16 to 24 hours. 

 

Cleaning Procedure of Nafion 112 and 

poly(hexafluoropropylene-co-tetrafluoroethylene 

 Membranes 

Samples of Nafion 112 membrane and poly(hexafluoropropylene-co-

tetrafluoroethylene) (FEP) membrane measuring approximately 1 cm × 1 cm 

were cut and cleaned according to procedures described previously [8].  The 

samples were boiled in 3 % (v/v) H2O2 for 1 hour followed by rinsing in boiling 

deionized water for 1 hour.   Afterward, samples were converted to either the H+ 

or Na+ form by boiling in either 0.5 M H2SO4, or 0.1 M NaCl for 1 hour.  As a final 

step, an ion-exchanged membrane sample was rinsed in boiling deionized water 

for 1 h.  Both the H+ and Na+ forms of the film were colorless and transparent to 

the eye.   
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CHAPTER III 

INFRARED STUDY OF METHANOL ELECTROCHEMICAL 

OXIDATION ON CARBON SUPPORTED Pt  

NANOPARTICLES IMMOBILIZED ON  

A GLASSY CARBON ELECTRODE 

 

Introduction 

Of the pure noble metals, Pt has the highest catalytic activity for methanol 

oxidation in acid solutions.  Carbon supported nanoparticles of Pt group metals 

also show excellent catalytic properties towards methanol electrochemical 

oxidation [1].  These materials offer high surface area to volume ratio and 

efficient electrooxidation characteristics [2].  Another interesting feature of 

commercial Pt/C material is the ability to alter the average Pt nanoparticle 

diameter over the range ~ 2 – 10  nm, which can yield marked variations in their 

electrolytic, adsorptive and other physiochemical properties [3].   

The oxidation process on Pt based materials proceeds by the adsorption 

of the molecule followed by several steps of deprotonation.  The 

adsorption/desorption process is given in Scheme 3.1.  The conversion of 

methanol to CO2 is a multi-step, 6 electron process, that requires water [4,5,6].  

The overall reaction mechanism for methanol oxidation is:  

CH3OH + H2O  → CO2 + 6H+ + 6e- .   
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Scheme 3.1. Methanol adsorption/desorption mechanism on Pt showing 
consecutive stripping of hydrogen atoms [7]. 
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The present chapter describes the yields of CO2 produced in reactions of 

CH3OH on C/Pt, 40% catalyst material.  13CH3OH was used along with 12CH3OH, 

as a reactant and the 13CO2 formed during its oxidation determined to avoid 

interferences from 12CO2 in the atmosphere.  The oxidation of 0.3 M CH3OH at 

potentials in the range of 0.5-0.8 VRHE was examined.  The purpose of this study 

was to see how low in potential the measurements could be made before they 

became limited by too low reaction currents.  

This chapter discusses our first attempt, made to determine the activity of 

C/Pt, 40 % catalyst adsorbed on a catalytically inert GC electrode, towards 

methanol oxidation.  Electrochemical oxidation of methanol was performed with 

potential step chronoamperometry.  Produced CO2 during the electrochemical 

oxidation of methanol was determined quantitatively by transmission infrared 

spectroscopy.  

 

Experimental 

 Standard 13CO2 solutions were prepared by acidifying 0.2 M Na2
13CO3 

solution to pH 1 with 0.5 M HClO4
.  All calibration curves were plotted with freshly 

prepared standard solutions.  The GC electrode was polished and cleaned 

according to the procedures described in chapter II.  C/Pt, 40 % catalyst (6.4 

μgPt) was adsorbed on to a GC electrode and covered with a thin layer of Nafion 

and used as the working electrode. Ag/AgCl/KCl(sat) as the reference electrode 

and the Pt wire as the counter electrode were used. Both 12C and 13C labeled 
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methanol were used as electrolytic solutions to determine the production of CO2 

by electrochemical oxidation of methanol at room temperature.  The 

electrochemical cell was filled with 0.1 M HClO4 and purged with N2 for 20 min.  

25 µL samples of 0.6 M methanol were introduced into the 50 μL cavity of the 

electrolytic cell (Figure 2.1b).  The concentration of methanol in the cavity was 

0.3 M.  Electrolysis was carried out for 180 s at fixed potentials. Electrolysed 

samples (50 μL) from the electrochemical cell were injected into the micro 

volume flow cell (Figure 2.2) for the determination of produced CO2 by 

transmission infrared spectroscopy.    

 

Results and Discussion 

IR Spectra of Standard CO2 Solutions and Calibration Plots 

 Baseline corrected IR spectra and calibration plots for standard 12CO2 and 

13CO2 solutions are shown in Figure 3.1 and 3.2 respectively.  As observed 

earlier, both calibration curves are linear over a range of dissolved CO2 

concentrations from 1×10-3 M to 2.5×10-2 M [8-10].  The bands at 2343 cm-1 and 

2277 cm-1 in Figure 3.1b and 3.2b are due to asymmetric C-O stretching mode of 

12CO2 and 13CO2 respectively [8,11].  A small band at 2343 cm-1 in Figure 3.2b is 

due to asymmetric C-O stretching mode of atmospheric 12CO2. 
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Figure 3.1. Calibration plot for 12CO2 standards. The error bars show 95.5% 
confidence intervals on the mean 3-5 repetitive measurements (a), Baseline 
corrected IR bands of dissolved 12CO2 measured with standard solutions (b). 
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Figure 3.2. Calibration plot for 13CO2 standards. The error bars show 95.5% 
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corrected IR bands of dissolved 13CO2 measured with standard solutions (b). 
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Methanol Oxidation on C/Pt, 40 % Catalyst on GC Electrode 

Figure 3.3 shows a CV for a bare GC electrode collected in N2 purged  

0.1 M HClO4.  It exhibits features typical of GC in 0.1 M HClO4 solution.  Figure 

3.4 and 3.5 show CVs recorded with C/Pt, 40 %, 6.4 μgPt dispersed on GC 

electrode, in N2 purged 0.1 M HClO4 before and after addition of 0.3 M CH3OH, 

respectively. The shape of the CV recorded in 0.1 M HClO4 is consistent with that 

of the CVs in the literature [12] exhibiting the characteristic Pt waves.  Hydrogen 

adsorption (A) and desorption (B) regions between 0.0 VRHE and 0.25 VRHE 

indicate the presence of Pt particles on the GC surface.  A shoulder (C) at 0.8 

VRHE is due to the oxidation of Pt (Pt + H2O  →  PtOH + H+ + e-).  The oxide 

stripping (D) was found on the negative returning sweep near 0.6 VRHE (PtOH + 

H+ + e- → Pt + H2O).  

The CV in Figure 3.5 displays waves that are basic features of the 

oxidation of methanol on carbon supported Pt catalyst in aqueous solutions [13].  

On the forward (positive) scan, methanol oxidation is rapid between 0.4 VRHE and 

0.75 VRHE.  The decline in current above 0.75 VRHE reflects the inhibition of 

methanol oxidation by surface oxides.  On the return (negative) scan, an anodic 

peak appears between 0.4 VRHE and 0.6 VRHE, coincident with the removal of 

surface oxides, before the current falls to low values with the onset of surface 

poisoning by adsorbed CO.  
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Figure 3.3. Cyclic voltammogram of a GC electrode in 0.1 M HClO4 at a scan rate 
of 50 mV/s. 
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Figure 3.4. Cyclic voltammogram of GC with C/Pt, 40 % in N2 purged 0.1 M 
HClO4 at a scan rate of 50 mV/s.  C/Pt, 40% loading was 6.4 μgPt  
(32.6 μgPt/cm2). 
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Figure 3.5. Cyclic voltammogram of C/Pt, 40 % on GC in 0.1 M CH3OH in 0.1 M 
HClO4 at a scan rate of 50 mV/s.  C/Pt, 40 % loading was 6.4 μgPt 
(32.6 μgPt/cm2). 
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  After the electrolysis of 0.3 M 13CH3OH and 0.3 M 12CH3OH samples (in 

0.1 M HClO4), the produced 13CO2 or 12CO2 quantity was determined from the 

integrated intensity of the infrared peaks at 2277 cm-1 and 2343 cm-1 respectively 

(see Figure 3.6), in comparison to the calibration graphs in Figure 3.1a and 3.2a.  

Figure 3.6 shows baseline corrected IR bands for dissolved 13CO2 measured 

following electrolysis experiment.  The dominant peak at 2277 cm-1 is due to the 

asymmetric C-O stretching mode of 13CO2.   The small band at 2343 cm-1 is due 

to asymmetric C-O stretching mode of atmospheric 12CO2.  The percent yield of 

13CO2 and 12CO2 was computed from the ratio of the charge required to produce 

the quantity of CO2 detected by spectroscopically to the total charge passed 

during the electrolysis.  The number of active catalyst surface atoms was 

estimated from the coulombic charge for hydrogen adsorption/desorption in the 

potential range of - 0.05 VRHE - 0.25 VRHE [14].  The turn-over rates for oxidation 

of methanol were calculated from the ratio of CO2 molecules produced to the 

electrolysis time and the number of catalyst surface atoms.   Carbon dioxide 

produced from 13CH3OH was detected between 0.5 VRHE and 0.8 VRHE.  The 

greatest yield was 72.7% for 0.8 VRHE and decreased continuously to 18.3% with 

decreasing potentials. The yield did not exceed 50 % until the reaction potential 

was increased above 0.5 VRHE. The spectra show the high sensitivity toward CO2 

that could be attained down to 0.5 VRHE, where measurements were typically 

limited by low currents resulting from the slower oxidation of water on Pt to form 

the needed oxides than C-H bond cleavage steps for CH3OH and interferences 
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from reduction of trace O2 dissolved in solution [15].  Efficient conversion of 

CH3OH to CO2 has been demonstrated quantitatively by Differential 

electrochemical mass spectrometry [11,16] and transmission infrared 

spectroscopy and similar trends have been observed with lower methanol 

concentration and different catalyst materials [11,16,17].  Table 3.1 summarizes 

the oxidation results obtained with C/Pt, 40 %, 6.4 μgPt on the GC electrode with 

0.3 M 13CH3OH.    

Figure 3.7 compares the uncertainty of CO2 determinations to the error in 

corresponding coulometry results from electrolysis of 0.3 M 13CH3OH on C/Pt, 

40% (6.4 μgPt) deposited on GC.  The errors relative to averages are larger for IR 

spectroscopic measurements than the coulometric measurements.  The solid line 

shows the quantity of CO2 that corresponds to the charge passed at 100 % 

reaction efficiency.  The average yields of CO2 are somewhat lower than 

expected across the range of potentials studied.  Figure 3.8 and 3.9 show the 

13CO2 yields and the rate of 13CO2 formation respectively. 

 

 

 

 

 

 

 

 

 

 54



 

 

 

 

 
Ab

so
rb

an
ce

0.6 V

0.5 V

0.4 V

0.3 V

 Wavenumber (cm   )

2250 2300 2350
-1

0.01 au

 
Figure 3.6. Baseline corrected IR bands for dissolved 13CO2 measured following 
the electrolysis of 0.3 M 13CH3OH on C/Pt, 40 % on GC.  C/Pt loading was  
6.4 μgPt (32.6 μgPt/cm2). 
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Table 3.1. Summary of results from oxidation of 0.3 M 13CH3OH in 0.1 M HClO4 
on C/Pt, 40 %, 6.4 μgPt.  
 
E vs. 

RHE 

(V) 

Average 

charge 

(mC) 

Average 

CO2 

(nmol) 

Average 

% yield 

Mass of Pt/C 

catalyst 

(μgPt) 

Molecules/ 

s/site 

Atoms 

0.8 160.3 201.2 72.7 6.4 4.45 × 10-2 7.54 × 1015

0.7 119.9 146.9 70.7 6.4 3.25 × 10-2 7.54 × 1015

0.6 62.4 66.9 61.9 6.4 1.48 × 10-2 7.54 × 1015

0.5 33.1 10.9 18.3 6.4 2.41 × 10-3 7.54 × 1015
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Figure 3.7. 13CO2 quantity produced by electrolysis of 0.3 M 13CH3OH on C/Pt,  
40 % on GC. C/Pt loading was 6.4 μgPt (32.6 μgPt/cm2).  The error bars represent 
95.5 % confidence intervals on the mean of 4-5 repetitive measurements. 
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Figure 3.8. 13CO2 yields from the electrochemical oxidation of 0.3 M 
13CH3OH on C/Pt, 40 % on GC. C/Pt loading was 32.6 μgPt/cm2.  The error 
bars represent 95.5 % confidence intervals on the mean of 4-5 repetitive 
measurements. 
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Figure 3.9. Rate of 13CO2 formation from the electrochemical oxidation of 0.3 M 
13CH3OH on C/Pt, 40 % on GC.  C/Pt loading was 6.4 μgPt (32.6 μgPt/cm2).  The 
error bars represent 95.5 % confidence intervals on the mean of 4-5 repetitive 
measurements. 
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Conclusions 

 This chapter presents results of the quantitative determination of CO2 formed 

following electrolysis of CH3OH on C supported Pt.  The studies showed good 

precision and reproducibility.  The ex-situ method used here is based on a micro-

volume IR transmission flow cell and provides CO2 quantities, percent yields and 

formation rates.  The highest percent yield (72.71 %) from 13CH3OH oxidation 

was obtained at 0.8 VRHE and decreased with decreasing potential. 

Measurements were limited by low currents at 0.5 VRHE resulting from slow 

reaction kinetics and interferences from reduction of trace O2 dissolved in 

solution.  Another reason for lower yields at lower potentials is insufficient Pt 

oxides to promote CO2 and eliminate CO poisoning, which required for methanol 

oxidation.  The CO2 yield and turn-over rates increased as the reaction potential 

was stepped positive.  The percent yield of 12CO2 was only able to determine 

down to 0.6 VRHE due to slow rate of CH3OH conversion.  
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CHAPTER IV 

METHANOL AND CARBON MONOXIDE OXIDATION 

ON PtRu NANOPARTICLE CATALYST MATERIALS 

 

Introduction 

Bimetallic materials comprised of Pt and Ru have a long history of 

application in electrochemistry, primarily for promotion of CO and CH3OH 

oxidation in support of low temperature fuel cell development (c.f., Refs. [1-11]).  

In general, PtRu catalyst is believed to support a bifunctional mechanism 

whereby Pt provides sites for C-H bond cleavage and CO adsorption, and Ru 

activates water to produce reactive oxides that enable conversion of carbon 

containing fragments to CO2 [1,2,6,11-13].  From the electrode materials 

standpoint, questions have been raised in regard to differences in the optimal Pt 

and Ru content for reactions carried out over bulk, arc-melted alloys versus 

nanometer scale catalyst particles that have practical fuel cell applications 

[4,5,8,10,14-16].  Assessing the differences has been complicated, because the 

kinetics of CO and CH3OH oxidation over PtRu materials depend upon a number 

of experimental variables.  In addition to the elemental composition, the rate of 

reaction varies with the reactant concentration in solution [4-7,12,17,18], the 

electrode potential [4-6,12,15,19], the temperature [4,5,7,12,17,18] and the 

spatial arrangement [4,5,10,14-16,20-27] and oxidation states 

[4,5,10,15,21,25,26] of the Pt and Ru atoms in the catalyst.  For PtRu materials, 
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Ru oxidation and phase separation of Pt and Ru into regions enriched in the 

different metals appears more prevalent in nanometer-scale particles than bulk 

alloys [5,6,14,15,18]. The small size of catalyst particles makes experiments 

aimed at probing these differences challenging. There has been interest in the 

tendency for CH3OH oxidation at low anode potentials (0.3 VRHE - 0.5 VRHE) to 

depend more strongly on PtRu composition in reactions over bulk alloys than 

nanometer scale catalyst [5,8,15,16,18,19].   

     Differences in CH3OH oxidation activity at bulk alloy versus related nanometer 

scale PtRu have been traced in part to the stability of Ru in the bimetallic 

particles [5,15,16,29].  Long and co-workers showed the susceptibility of PtRu 

catalyst particles toward oxidation and de-alloying can affect the rates for CH3OH 

electrochemical oxidation in potentiostatic measurements [15,29].  Building on 

this idea, the Smotkin group recently demonstrated through X-ray diffraction 

(XRD) measurements that nanometer scale PtRu particles prepared with nominal 

XRu = 0.5 by traditional solution routes undergo phase separation and Pt 

enrichment in the alloy component [16].  Similar evidence in XRD data for Pt 

enrichment was described earlier for PtRu fuel cell catalyst [4,5] and has also 

appeared recently for PtRu nanoparticles prepared by a microemulsion technique 

[30].  XRD results indicate the nanometer scale particles contain Ru rich 

amorphous regions [4,5,16], analogous to characteristics described by Long et 

al. [15,29], and tend toward a PtRu composition of XRu = 0.3 in the alloy phase 

[16].  Long [15] described mechanisms whereby oxides in Ru rich regions of the 
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nanoparticles can act as promotion sites for CH3OH oxidation.  Smotkin noted Pt 

enrichment can also contribute, as it leads to a PtRu composition in the alloy 

component close to that of the bulk alloys which are most active for CH3OH 

oxidation [16].  In other related work, inhomogeneities in the distribution of Pt and 

Ru in core-island materials have been shown to produce active surfaces for 

CH3OH and CO electrochemical oxidation [9,10,13,20,23,27,31,32].  Wieckowski 

and colleagues demonstrated Ru islands on core Pt nanoparticles [23] and Ru 

islands on bulk Pt [13,20] enable rapid CH3OH reaction kinetics.  The Adzic 

group showed Pt islands on core Ru nanoparticles have excellent tolerance to 

CO during H2 oxidation [9,31,32].  Similar effects on CO tolerance were reported 

by Russell and co-workers recently [10] for Pt catalyst modified by Ru through a 

gas-phase reaction with an organometallic precursor [10,27].   

In this report, characteristics of PtRu catalyst particles with XRu ≈ 0.5 and 

XRu ≈ 0.1 are investigated in terms of structure and composition and the 

response toward the electrochemical oxidation of CO and CH3OH.  The PtRu 

nanoparticles were either purchased (JM) or synthesized with the aid of 

sonochemistry [33-35].  The high local temperatures generated by acoustic 

cavitation during sonication can exceed the melting point of most metals [33,36], 

and the extreme rates of cooling enhance the formation of nanometric materials 

[35].  Thus, sonochemistry provides a potential route to nanometer scale catalyst 

particles with uniform PtRu composition.  The SC PtRu particles displayed 

characteristics of bulk PtRu alloys in these experiments.  In contrast, responses 
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of JM PtRu (XRu ≈ 0.5) catalyst showed evidence for Pt and Ru phase separation.  

The SC PtRu (XRu ≈ 0.5) and SC PtRu (XRu ≈ 0.1) materials have potential 

application in mechanistic studies of CH3OH and related small molecule 

electrocatalytic reactions and as platforms with tunable PtRu composition for the 

preparation of core-island fuel cell catalyst [9,23,37].    

 

Experimental 

Electrochemistry 

 Electrochemical cells were made of glass and were fitted with a heavy 

Teflon cap that contained ports for entry of electrodes and tubing for transfer of 

inert gas (Ar or N2).  A  Ag/AgCl/KCl (sat) electrode or an RHE was used as the 

reference.  The counter electrode in all experiments was a ring of Pt wire. The 

working electrodes were prepared by dispensing a measured volume of catalyst 

suspension with a micro-pipette onto the surface of a polycrystalline Au disk 

electrode to give a mass loading of approximately 20 µg/cm2, 120 µg/cm2, or  

150 µg/cm2   referenced to the geometric area of the Au electrode [23,38,39]. An 

adherent film formed as the catalyst layer dried.  

Core-island PtRu nanoparticles were prepared by electroless deposition of 

Ru onto Pt black, as described previously [23,37].  Ru islands were formed on Pt 

black particles that had been adsorbed to the surface of a polycrystalline Au 

electrode [23].  The adsorbed Pt black was activated by an electrochemical 

procedure (see below) followed by immersion for 1 hour at open circuit potential 
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in 0.1 M HClO4 containing 1.0 x 10-3 M RuCl3.  For studies of core-island PtRu, 

the Pt black catalyst was suspended in deionized water to a concentration of  

2 mg/mL and an aliquot delivered to the electrode to give a mass loading of 

approximately 150 mg/cm2 referenced to the geometric area of the Au.  The 

adsorbed Pt black was conditioned prior to Ru deposition by holding the 

electrode at 0.45 VRHE in 0.1 M HClO4 for 5 min [23].  Afterward, the electrode 

was transferred to the Ru deposition solution under the protection of a drop of 

electrolyte.   

For PtRu materials, at the beginning of an experiment the electrode was 

held at 0.05 VRHE for 30 min to activate Ru [23,37].  The electrode was then 

cycled briefly between 0.05 VRHE and 1.0 VRHE in nitrogen saturated electrolyte 

solution and finally held at 0.0 VRHE during CO or CH3OH addition.  The currents 

reported for voltammetry measurements are normalized to the catalyst active 

surface area as determined by established methods [19, 23].  Surface areas 

were determined from CO stripping measurements [19] for SC PtRu materials 

and from hydrogen adsorption-desorption waves for Pt black and core-island 

PtRu catalyst [23].  

Prior to contact with catalyst, the Au working electrode was polished 

mechanically with alumina from 1.0 μm down to 0.05 μm followed by brief rinsing 

in a water filled ultrasound cleaning bath to remove debris and then cycling in 

acid electrolyte solution (either 0.1 M H2SO4 or 0.1 M HClO4, as indicated) 

between about 0.0 VRHE and 1.8 VRHE until characteristic sharp features 
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appeared in the oxide stripping and oxide formation regions.  The voltammetry 

measurements were carried out in glass cells (refer Figure 2.1a).  The counter 

electrode was a ring of Pt wire and was located in the same compartment as the 

working electrode.  An RHE served as the reference electrode for all experiments 

except CO stripping from XRu ≈ 0.5 in which Ag/AgCl/KCl(sat) reference was 

used.  All potentials are reported with respect to the RHE.   

For CO oxidation, a CO monolayer was prepared by applying a potential 

of 0.2 VRHE for 10 min with the electrode held in CO saturated 0.1 M H2SO4 or 

HClO4.  Immediately after, CO was removed from the cell by bubbling with N2 for 

10 min followed by the start of cyclic voltammetry measurements.  For activity 

measurements, the catalyst deposited Au electrode was held at 0.0 VRHE while 

an aliquot of CH3OH was added to the electrolyte to bring the CH3OH 

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

with N2, and the cell was maintained at 0.0 VRHE for an additional 4 min before 

stepping to the reaction potential.  The steady state current was recorded 20 min 

after stepping from 0.0 VRHE to the desired potential. 

 
Sonochemistry 

The sonochemical synthesis of PtRu particles was performed using a 

Sonics and Materials Vibra CellTM immersion sonicator operating with an 

electrical input power of 600 W and an acoustic power of 17 W/cm2, as measured 

calorimetrically [40,41].  The sonicator was optimized using KI [26] or an 8891 

ultrasound cleaning bath (Cole-Parmer Instrument Company, operating 
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frequency: 47 kHz). The temperature of the cooling bath was -200C, 

corresponding to a cell temperature of 50C [27]. The synthesis of the 

sonochemically prepared PtRu proceeded by the reaction of the metal salts with 

lithium metal. The mixture of RuCl3 and PtBr4 was prepared as follows. In a 

drybox, RuCl3 and PtBr4 (0.249 mmol Ru3+ 0.253 mmol Pt4+ for particles with XRu 

≈ 0.5, and 0.05 mol Ru3+ and 0.45 mol Pt4+ for metal for particles with XRu ≈ 0.1) 

were charged in a 100 mL Schlenk flask which was previously dried at 1600C for 

more than 6 h. 15 mL of THF was then added to the flask. The flask was sealed 

with a septum and sonicated for 1 h in a cleaning bath under a nitrogen stream. 

The dissolution of metal halides was usually completed in 30 min and gave a 

black red–brown solution. To a sonication cell previously dried in an oven 

(1600C) and purged by nitrogen, 4.32 mmol lithium metal cuttings, 2.81 mmol 

naphthalene and 15 mL of THF were charged. The cell was sonicated for 2 h 

after having been placed in the cooling bath (-200C) for 15 min. The RuCl3/PtBr4 

THF solution prepared as described above was added slowly to the dark purple–

blue lithium naphthalide THF solution via a cannula during the sonication. The 

reaction mixture turned black and bubbled during the addition. The sonication 

continued for 4 more hours. The black reaction mixture was transferred to a  

250 mL beaker in air. The mixture was centrifuged and a black precipitate was 

collected. The black precipitate was washed with THF (not dried) until no color or 

smell of naphthalene could be detected. The precipitate was then washed with 

20–25 mL of deionized water. After stirring for 5–10 min, the powder was filtered 
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and centrifuged. The centrifuge tube was half filled with the black suspension, 

and then filled in full by THF. A few bubbles were observed during the addition of 

THF. After 2 min of centrifugation, a compacted black precipitate with yellow–

green supernatant was obtained. The black precipitate was washed by THF two 

more times until a colorless supernatant was observed. The metal black was 

collected with THF (no more than 30 mL), and transferred into a vial equipped 

with a small magnetic stirring bar. The black suspension was continually stirred in 

order to prevent it from nucleating. Particles with diameters in the range of  

2–6 nm were observed by transmission electron microscopy (TEM, Hitachi H-

7600).  In addition to SC PtRu catalyst, a blank was prepared for the XRu ≈ 0.1 

material by carrying out the synthesis as described above, but without sonication. 

 
X-Ray Diffraction 

XRD measurements were performed on SC PtRu catalyst samples after 

removal of THF under vacuum.  The XRD patterns were recorded on a Rigaku 

Ultima 3 X-ray diffractometer system (Rigaku MSC, Woodlands, TX) using Ni 

filtered Cu Kα radiation.  The X-ray source was operated at 40 kV and 44 mA. 

Powder samples were mounted on a silicon zero background material. The XRD 

spectra were obtained using a high precision and high resolution parallel beam 

geometry in the step scanning mode with a counting time of 11 s per 0.02o.  

Scans were recorded in the 2θ range of 20o - 140o.  The identification of phases 

was made by referring to the joint committee on powder diffraction standards 

international centre for diffraction data (JCPDS-ICDD) database.  Lattice 
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parameters and crystallite sizes were calculated using Jade 7 Plus software 

(Rigaku).  Grain boundary sizes were determined from the Scherrer equation 

using the Pearson-VII profile function.  The Scherrer equation was applied to the 

peaks at 39, 46, 67, 81, 87, 118 and 124° for the SC PtRu (XRu ≈ 0.1) sample 

and at 40, 46, 68, 82, and 121° for the SC PtRu (XRu ≈ 0.5) sample.       

 

Results and Discussion 

Cyclic Voltammetry of Catalyst Samples  

in Acid Electrolyte Solutions  

Figure 4.1 shows a representative CV for a Au electrode traced in pure  

0.1 M HClO4 between H2 and O2 evolution potentials.  Scans of this type were 

recorded prior to catalyst deposition to ensure the cleanliness of the Au surface.  

The oxide formation peak (A) on the positive going sweep between 1.0 VRHE and 

1.2 VRHE (Au + H2O  →  AuOH + H+ + e-) and the oxide stripping peak (B) on the 

negative going sweep near 1.0 VRHE (AuOH + H+ + e- → Au + H2O) are 

characteristic of a clean polycrystalline gold surface [42].  There is a wide 

potential region between 0.0 VRHE – 1.0 VRHE where no obvious Faradic 

electrochemical processes occur.  This region provides a window over which 

features of PtRu from adsorbed nanoparticles can be observed. 
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Figure 4.1. Cyclic voltammogram of bare Au polycrystalline electrode in N2 
purged 0.1 M HClO4 at a scan rate of 50 mV/s.  (A): Oxide formation peak and  
(B): Oxide stripping peak.   
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Figure 4.2 shows cyclic voltammograms of catalyst samples employed in 

the study recorded in 0.1 M H2SO4.  Voltammograms for the SC PtRu 

nanoparticles are reported, and the response for Pt black is included as a 

reference. The features are similar to those of bulk polycrystalline electrodes of 

similar composition [6,12]. The Pt black sample displays waves characteristic of 

hydrogen adsorption and hydrogen desorption over the potential range between 

0 VRHE – 0.3 VRHE. On the positive scan, the current rise near 0.8 VRHE and 

subsequent plateau region are associated with the formation of oxides on Pt. The 

defined peak near 0.8 VRHE on the reverse sweep is characteristic of the 

reduction of the oxides. For the PtRu materials, cyclic voltammetry scans were 

more limited on the positive side to minimize the oxidative dissolution of Ru. The 

SC PtRu (XRu ≈ 0.1) displays features similar to those of Pt black as well as the 

XRu = 0.07 - 0.1 bulk PtRu material studied earlier [6,12]. Hydrogen adsorption 

and hydrogen desorption waves are present, but diminished relative to pure Pt 

reflecting the incorporation of Ru. A narrow double layer charging region is also 

present between about 0.3 VRHE – 0.7 VRHE. Increasing the Ru mole fraction in 

the nanoparticles to XRu ≈ 0.5 leads to marked changes, consistent with 

responses demonstrated for bulk PtRu [6,12] and PtRu nanoparticles [19] with 

XRu ≈ 0.5. The double layer charging region is broadened and the classical 

hydrogen adsorption waves are no longer apparent owing to facile formation of 

surface oxides on Ru at low potentials [6,43].  
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Figure 4.2.  Cyclic voltammograms of catalyst films on Au in 0.1 M H2SO4.  
Catalyst was SC PtRu (XRu ≈ 0.5) (top), SC PtRu (XRu ≈ 0.1) (middle) and Pt 
black (bottom).  The PtRu loadings were 120 µg/cm2.  The Pt black loading was 
150 µg/cm2.  The mass loadings are referenced to the geometric surface area of 
the Au electrode.  The current responses are normalized to the active surface 
area of the catalyst layer.  Sweep rates were 50 mV/s. 
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Carbon Monoxide Oxidation:  SC PtRu (XRu ≈ 0.5) 

in Comparison to JM PtRu (XRu = 0.5) 

Figure 4.3 shows voltammograms of SC PtRu (XRu ≈ 0.5) catalyst in 0.1 M 

HClO4 before and after adsorption of CO. The background cyclic voltammograms 

display a broad envelope typical of high Ru content PtRu [6,12,15,17,19] and 

RuO2 [43] electrode materials in aqueous acid electrolyte solutions. In the CO 

stripping voltammogram, a single wave appears. The wave has the same peak 

position and shape as reported for CO stripping from bulk PtRu alloys with  

XRu ≈ 0.5 [12,17]. Voltammograms similar to those in Figure 4.5 were also 

obtained for films of the JM PtRu catalyst adsorbed onto Au with loadings of 

approximately 80–160 µg/cm2. 
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Figure 4.3. Cyclic and linear sweep voltammograms of SC PtRu (XRu ≈ 0.5) 
adsorbed on a polycrystalline Au electrode. Voltammograms were recorded in 
0.1 M HClO4 before and after adsorption of CO, as indicated. The PtRu loading 
was 160 μg/cm2. The average catalyst coverage corresponds to ca. 15 
monolayers. Sweep rates were 50 mV/s. 
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When the coverage of catalyst was reduced to a few monolayers or less 

(metal loadings < 20 μg/cm2), differences began to appear in the voltammetry of 

adsorbed CO on the JM and SC PtRu materials. Figure 4.4A shows background 

and CO stripping voltammograms for the JM PtRu (XRu = 0.5) catalyst. The 

background voltammogram resembles responses of bulk PtRu alloys [6]. 

However, in the CO stripping voltammogram two waves, characteristic of CO 

oxidation from Ru-rich (~0.45 VRHE) and Pt-rich (~ 0.65 VRHE) domains [37,38] 

appear. In contrast, CO stripping from the SC PtRu (XRu  ≈ 0.5) catalyst (Figure 

4.4B) takes place in a single, albeit broad, peak. Not present is the peak splitting 

that develops when large ensembles of Pt atoms and Ru atoms populate the 

catalyst surface [37,44,45]. The CO adsorption and stripping steps were also 

performed at a clean Au electrode to test effects that exposed Au substrate may 

have on the responses shown in Figure 4.4. After exposure to CO, only 

background currents for polycrystalline Au were observed. The results confirm 

CO does not adsorb strongly to Au electrodes [37,46,47] and indicates the 

responses in Figures 4.3 and 4.4 arise from the adsorbed PtRu catalyst and not 

reactivity at the underlying Au electrode. 

  The CO stripping voltammetry in Figure 4.4A suggests the metals in the 

JM catalyst are segregated to some extent into Ru-rich and Pt-rich areas. 

Evidence for phase separation in JM PtRu catalysts has been discussed [5], and 

high resolution electron microscopy measurements have detected metal 

segregation within ensembles of 2.5 nm particles of JM PtRu (XRu ≈ 0.5) [48]. 
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The metal atom heterogeneity, together with the formation of oxides within Ru-

rich areas, has been correlated to high methanol electrochemical oxidation 

activity [5,15,25,29]. However, the multiple CO stripping peaks shown in Figure 

4.4A appear only when catalyst films have average thicknesses below a few 

monolayers. The splittings become especially evident in low coverage films 

prepared following dilution of the 2–4 mg/mL catalyst suspension by a factor of 

10 or more. Films with average coverage greater than a few monolayers display 

CO stripping characteristics closer to those of bulk alloys [49]. We speculate the 

coverage dependent responses may be controlled by contacts between particles. 

For approximately monolayer coverages, CO oxidation can be confined to 

individual particles or particle agglomerates with resulting responses 

characteristic of isolated Pt and Ru islands. For multilayer films, CO can diffuse 

across contacts between neighboring particles and more easily reach Pt–Ru 

boundaries that are thought to be most active for CO oxidation [37, 50].  

In contrast to the JM PtRu catalyst, CO oxidation at the SC PtRu material 

is similar to the reaction at bulk PtRu alloys with XRu ≈ 0.5. The mixing of 

reagents that takes place during sonochemical synthesis is expected to produce 

particles of a uniform PtRu alloy. In addition, the anhydrous, oxygen-free reaction 

environment minimizes the possibility for oxidation induced phase separation of 

the metals during synthesis [29]. Hence, it is not surprising to find that the Au-

supported sonochemically prepared particles show CO stripping features similar 

to those of bulk PtRu alloys. 
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Figure. 4.4. Cyclic and linear sweep voltammograms of JM PtRu (XRu  ≈ 0.5) (A, 
20 µg/cm2) and SC PtRu (XRu  ≈ 0.5 ) (B, 16 µg/cm2) catalyst adsorbed at low 
coverages on a polycrystalline Au electrode. Voltammograms were recorded in 
0.1 M HClO4 before and after adsorption of CO, as indicated. The average 
catalyst coverage corresponds to ca. 1.2 monolayers in A and 0.8 monolayers in 
B. Sweep rates were 50 mV/s. 
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Carbon Monoxide and Methanol Oxidation: 

SC PtRu (XRu ≈ 0.5) and SC PtRu (XRu ≈ 0.1) 

Additional connections between the behavior of SC PtRu nanoparticles 

and bulk PtRu alloys of related composition are apparent in voltammograms that 

probe CO stripping (Figure 4.5) and CH3OH oxidation (Figure 4.6) on SC PtRu 

catalyst with different compositions.  CO stripping from the SC PtRu 

(XRu ≈ 0.5) sample shows a relatively narrow peak centered at about 0.5 VRHE.  

The peak position and shape map onto the voltammograms reported earlier for 

bulk PtRu with compositions of XRu = 0.46 and XRu = 0.55 [12].  For SC PtRu  

(XRu ≈ 0.1) nanoparticles, the peak current for CO stripping is diminished and 

shifted to higher potential compared to the response for SC PtRu 

(XRu ≈ 0.5) particles, and the peak width is broader.  Especially notable is the 

close resemblance between the voltammetry for the SC PtRu (XRu ≈ 0.1) sample 

in Figure 4.5 and the related measurements reported for bulk PtRu with  

XRu = 0.07 [12].  The trace marked “n.s.” in Figure 4.5 (top) shows the CO 

stripping response from catalyst prepared as for SC PtRu (XRu ≈ 0.1), but without 

sonocation.  The peak occurs at higher potentials more characteristic of CO 

stripping from Pt than PtRu.  The results in Figure 4.5 (top) indicate sonocation 

promotes mixing of Ru and Pt in the nanoscale metal particles during synthesis.  

Incorporation of the metal atoms appears to be in a manner that is uniform and in 

proportion to the mole fraction of Ru3+ and Pt4+ in solution.  A similar blank to the 

one shown in Figure 4.5 (top) was not run for the SC PtRu (XRu ≈ 0.5) material, 
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because at the scan rates and catalyst loadings employed it would be difficult to 

distinguish responses from PtRu alloy versus core-island materials [15,51].  Also 

included in Figure 4.5 are the first negative going scan following removal of CO 

and the second scan in the direction of increasing positive potentials.  For both 

PtRu samples, removal of CO returns the catalyst to a state indicative of the 

clean metal with features that resemble those in Figure 4.2 (for SC PtRu  

(XRu ≈ 0.1)) and Ref [12] (for SC PtRu (XRu ≈ 0.1)  and SC PtRu (XRu ≈ 0.5)). 

Figure 4.6 shows cyclic voltammograms of 0.5 M CH3OH in 0.1 M H2SO4, 

conditions similar to those employed in a comparison of CH3OH oxidation 

behavior on bulk alloys with XRu = 0.07 and XRu = 0.46 [3]. Between 0.6 VRHE - 

0.7 VRHE, the factor of 3-4 enhancement in current density for the SC PtRu  

(XRu ≈ 0.1) nanoparticles  relative to the SC PtRu (XRu ≈ 0.5) material mirrors the 

responses observed for the related bulk alloys [3]. Even the pre-wave feature 

near 0.25 VRHE on the first scan in the cyclic voltammogram of CH3OH on  

XRu = 0.1 [6] is reproduced in Figure 4.6 (bottom) for the SC PtRu (XRu ≈ 0.1) 

sample.  The collective results displayed in Figures 4.2 - 4.6, for the background, 

CO stripping and CH3OH oxidation on SC PtRu nanoparticles are striking in their 

similarities to the corresponding reactions on bulk alloys. 
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Figure 4.5.  Voltammetry of SC PtRu (XRu ≈ 0.1) (top) and SC PtRu (XRu ≈ 0.5) 
(bottom) on Au in 0.1 M H2SO4 following adsorption of a CO monolayer.  The CO 
stripping current recorded on the initial, positive going linear scan is shown 
together with the first cyclic scan recorded immediately afterward.  The scan 
marked “n.s.” shows the stripping scan for CO on PtRu catalyst prepared 
following the same procedure as that used for SC PtRu (XRu ≈ 0.1), but without 
sonocation.  The PtRu catalyst loadings were 120 µg/cm2.  Sweep rates were  
50 mV/s. 
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Figure 4.6.  Cyclic voltammograms of SC PtRu (XRu ≈ 0.5) (top) and SC PtRu 
(XRu ≈ 0.1) catalyst films (bottom) on Au in 0.1 M H2SO4 containing 0.5 M 
CH3OH.  Scan rates were 50 mV/s.  The current was normalized to active 
surface area of the catalyst. 
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X-Ray Diffraction Results 

 XRD patterns of the sonochemically prepared catalyst recorded after 

drying the samples are reported in Figure 4.7.  The patterns show characteristic 

reflections for fcc Pt, but no peaks for tetragonal RuO2, or hexagonally close 

packed Ru phases.  The lack of peaks associated with Ru and its oxide further 

suggest PtRu alloying takes place in the nanoparticles.  Also, the diffraction 

peaks for the SC PtRu (XRu ≈ 0.5) sample are shifted slightly to higher Bragg 

angles compared to those for SC PtRu (XRu ≈ 0.1), indicating there is a decrease 

in lattice constant with increasing Ru content, as expected for the alloys.  Table 

4.I contains the lattice parameters and grain boundary sizes derived from the 

data.  For bulk PtRu alloys, Gasteiger and co-workers reported 3.9166 Å and 

3.8624 Å as lattice parameters for samples containing Ru atomic percentages of 

9.7 % and 51.7 %, respectively [6].  The value for the SC PtRu (XRu ≈ 0.1) 

nanoparticles suggests the composition of the alloy phase is just above that of 

the 9.7 atomic % Ru bulk alloy.  Similarly, the lattice parameter for the SC PtRu 

(XRu ≈ 0.5) nanoparticles is close to but slightly larger than that for bulk PtRu with 

51.7 atomic % Ru, indicating the Ru content of the particles is somewhat below 

51.7 %.  When comparisons are made to lattice parameters determined for bulk 

PtRu over a range of compositions encompassing the fcc structure, Vegard’s law 

predicts Ru mole fractions of 0.17 ± 0.06 and 0.43 ±.0.02 for the PtRu (XRu ≈ 0.1) 

and SC PtRu (XRu ≈ 0.5) catalyst particles, respectively.  The Ru content of the 

SC PtRu (XRu ≈ 0.5) catalyst places it nearly coincident with the composition of 
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the bulk alloy in Ref [6] (XRu = 0.46) to which its response in Figure 4.6 is 

compared.  Additionally, even with XRu near 0.17, the composition of the SC PtRu 

(XRu ≈ 0.1) sample is within the optimum range of XRu = 0.07 – 0.33 for CH3OH 

oxidation at ambient temperature [6,19,28], and current densities of the 

magnitude shown in the bottom trace of Figure 4.6 are expected [6,19].   

The grain boundary sizes given in Table 4.I are somewhat lower than we 

would anticipate based on TEM measurements.  Furthermore, a calculation of 

the catalyst utilization for the SC PtRu (XRu ≈ 0.5) sample suggests a metal 

particle diameter consistent with the larger particles (∼4 nm) observed by TEM.  

Based on CO stripping from a low (12.5 μg/cm2) loading corresponding to a few 

monolayers of catalyst on a Au electrode, a mass specific surface area of  

60 m2/g was determined.  The theoretical mass specific area is 82 m2/g for 

spherical particles with 4 nm diameter, assuming 18.2 g/cm3 [4] as the density of 

SC PtRu (XRu ≈ 0.5) material.  The utilization (73 %) calculated from the ratio of 

the measured and theoretical surface areas is in the range of values reported 

earlier for a number of different XRu ≈ 0.5 PtRu catalyst samples [4].  Related 

data are not available for XRu ≈ 0.1 PtRu materials.  However, the Faradaic 

charge for CO stripping [19] from the two samples (Figure 4.5) is nearly the 

same, which suggests their particles have similar dimensions.  The CO stripping 

results and the TEM data indicate the catalyst particles are larger than the XRD 

grain boundary size.  The differences may be due to crystallite agglomeration or 

oxides that remain as samples are dried in preparation for XRD measurements, 
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but which become reduced through the electrochemical treatments [11].  Further 

studies on SC PtRu samples prepared over a range of compositions would be 

useful to provide greater insights.   
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Figure 4.7.  XRD patterns for SC PtRu (XRu ≈ 0.1) (dashed line) and SC PtRu 
(XRu ≈ 0.5) (solid line). 

 

 

 

 

 

 

 86



 

 

 

 

 

 

 

 

Table 4.1.  SC PtRu Properties from XRD Measurements  

Sample a (Å)† size (nm)§

SC PtRu (XRu ≈ 0.1) 3.904 ± .007 2.4 ± 0.2 
SC PtRu (XRu ≈ 0.5) 3.872 ± .002 2.0 ± 0.1 
 

† lattice parameter 
§ grain boundary size 
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Potentiostatic Kinetic Measurements 

Results of potentiostatic kinetic measurements for the oxidation of 

0.5 M CH3OH in acid electrolyte are summarized in Figure 4.8.  The current 

densities recorded for reactions over SC PtRu (XRu ≈ 0.1) were nearly the same 

as those measured in experiments with the JM PtRu (XRu = 0.5) catalyst.  It has 

been shown that JM PtRu (XRu = 0.5) can undergo phase separation producing a 

Pt enriched alloy phase in the particles [5,15,16,29].  The alloy component has a 

composition that falls within the range most active for CH3OH electrochemical 

oxidation near ambient temperature [16].  The tendency of the JM PtRu  

(XRu = 0.5) sample to develop a Pt rich alloy phase can explain the similar rates 

for CH3OH oxidation over the JM catalyst and SC PtRu (XRu ≈ 0.1).  Figure 4.8 

also compares the responses for SC PtRu (XRu ≈ 0.1) and JM PtRu (XRu = 0.5) to 

those of the PtRu core-island system [23].  Inhomogeneities in the distribution of 

Pt and Ru in core-island materials have been shown to produce active surfaces 

for CH3OH and CO electrochemical oxidation [9,10,13,20,23,27,31,32].  The 

current densities reported in Figure 4.8 for reaction of CH3OH at the core-island 

particles are in the vicinity of values reported earlier and display the same (∼2 x), 

and at low potentials even greater (∼4 x), enhancement as observed previously 

over the JM PtRu (XRu = 0.5) catalyst [23].  For consistency with the earlier 

measurements [13,20,23], the core-island catalyst was prepared in 0.1 M HClO4, 

and CH3OH oxidation rates were measured in the same electrolyte.  It is possible 
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some of the ∼4 x current increase at low potentials may result from effects of the 

more weekly adsorbing ClO4
- electrolyte compared to HSO4

- [52,53]. 

Our prior work showed the activity  of core-island and JM PtRu (XRu = 0.5) 

catalyst was vastly superior to that of SC PtRu (XRu ≈ 0.5) for equivalent mass 

loadings [54].  Since the mass specific surface area of the SC PtRu (XRu ≈ 0.5) 

sample (∼82 m2/g) is close to that for JM PtRu (XRu = 0.5) (∼65 m2/g [23]), the 

large reaction rate differences of more than one order of magnitude in 

potentiostatic kinetic measurements are expected to persist when the rates are 

expressed relative to the catalyst surface areas.  The higher current densities for 

CH3OH oxidation on Pt rich catalysts compared to samples in which XRu for the 

alloy phase is close to or exceeds 0.5 is expected based on similar responses for 

bulk alloys [6,28]. 

The results in Figure 4.8 additionally can be compared to rates reported 

for CH3OH oxidation on bulk alloys after sputter cleaning.  For the bulk alloys, 

holding the potential at 0.5 VRHE for 20 min has yielded current densities in the 

range of 120-50 μA/cm2 for the oxidation of 0.5 M CH3OH in 0.1 M H2SO4 and 

PtRu alloy compositions of XRu between 0.1 - 0.5 [6].  The apparent higher 

activity of the bulk alloy catalyst likely arises from uncertainty in the determination 

of active surface areas for the nanoscale particles and the methods employed for 

surface preparation.  Prior to contact with electrolyte and CH3OH solution, the 

bulk alloy surfaces were cleaned in ultra high vacuum (UHV) by cycles of Ar+ ion 

sputtering followed by annealing at 800 °C and subsequent verification of surface 
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purity by Auger electron spectroscopy [6].  In contrast, the nanoscale catalyst 

materials were used without as extensive decontamination.  The difficulty in 

applying the types of cleaning and characterization techniques that enable the 

removal and detection of trace surface contaminants on bulk samples in UHV is 

a limitation of nanoparticle electrocatalysts, particularly for mechanistic 

investigations.  The general trends in Figure 4.8 are in line with earlier studies 

that demonstrate fast rates for reaction of CH3OH at core Pt decorated by 

deposits of Ru [20,23] and an optimum rate for CH3OH oxidation at bulk PtRu 

alloys with XRu = 0.07-0.33 at 25 °C [6,28].   
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 Figure 4.8.  Tafel plots for the oxidation of 0.5 M CH3OH in acid electrolyte 
solutions.  The current values were measured 20 min after stepping from 
0.2 VRHE to the indicated potentials.  Pt black following four cycles of Ru island 
deposition (core-island PtRu) according to Refs. [23,37] in 0.1 M HClO4 (filled 
circles).  SC PtRu (XRu ≈ 0.1) (open diamonds) and JM PtRu (XRu = 0.5) (crossed 
squares) in 0.1 M H2SO4.  The Tafel slopes are 125, 121 and 113 mV/decade for 
the responses at core-island PtRu, SC PtRu (XRu ≈ 0.1) and JM PtRu (XRu = 0.5), 
respectively.  The metal loadings referenced to the geometric surface area of the 
Au electrode are 80 µgPt/cm2 for core-island PtRu and 120 µg/cm2 for the SC 
PtRu and JM PtRu catalysts.  The current responses are normalized to the 
catalyst layer active surface area. 
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Conclusions 

In summary, sonochemistry appears to provide a simple means for the 

preparation of PtRu nanoparticle catalysts that display bulk alloy properties.  The 

approach can be extended to produce nanoparticles of other bimetallic materials.  

In regard to the activity of SC PtRu toward CH3OH and CO oxidation, 

improvements may be possible through the use of variable Ru content (XRu ≈ 0.1 

– 0.9) particles as a core for the formation of PtRu-core / Ru-island (or Pt-island) 

catalyst.  It may also be possible through controlled oxidation of the alloyed 

particles to induce phase separation and promote the formation of regions rich in 

Ru, as this type of Pt-Ru structure has been shown to lead to high CH3OH 

oxidation rates [13,15,20,23,29].  

Compared to bulk PtRu alloys, the greater tendency for nanometer-scale 

PtRu materials to undergo oxidation and phase separation should be considered 

in the development of models for methanol oxidation at practical catalysts 

[15,23,29,37].  Responses of JM PtRu catalyst particles showed differences 

compared to the sonochemically prepared material. For low coverages (≤ 1 

monolayers) of JM PtRu particles supported on Au, CO stripping voltammograms 

showed evidence for Pt and Ru phase separation. The work also confirms 

conditions that promote the formation of Ru-rich and Pt-rich regions within 

nanometer-scale materials lead to fast CH3OH oxidation rates [15,23,29,37]. SC 

PtRu particles have shown stability against electrochemical oxidation. 
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CHAPTER V 

METHANOL AND CARBON MONOXIDE OXIDATION 

ON SONOCHEMICALLY PREPARED PtV    

 

Introduction 

 A major impediment in the development of fuel cells running on either H2 

or CH3OH arises from the dramatic deactivation of the anode electrocatalyst by 

even trace levels (50 ppm) of CO, found as an impurity in H2 or formed as an 

intermediate from methanol oxidation. Thus, the most active electrocatalyst for 

the oxidation of hydrogen in acid electrolyte, Pt, is deactivated rapidly (poisoned) 

by CO, leading to unexpectedly high overpotentials.  The lack of CO tolerance 

characteristics to Pt, i.e. its large affinity toward the adsorption of CO which in 

turn poisons the oxidation reactions, initiated the search for CO tolerant catalysts, 

or catalysts with an intrinsically higher activity toward the oxidation of both CO 

and fuel [1,2]. 

 Interest in this problem led to the discovery of tungsten carbide (WC), a 

CO tolerant hydrogen oxidation catalyst [3]. However, the low mass activity of 

WC limited its usefulness as an anode catalyst in H2 / O2 fuel cells [3].  Other 

studies have investigated a variety binary metal catalysts, including PtBi [4], PtSn 

[5, 6,7], PtPb [6] and PtRu [7, 8] for CO tolerance. These materials have shown 

improvements over Pt for anodic reactions.  PtV has been investigated mainly as 

an oxygen reduction catalyst [9,10].  It has shown better kinetics for oxygen 

reduction than Pt [9, 10]. In the present study, SC PtV (XV ≈ 0.5) nanopartcles 
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were tested for their electrocatalytic activity toward CO and methanol oxidation.  

Results of cyclic voltammetry measurements that probe the oxidation of 0.5 M 

CH3OH and a pre-adsorbed CO monolayer on SC PtV (XV ≈ 0.5) catalyst are 

presented, in comparison to parallel measurements on Pt black catalyst.  It is 

shown that SC PtV (XV ≈ 0.5) resists the adsorption of CO, but is active toward 

the oxidation of methanol.  Thus, SC PtV (XV ≈ 0.5) is appears to have excellent 

CO tolerance.   

 

Experimental 

The PtV sample was synthesized sonochemically from solutions 

containing V3+
 and Pt4+

 in a fixed mole ratio of 1:1 to produce particles with 

XV ≈ 0.5. In the sonochemical synthesis of PtV (XV ≈ 0.5), the same 

instrumentation and a similar procedure were used as for the synthesis of SC 

PtRu (Chapter IV).  The sonication cell was dried at 120 oC, cooled to ambient 

temperature under nitrogen purge and charged with tetrahydrofuran (THF,  

15 mL), sodium metal cuttings (0.6 mmol) and naphthalene (0.7 mmol). The cell 

was placed in a cooling bath (0 oC) for 15 minutes followed by sonication for 2 

hours. During the sonication, a solution of THF (15 mL) containing dissolved VCl3 

and PtBr4 (0.3 mmol V3+
 and 0.3 mmol Pt4+) was added slowly to the dark green 

sodium naphthalide THF solution via a cannula. The reaction mixture turned 

black and bubbled during the addition. The sonication was continued for 2 more 

hours. Afterward, the metal particles were collected by centrifugation and washed 
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repeatedly in THF and water until the supernatant appeared colorless. The 

catalyst was stored in THF.  Electrochemical cells and reagents employed are 

described in Chapter II. 

 

Results and Discussion 

Cyclic and Linear Sweep Voltammetry 

 Figure 5.1 shows cyclic voltammograms obtained for SC PtV (XV ≈ 0.5) 

and Pt black catalysts in 0.1 M H2SO4.  While the Pt black catalyst displays the 

typical hydrogen adsorption and desorption peaks in the range of 0.0 VRHE – 

0.3 VRHE, SC PtV (XV ≈ 0.5) does not show the same waves.  The behavior of SC 

PtV (XV ≈ 0.5) is similar to high Ru content PtRu materials. Furthermore, the well-

defined surface oxidation and reduction peaks (onset of oxidation at 0.8 VRHE) 

that appear for Pt, are not apparent for SC PtV (XV ≈ 0.5) catalyst. The double 

layer charging region is also broadened for SC PtV (XV ≈ 0.5) compared to Pt.   
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Figure 5.1. Cyclic voltammograms of catalyst films on Au in N2 purged 0.1 M 
H2SO4.  Catalysts were, Pt black (bottom) and SC PtV (XV ≈ 0.5) (top), as 
indicated in the figure.  The catalyst loadings were 120 µg/cm2.  Sweep rates 
were 50 mV/s.   
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CH3OH and CO Oxidation: Cyclic Voltammetry 

 The cyclic voltammogram for CO oxidation on SC PtV (XV ≈ 0.5) was 

almost the same as the cyclic voltammogram for the catalyst without any CO in 

the electrolyte, i.e. the CV did not show any CO stripping waves.  Even after 

bubbling CO directly into the electrolyte solution for 15 min, the cyclic 

voltammogram did not show any evidence for CO adsorption.  These results 

suggest that the SC PtV (XV ≈ 0.5) sample is extremely tolerant for CO.  Figure 

5.2 shows the cyclic voltammogram for CO oxidation on SC PtV (XV ≈ 0.5).  The 

cyclic voltammogram for CO oxidation on Pt black is included as a reference.  As 

expected, Pt black shows a strong CO stripping peak at 0.75 VRHE. 

Figure 5.3 shows cyclic voltammograms obtained for the oxidation of  

0.5 M CH3OH in 0.1 M H2SO4 on SC PtV (XV ≈ 0.5) (top) and Pt black (bottom) on 

a Au electrode.  Even though the CO stripping results showed that SC PtV 

(XV ≈ 0.5) catalyst was resistant to CO adsorption, it did not show better 

performance toward methanol oxidation.  In comparison to Pt black, in both 

scans (forward and return) SC PtV (XV ≈ 0.5) showed a more positive onset 

potential for methanol oxidation than Pt black.  Previous studies of PtSn supports 

this idea that CO oxidation activity does not necessarily couple with methanol 

oxidation [11, 12]. 
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Figure 5.2. Voltammetry of Pt black (bottom) and SC PtV (XV ≈ 0.5) (top) on Au in 
0.1 M H2SO4 following adsorption of a CO monolayer.  The CO stripping current 
recorded on the initial, positive going linear scan is shown together with the first 
cyclic scan recorded immediately afterward.  The catalyst loadings were 
120 µg/cm2.  Sweep rates were 50 mV/s. 
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Figure 5.3. Cyclic voltammograms of SC PtV (XV ≈ 0.5) (top) and Pt black 
(bottom) on a Au electrode in 0.5 M CH3OH in 0.1 M H2SO4 at a scan rate of 
50 mV/s.  Catalyst loadings were 120 μg/cm2.   
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Conclusions 

SC PtV (XV ≈ 0.5) catalyst resists CO adsorption. The catalyst is active 

toward CH3OH oxidation, but it is not as active a as Pt black toward CH3OH 

oxidation.  These results suggest that despite their tolerance for CO adsorption, 

SC PtV (XV ≈ 0.5) catalyst is not more active for methanol oxidation as compared 

to Pt black catalyst, demonstrating that CO oxidation is not necessarily coupled 

to a better methanol oxidation performance.  Improvements of the catalyst may 

be possible through the use of different PtV compositions. 
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CHAPTER VI 

 

TRANSMISSION INFRARED SPECTROSCOPY AS A PROBE 

OF NAFION FILM STRUCTURE: ANALYSIS OF SPECTRAL 

REGIONS FUNDAMENTAL TO UNDERSTANDING 

 HYDRATION EFFECTS 

 

Introduction 

Nafion is a perfluorosulfonated polymer consisting of a 

polytetrafluoroethylene backbone and perfluoroether side chains that terminate in 

a sulfonate group (see Scheme 1.1) [1,2]. Nafion displays strong vibrational 

bands associated with functional groups, such as –CF2 and –SO3
-, which are 

sensitive to the polymer environment. Additionally, vibrational spectroscopic 

techniques allow the permeation of solvent vapor and other molecular analytes 

into Nafion to be monitored by detection of the unique spectral signatures of 

these species. In the mid-infrared range, Nafion displays a pair of strong bands 

near 1155 cm-1 and 1220 cm-1. The former has been assigned to the symmetric 

stretching of –CF2 groups, while the latter is more complex and contains 

contributions from modes of both –CF2 and –SO3
- [3–6]. Minor bands that arise 

from ether linkages along the side chains (970 cm-1) [3,7] and the motion of 

atoms in –SO3
- groups (~1300 cm-1 and 1060 cm-1) are also present [3–5,8]. 

Depending upon the composition of the atmosphere surrounding the polymer, 

additional features characteristic of molecules from the vapor phase can be 

observed [4,5,7–12]. Permeation of water vapor gives rise to bands from O–H 
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stretching in the region 3700–3200 cm-1 and H–O–H bending in the vicinity of 

1645 cm-1 [3–5,8–13]. The position and width of features arising from these 

modes can be strongly sensitive to the extent of film hydration [7–10,12,13]. At 

ambient temperature and pressure, uptake of water into proton-exchanged 

Nafion films from a water-vapor-saturated atmosphere gives vibrational spectral 

bands similar to aqueous acid solutions [8,10,13]. Lowering the water content 

leads to perturbations in the H–O– H bending region near 1700 cm-1 that can be 

ascribed to increasing concentration of H3O+ and small hydrated proton clusters, 

such as H5O2
+ [7,8,10,11,13,14]. Additional changes occur in the O–H stretching 

bands extending toward low wavenumbers (2000 cm-1 and below) due to band 

broadness and the continuum of solvated proton structures present [10,11]. A 

sharp peak associated with free O–H stretching motion has sometimes been 

observed near 3650 cm-1 and is thought to arise from interfacial water molecules 

interacting with the fluorocarbon-rich backbone or side chains of the polymer 

[8,9,12]. To achieve high sensitivity in the study of Nafion, Blanchard and Nuzzo 

used infrared difference spectroscopy to detect small changes in vibrational 

modes of the polymer that accompany hydration [3].  Thin Nafion films 

exchanged with various types of cations were examined, and difference spectra 

revealed subtle restructuring in fluorocarbon, sulfonate, and ether groups 

following exposure of films to water vapor. The spectra were difficult to interpret 

quantitatively, however, due to the differential band shapes that are characteristic 

of difference spectra [3,15,16]. Recently, Lipkowski and co-workers gained 
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insights into Nafion structure by using deconvolution to identify overlapping 

features in absorbance spectra and subsequently applying the results to interpret 

the related difference infrared spectra [6]. The present work examines infrared 

bands that are prominent and undergo changes during the hydration of thin 

Nafion films. Building on the results of Lipkowski and coworkers [6], the region 

rich in –CF2 and –SO3
- modes between 1350–1020 cm-1 is analyzed through 

spectral curve fitting. A set of bands consistent with the fundamental vibrational 

modes of these groups is identified and examined for insights into effects of film 

hydration. Vibrational modes of water are also scrutinized. Focus is on the 

appearance of the stretching band for the free –OH group for interfacial water 

and modes of hydrated hydronium ion clusters. These water spectral features are 

compared to the analogous bands observed in recent studies of water–organic 

and water–gas interfaces and gas-phase solvated proton clusters. The findings 

advance the understanding of Nafion vibrational spectra and responses of the 

polymer to changes in hydration state.  

 

Experimental 

The sample cell (Figure 2.3a) was based on a previously reported design 

[8]. Cast Nafion films were prepared according to the procedure described in 

Chapter II.  Additional treatments are discussed in the text.  Infrared spectra were 

recorded on a Mattson Instruments RS/1 Fourier transform infrared spectrometer 

system (see Chapter II).  Spectra were fit to Gaussian peaks using the 
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CURVEFIT program in Spectra Calc (Galactic Industries). The region between 

1350 cm-1 and 1020 cm-1 was selected.  For each Gaussian function, the center 

position and width were treated as variables. Instead of baseline correcting the 

region prior to performing the least squares analysis, it was found that better fits 

could be obtained by centering an additional function at either end of the region. 

Therefore, along with the six peaks displayed, the fitting function included a 

seventh Gaussian function centered near 1350 cm-1, which served to correct the 

baseline.  

 

Results and Discussion 

Spectra that demonstrate the main features for Nafion across the mid-

infrared range are shown in Figure 6.1. The spectra closely resemble those 

reported earlier for thin Nafion films cast from solution [16,13]. The spectrum 

labeled “dry” was recorded after a freshly cast film was oven dried at ambient 

pressure. The polymer bands appear below 1500 cm-1. The strongest features 

are the two peaks near 1225 cm-1
 and 1160 cm-1. As described above, the latter 

has been assigned to the symmetric –CF2 stretching modes, while the former 

contains a mix of contributions from the asymmetric stretching modes of –CF2 

and –SO3
-
 groups [6,8,16,18]. Upon exposure of the film to water vapor saturated 

air, the peak at 1225 cm-1
 shifts up in energy toward 1236 cm-1

 (Figure 6.1, top). 

The two spectra in Figure 6.1 also contain weaker peaks at 1058 cm-1
 , which 

arises from the symmetric –SO3
-
 stretching mode [6,8,13,16], and in the region 
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between 970 cm-1
 - 985 cm-1

 . There is a doublet in the latter range which has 

been primarily associated with modes of the C-O-C groups on the polymer side 

chains [8,14,16,17], although the higher energy band in the pair has also been 

assigned to –CF2 stretching modes [14]. Upon hydration, vibrational bands of 

water become evident in the region between 3000 cm-1
 - 3800 cm-1

 and near 

1647 cm-1
 (Figure 6.1, top). The features are similar to those of liquid water. 

However, as will be discussed further below, their positions and shapes depend 

upon the extent of film hydration and reflect the acidic nature of the –SO3
-
 groups 

[7,10,11,13,17] and the surfaces of polymer structures that form pores and 

channels throughout the film [5,7,15]. 
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Figure 6.1. Transmission infrared spectra of a thin Nafion film cast on a ZnSe 
window. Spectra were recorded of the film at room temperature after drying at  
110 °C for ca. 16 hours (bottom) and following 20 min exposure to water vapor 
saturated air (top). 
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A difference spectrum that shows changes which occur in the vibrational 

modes of Nafion between 1400 cm-1
 and 900 cm-1

 upon equilibration in the 

presence of water vapor saturated air is displayed in Figure 6.2. The spectrum 

was computed from those in Figure 6.1 and is in excellent agreement with the 

corresponding difference spectrum for proton exchanged Nafion in reference 

[16]. The features indicate absorption of water by the film causes strong 

perturbations to the prominent polymer band near 1225 cm-1, inducing an 

increase in the absorption intensity on the high energy side (1275 cm-1
 - 

1249 cm-1). Also affected are the symmetric –SO3
-
 stretching mode (~1060 cm-1) 

and ether group modes (~970 cm-1). To gain greater insight into the significance 

of bands in the difference spectrum, the individual absorbance spectra were 

examined. Figure 6.3 shows the peaks that result from fitting the region to 

Gaussian functions. Information derived from prior deconvolution studies of 

Nafion vibrational spectra were applied [18]. Lipkowski and co-workers 

demonstrated the pair of strong bands near 1225 cm-1
 and 1160 cm-1

 could be 

decomposed into four Gaussian functions representing the symmetric –CF2 

stretching mode (1160 cm-1
 ) the asymmetric –CF2 stretching mode (~1220 cm-1

 ) 

and the two asymmetric stretching modes of the –SO3
-
 group (~1270 cm-1

 and 

shoulder near 1320 cm-1
 ) [18]. 
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Figure 6.2. Difference spectrum (Awater vapor –Adry) computed from the spectra in 
Figure 6.1. Upward bands are associated with the film following exposure to 
water vapor saturated air. 
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In Figure 6.3, we extended the spectral range to include the 1058 cm-1
 

band, which is attributed to a single mode (symmetric S-O stretching). The band 

is expected to be well fit by one Gaussian function and reports on the 

environment of –SO3
-
 groups. With reference to Figure 6.3A, the set of six peaks 

below the experimental spectrum are those that were obtained from a numerical 

fit.  The parameters are reported in Table 6.1.  As expected, one Gaussian 

function was sufficient to reproduce the 1058 cm-1
 band. The band at 1160 cm-1

 

was dominated by a single function, but a second peak of smaller amplitude 

(1155 cm-1) was also required to account for an inflection on the low energy side 

of the band. The remaining three Gaussian peaks coincide with the results of the 

deconvolution study [18]. Figure 6.3B shows the component Gaussian functions 

that result from fitting the spectrum of Nafion in equilibrium with water vapor 

saturated air. The optimized parameters for the dry film were employed as initial 

conditions. The Gaussian peaks identified show small shifts in the position and 

changes in intensity compared to the dry film that reflect effects of water 

incorporation. The changes are most evident in Figure 6.3C, which compares the 

experimental spectra of the two films and their major component peaks. Intensity 

in the spectral region near 1250 cm-1
 grows upon exposure of the polymer to 

water vapor. The component peak in the region, which is assignable to 

asymmetric stretching of the –SO3
-
 groups, also follows the trend and tracks the 

intensity increase at 1058 cm-1
 from the symmetric –SO3

-
 stretching mode. The 

work of Ludvigsson [13] and Lowry [6] demonstrated intensity at 1058 cm-1
 tends 
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to increase with water uptake by Nafion. The change results in part from a 

narrowing of the band and shift in its center toward 1058 cm-1
 starting from higher 

energy in drier films. Intensity in this region also increases as –SO3H groups in 

water-free areas of the film transform to sulfonate ion paired with hydronium ions 

(–SO3
-
 ···H3O+) as film hydration progresses [13]. The band narrowing near  

1058 cm-1
 may reflect a tendency toward a more uniform distribution of (H2O)nH+

 

cluster sizes per –SO3
-
 group as water uptake slows and a quasi equilibrium state 

is reached. In Figure 6.3C, the component peaks near 1160 cm-1 and 1220 cm-1
 

also appear to undergo correlated changes. 

Since the band at 1160 cm-1
 can be associated with pure –CF2 stretching 

motion [6,8,16,18], we ascribe the 1220 cm-1
 peak to the component of the 

composite band that arises from the asymmetric –CF2 stretching mode. The 

apparent decrease in intensity of these bands with water incorporation in the film 

may be a result of changes in the polymer volume that accompany film swelling. 

It should be noted that the fitted peaks reported in Figure 6.3 were not unique in 

that other combinations of Gaussian functions could be found to give fits of 

similar quality. However, the general trends shown in Figure 6.3 were reproduced 

in these cases. The fitted peaks that emerge from the analysis of absorbance in 

Figure 6.3 can be applied to understand features in the difference spectrum 

(Figure 6.2). The strong upward band in the vicinity of 1275 cm-1
 - 1249 cm-1 and 

derivative peak at 1060 cm-1
 reflect the increase in hydration about the –SO3

-
 

group. The loss of intensity at 1065 cm-1 and the gain at 1058 cm-1
 are consistent 
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with the downshift in the  –SO3
-
 symmetric stretching mode with increasing water 

content observed earlier [6,13]. The feature extending downward between 

1249 cm-1
 - 1163 cm-1

 can be attributed to the slight decrease in intensity of the 

–CF2 stretching modes detected as the film swells. The upward intensity at 

1163 cm-1
 is also in the –CF2 stretching region. The positive intensity is difficult to 

explain. However, Blanchard and Nuzzo observed a similar response in their 

difference infrared spectra of Nafion exchanged with H+
 and a variety of other 

cations [16]. They pointed out that in general hydration induced perturbations to 

modes of –CF2 groups are unexpected, but may reflect side chain 

reconstructions. This mechanism is plausible and can also account for spectral 

changes near 965 cm-1
 where features from vibrational modes of the side chain 

ether groups appear. The intensity in the vicinity of 1163 cm-1
 may result from 

band broadening or peak shifts due to disordering in the side chains as water 

uptake occurs. 
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Figure 6.3. Spectral region between 1350 cm-1

 and 1020 cm-1
 showing the fit to 

Gaussian functions for the spectra in Figure 6.1. (A) Spectrum of the dry Nafion 

film (black line) and fitted Gaussian functions (colored lines). The bands at 

1158 cm-1
 and 1060 cm-1 have been assigned to the symmetric stretching mode 

for the –CF2 [6,8,16,18] and –SO3
-
 [6,8,13,16] groups, respectively. (B) Same as 

A except for the film following exposure to water vapor saturated air. (C) Overlay 

of the experimental spectra for the film dry (black line, top) and following 

exposure to water vapor saturated air (red line, top) and the fitted Gaussian 

peaks for the two spectra (Nafion dry: black solid lines, film exposed to water 

vapor: red dashed lines) overlaid showing bands for the following modes: 

asymmetric –SO3
-
 stretching (1239 cm-1

 ), asymmetric –CF2 stretching 

(1208 cm-1
 ), symmetric –CF2 stretching (1158 cm-1

 ) and symmetric –SO3
-
 

stretching (1058 cm-1
 ). 
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Table 6.I.  Gaussian band parameters a

dry film hydrated film 
oν  Ao σ oν  Ao σ 

1057.7 0.12 7.7 1057.7 0.16 5.8 
1155.1 0.14 9.6 1157.0 0.16 10.6 
1160.9 0.72 38.6 1158.9 0.67 35.7 
1207.1 0.44 22.2 1206.2 0.36 22.2 
1239.0 0.98 34.7 1239.0 1.00 35.7 
1306.5 0.44 39.5 1305.5 0.40 41.5 

 

a Parameters used to plot the calculated Gaussian bands in Figure 6.3 

according to the function ( )
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

σ

ν−ν
−=ν 2

2
o

o
2

expA)(A  where the center 

frequency ( oν ) has cm-1 units, the half width at half height (σ) has cm-1 
units and the relative intensity (Ao) has arbitrary units.  
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Figures 6.4 and 6.5 demonstrate bands that develop in the O–H stretching 

and H–O–H bending regions, respectively, for Nafion in different hydration states. 

The upper spectrum in Figure 6.4 is derived from Figure 6.1 for the film in 

equilibrium with water-vapor-saturated air. The number of water molecules per 

sulfonate group was estimated through comparison to prior quantitative studies 

[13,15] from the ratio of intensity in the peak near 3470 cm-1 to the intensity of the 

dominant bands of the polymer –CF2 stretching and –SO3
- stretching modes.  

The broad band in the top spectrum of Figure 6.4 is similar to that for bulk water, 

with peak intensity close to 3450 cm-1 and a shoulder near 3200 cm-1 [10]. The 

general features have been reported for Nafion in highly hydrated states, with the 

peak ranging between 3400–3520 cm-1 [7,10,13-17]. The bottom spectrum in 

Figure 6.4 shows features that result after the film is swelled in water and then 

the water content lowered. Compared to the vapor-equilibrated film, the features 

are considerably weaker and consist of a broad peak shifted to higher energy 

and a sharp band at 3694 cm-1. The band at 3694 cm-1 has been ascribed to the 

stretching vibration of water –OH groups interacting with the polymer [7,10,15]. 

Similar features have been observed for interfacial water by vibrational sum 

frequency (VSF) spectroscopy [20,21,24,28]. For water–air and water–organic 

interfaces, the water O–H stretching vibrations decouple such that the more 

weakly hydrogen bonded, or free, –OH group straddling the interface produces a 

sharp peak near 3700 cm-1, while the hydrogen atom directed toward molecules 

in the water phase has intensity near 3450 cm-1 in VSF measurements  
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[20,21,24]. In general, a decrease in hydrogen bonding tends to shift the O–H 

stretching modes in water to higher energy [21,28,29].  Fully (tetrahedrally) 

hydrogen bonded water has peak absorption in the vicinity of 3200 cm-1, and 

intensity appears at higher energies as asymmetry develops in the water 

structure [21,28-30].  Applying these insights to the infrared spectra in Figure 6.4 

suggests that the bands reflect water in a predominately hydrogen-bonded and 

liquid-like state in the vapor-equilibrated film, which transform to a more weakly 

hydrogen-bonded state dominated by interactions with functional groups (i.e., 

fluorocarbon, ether, and sulfonate) of the polymer in the drier film. The changes 

in water pH that occur as dehydration progresses are also expected to affect the 

–OH stretching modes (see Chapter VII). 
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Figure 6.4. The water O-H stretching spectral region for Nafion exposed to water 
vapor saturated air (top, from Figure 6.1) and for a film that was hydrated by 
emersion in deionized water followed by drying for 24 hrs at 110 °C (bottom). 
Water/SO3

-
 ratios are estimates based on comparisons to prior quantitative 

studies for films that display similar spectral features [13,15]. 
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Figure 6.5 shows spectra that cover the region of the water bending 

fundamental mode. For Nafion in water-vapor saturated air (Figure 6.1, top), the 

band is present at 1647 cm-1, close to that for bulk liquid water (1645 cm-1) [30].  

In the drier film (Figure 6.5, bottom), the band appears at 1630 cm-1 and is 

narrower than in the spectrum of Figure 6.1 by about 30 cm-1. For the HOH 

bending mode of water, narrowing and downshifting of the spectral band from 

1645 cm-1 to ~ 1630 cm-1 has been observed in hydrates of HCl at low 

temperatures and ascribed to waters of hydration in ordered structures stabilized 

by interactions with protons [30].  For the dried film in the lower spectrum of 

Figure 6.5, it is possible that the low water content and high proton concentration 

can induce a related type of proton stabilized ordering of water, especially in the 

nanometer-scale pores and channels that are prevalent in Nafion under these 

conditions [5,15]. The top spectrum in Figure 6.5 demonstrates the effect of 

further sample drying at 900C under a few torr of vacuum. The treatment appears 

to produce additional water structures as indicated by a new band at 1713 cm-1. 

Vibrational features for water near 1700 cm-1 have frequently been assigned to 

water solvated proton clusters of the type (H2O)nH+ [10,13,14,17,29,31-33] 

including the Zundel ion which has n = 2 [13,17,31,33]. The spectra in Figure 6.5 

suggest that dehydration leads to the formation of small aggregates of water that 

reside in sulfonate-rich regions of Nafion forming structured (H2O)nH+ assemblies 

that gradually become smaller with water loss. 
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Figure 6.5. The water H-O-H bending spectral region for the bottom spectrum in 
Figure 6.4 (bottom) and for a similarly treated film after drying overnight at 90 °C 
under a few torr of vacuum (top). Water/SO3

-
 ratios are estimates based on 

comparisons to prior quantitative studies for films that display similar spectral 
features [13,15]. 
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It is notable that the conditions employed to dehydrate the thin polymer 

films in this study were relatively mild and not sufficient to shift the sulfonate 

groups into the un-ionized protonated state [10,14]. Sulfonic acid (–SO3H) groups 

have been shown to form in proton-exchanged Nafion upon drying under vacuum 

at above ambient temperature (see below) [10,13]. The appearance of –SO3H 

groups is signaled by the growth of bands for the S=O and S–OH stretching 

modes at 1410 cm-1 and 910 cm-1, respectively. Exposure of Nafion to reduced 

pressure at temperatures of 900C or greater produces strong – SO3H bands and 

a corresponding loss of intensity in the –SO3
- symmetric stretching mode at 

~1058 cm-1 [10,13].   

 

Conclusions 

In summary, infrared spectroscopy provides a simple means to obtain 

structural information related to Nafion backbone and side-chain groups and the 

environment of water in hydrated films. Polymer features in the complicated 

spectral region between 1350–1100 cm-1 can be understood by applying 

knowledge of prior assignments in combination with least squares fitting to 

spectral band functions. Water can be present in Nafion in a variety of 

environments, which depend to some extent on proton activity and film hydration 

state. Bands for interfacial water appear and can provide insights into water– 

polymer interactions. 
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CHAPTER VII 

HYDRATION AND INTERFACIAL WATER IN FREESTANDING  

NAFION MEMBRANE PROBED BY TRANSMISSION 

INFRARED SPECTROSCOPY 

 

Introduction 

The perfluorosulfonated ion exchange material Nafion [1,2] has played an 

important role in practical areas of electrochemistry, including fuel cells, water 

electrolyzers, chloralkali cells and chemical sensors [1,3].  A general structure is 

shown in Scheme 1.1.  The performance of Nafion as an ion transport material is 

influenced by the interaction of water molecules with ion-exchange groups  

(-SO3
-) on the polymer and free charge compensating cations (e.g., H+, Na+, etc.) 

within the pores and channels of the polymer [2-5].  Molecular level interactions 

that influence the state of water in Nafion materials have been investigated by 

spectroscopic techniques [1].  The sensitivity of infrared spectroscopy toward 

water has made it valuable for the study of hydration [6-17].  Perturbations to the 

O-H stretching and H-O-H bending modes have been detected and ascribed to 

water molecules present in different environments inside Nafion, such as in 

nanometer scale clusters [15,18], at polymer interfaces [7,9,15,18] and within 

proton solvent shells (i.e., (H2O)nH+, where n can very from 1 to large values) 

[10,13,17].   

     This report presents results of infrared spectroscopy experiments that shed 

further light on properties of interfacial water within Nafion membrane.  
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Transmission infrared measurements were performed on freestanding Nafion 

112.  A cell was used that enabled the humidity of the gas surrounding the 

membrane to be adjusted (Figure 2.2b) [10,13,16].  The thickness of Nafion 112 

is ∼50 μm.  Thus, the strong vibrational modes of the polymer backbone, which 

involve mainly -CF2 and –SO3
- group motion (see Chapter VI), become saturated 

in transmission infrared measurements on Nafion 112 [10,14,15,17].  However, 

the fundamental vibrational modes of Nafion are below 1500 cm-1.  The region 

above 1500 cm-1 is essentially free of polymer bands, enabling the observation of 

features for permeating molecules (i.e., vapor of water and other types of 

solvents) [7,9,10,13,15,16].   

     The work described herein focuses on perturbations to the O-H stretching 

modes of water in the spectral region between 3000 cm-1 – 4000 cm-1.  In 

addition to the broad features typical of modes for bulk liquid water, also 

observed are sharper features in the range of 3650 cm-1 - 3720 cm-1 

characteristic of the “free” OH stretching mode for interfacial water [7,9,15,19-21].  

Measurements were performed on Nafion 112 membrane in H+ and Na+ 

exchanged forms in different hydration states at ambient temperature and 

pressure.  Insights into the environment for water in Nafion membrane are 

gleaned through comparisons to VSF studies of water/organic, water/air and salt-

solution/air interfaces [19-26].  Spectra reveal effects of water associating with 

charge compensating cations and fluorocarbon-rich regions in the polymer.  The 

permeation of methanol and acetone into Nafion was also probed, and parallel 
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measurements with water, methanol and acetone were performed on 

poly(hexafluoropropylene-co-tetrafluoroethylene) (FEP) membrane.  It is shown 

that the porosity of Nafion imparted by phase separation and aggregation of the 

charged, polar –SO3
- groups facilitates the permeation of these solvents into the 

membrane. 

 

Experimental 

The sample cell (Figure 2.3b) was based on previously reported designs 

[10,13].    Prior to use, approximately 1 cm × 1 cm pieces of Nafion 112 and FEP 

membranes were cleaned and dried according to the procedures in Chapter II.  

The surfaces of the sample was then dried in air before being inserted into the 

infrared transmission cell and sandwiched between the Kel-F spacers.  Additional 

drying steps were carried out either in a conventional oven or in a vacuum oven 

(Napco, Waltham, MA), as indicated in the text and figure legends.  The sample 

was placed in a dessicator to cool to ambient temperature prior to infrared 

measurements.  For hydration studies, membranes were hydrated by injecting a 

drop of water, a drop of LiCl saturated water, or a drop of MgCl2 saturated water  

(as needed) into the shallow well in the spacer prior collecting spectra.  

Additional treatments are discussed in the text.  Infrared spectra of Nafion 112 

and FEP membranes were recorded on a Mattson Instruments RS/1 Fourier 

transform infrared spectrometer system. 
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Spectra of bulk solvents were recorded either using a transmission 

infrared cell (Aldrich) equipped with ZnSe windows, or an attenuated total 

reflection (ATR) cell (Circle Cell, SpectraTech) with a ZnSe reflection element.  

 

Results and Discussion 

Figure 7.1 shows infrared spectra of a Na+ exchanged Nafion 112 

membrane equilibrated in air above humectants that produce relative humidity 

values in the vicinity of 10 % and 32 % as indicated.  The main features in the 

spectra are a broad band at 3525 cm-1 and two sharper bands near 3668 cm-1 

and 3712 cm-1.  Related spectra were reported by Falk and co-workers in early 

studies and discussed in terms of perturbations caused by interactions of water 

with the polymer and charge compensating cations [7,9].   

     The band at 3525 cm-1 in Figure 7.1 is related to the broad feature peaked 

near 3400 cm-1 in transmission spectra of water [34].  Shifts of peaks in this 

region toward high energy indicate a disruption in hydrogen bonding among 

water molecules compared to bulk water [7,15,20,21,26].  Falk ascribed features 

near 3525 cm-1 to modes of water molecules in the vicinity of Na+ ions and –SO3
- 

sites [7].     

     The sharper bands between 3650 cm-1 - 3720 cm-1 in Figure 7.1 do not have 

counterparts in bulk water spectra, but analogous features have been detected in 

VSF measurements at water interfaces [20-26,35] and in infrared studies of 

Nafion hydration [7,15].  Falk suggested the peak near 3668 cm-1 arises from 
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water molecules in an asymmetric environment extending one hydrogen atom 

toward fluorocarbon-rich regions of the polymer and the other toward nearby 

water molecules [7], or cation sites [9].  Likewise, in VSF measurements at 

water/CCl4 [20,21,24] and water/hexane [21] interfaces, an intense, sharp band 

at 3669 cm-1 has been assigned to stretching of the “free” OH group extending 

into the organic phase for water molecules that straddle the water/organic 

interface.  The feature near 3712 cm-1 in Figure 7.1 correlates to Falk’s 

assignments for interfacial water oriented with both hydrogen atoms in the same 

phase [7,9].  VSF measurements also show a prominent, sharp band near 

3712 cm-1 in spectra of water/air and salt-solution/air interfaces [20-27,35].  By 

analogy to the water/organic systems, this feature has been assigned to 

stretching motion of “free” OH groups extending into the vapor phase for 

molecules that bridge the interface [20-22,24,26,27,35].  The assignment of 

bands near 3700 cm-1 in VSF spectra contrast Falk’s explanation for the 

comparable bands that appear in infrared spectra of water in Nafion.  The 

differences can be reconciled to some extent by considering analyses that have 

been performed recently on VSF spectra of aqueous interfaces [20,21,23,24]. 

     VSF spectra are complex and contain contributions from a number of 

vibrational modes that result from the wide range of orientations and 

environments possible for interfacial water [20,22-24,26].  From a set of O-H 

stretching vibrational modes representing the important average configurations of 

interfacial water, VSF spectra were fit to corresponding line shape functions 
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[20,21,23,24].  It was determined that the population of water molecules situated 

with their oxygen atom toward bulk water and both hydrogen atoms in the non-

aqueous environment contribute modes that have a relatively weak absorption 

intensity.  However, these modes were shown to be capable of influencing the 

shape of the stronger bands arising from “free” OH groups and hydrogen bonded 

water through band overlap and effects of their phases during vibration.  

Comparing features in VSF spectra of water/CCl4 and water/air interfaces, the 

intense bands near 3669 cm-1 (water/CCl4) and 3700 cm-1 (water/air) were both 

assigned to modes of “free” OH groups with the shift in peak position reflecting 

the different dielectric properties of CCl4 versus air [20,24].  Results of the VSF 

studies suggest the two features in the region 3650 cm-1 - 3720 cm-1 in Figure 7.1 

result from different populations of water in Nafion, with the lower energy band 

arising from “free” OH groups interacting with organic-rich areas of the polymer 

and the higher energy band reflecting “free” OH groups extending into regions 

containing atmospheric gases.  Consistent with this assignment, Figure 7.1 

shows the 3712 cm-1 feature does not grow as much as the other water bands as 

the relative humidity in the cell increases from 10 % to 32 %.  This behavior is 

anticipated as the polymer takes on additional water and the water displaces 

gases in void regions.    
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Figure 7.1.  Transmission infrared spectra of Na+ exchanged Nafion 112 
membrane equilibrated in air at room temperature above humectants that 
produce relative humidity values of approximately 10 % and 32 %, as indicated. 
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Falk performed experiments with HOD to gain additional insights into the 

origin of the sharp water bands in the 3650 cm-1 - 3720 cm-1 region [7,9].  In 

infrared spectra of Nafion membrane exposed to D2O vapor containing a small 

amount of HOD, there was evidence for only a single feature with a peak in the 

range of 3660 cm-1 – 3690 cm-1, the position depending upon counter cation and 

hydration level.  The absence of a second band above 3700 cm-1 in spectra of 

Nafion containing HOD strengthened arguments for assignment of the  

∼3700 cm-1 band in spectra of H2O in Nafion to a mode of water in a symmetric 

coordination environment, such as oriented with its oxygen atom in water and 

both hydrogen atoms interacting with the polymer [7,9].  However, Falk noted 

that this symmetric configuration should produce a second O-H stretching mode 

with energy expected near 3600 cm-1 [7].  To explain the lack of evidence for 

bands near 3600 cm-1, Falk suggested that the additional band may be obscured 

by the stronger hydrogen bonded water features in the region [7,9].  

     Experimental VSF spectra for the water/air interface show the “free” OH band 

broadens extensively in progressing from H2O to small HOD quantities in D2O 

[23].  From line width considerations, it may be possible that only a single “free” 

OH band can be resolved across the 3650 cm-1 - 3720 cm-1 region in HOD 

experiments.  The HOD measurements undertaken by Falk and co-workers 

employed a dispersive spectrometer, and the resolution was not specified [7,9].  

Thus, it is possible that additional environments will become apparent in spectra 

recorded at ∼ 1 cm-1 resolution using a Fourier transform infrared spectrometer.  
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We are currently investigating HOD permeation into Nafion to probe this issue 

further.   

     The interfacial water features near 3650 cm-1 - 3720 cm-1 discussed above 

are prominent in infrared spectra of Nafion exchanged with Na+ and other metal 

cations [7,9,14,15].  For membrane in H+ form, only a single band in the vicinity 

of 3690 cm-1 has typically been observed [10,14].  An example is shown in Figure 

7.2A.  The upper set of spectra in Figure 7.2A report properties of H+ exchanged 

Nafion 112 during dehydration steps starting from a film that has been washed 

(see Experimental Section) and then immediately oven dried at 95 °C for 10 min 

to remove residual water (spectrum “a”).  In spectra labeled “a” – “c”, a weak 

band that can be ascribed to interfacial water is present at 3690 cm-1.  The 

interfacial water region is expanded in the inset (A’) to Figure 7.2A.  The marked 

differences in the interfacial water features between Nafion in the Na+ and H+ 

forms may be a result of the behavior of H3O+ relative to Na+ at interfaces [28].  

Mucha and co-workers showed hydronium ions have a tendency to partition to 

the water/air interface, while small alkali metal cations are repelled from the 

interface [27].  In the strongly acidic environment inside H+ exchanged Nafion, 

the number density of “free” OH groups at water/air interfaces is likely small.  The 

composition may be such that configurations contributing to the 3712 cm-1 band 

are no longer present.  Consistent with this idea, the sharp “free” OH band near 

3712 cm-1 decreases as the solution pH becomes lower in VSF spectra of salt-

solution/air interfaces [27].  Since Nafion can easily be present in states with only 
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a few water molecules per H+ [10,13,14], “free” OH groups produced will be 

those derived from (H2O)nH+ clusters.  The 3690 cm-1 band, then, can be 

ascribed to “free” OH groups of (H2O)nH+ clusters, possibly at polymer-water 

interfaces, although the assignment is not definitive.  

     In the spectrum marked “a” in Figure 7.2A, a shoulder is prominent near 

3418 cm-1 to the high energy side of a broad peak that extends over 2300 cm-1 to 

3750 cm-1.  The 3418 cm-1 shoulder lies close to the position expected for bulk 

water (3400 cm-1) [34].  Intensity in this shoulder region diminishes (spectra “a” – 

“c”) as water is removed from the film during exposure to the dry air purge in the 

spectrometer.  The loss is offset by growth in a feature near 2670 cm-1.  Upon 

further drying by placing the membrane under a few torr of vacuum at 65 °C 

(spectrum “d”), peak intensity in the region shifts to 2670 cm-1 and the interfacial 

water band at 3690 cm-1 is no longer evident.     

     The general behavior in the spectra of H+ exchanged Nafion during water loss 

has been discussed in terms of (H2O)nH+ structures transitioning from large n to  

n ≈ 1 as dehydration progresses [10,13,14].  Buzzoni has described the 

complicated nature of vibrational modes for aqueous acid solutions [10] and 

ascribed a broad band at 2750 cm-1 to an O-H stretching mode of H3O+ 

interacting with –SO3
- groups.  The 1732 cm-1 band in Figure 7.2A has also been 

discussed previously as arising from bending modes of (H2O)nH+ species 

[10,13,14].  Between acquisition of spectrum “d” and spectrum “e” in Figure 7.2, 

the membrane was again placed under a few torr of vacuum, this time at 95 °C.  

 136



At the higher temperature, additional water was expelled.  The spectrum 

recorded afterward (Figure 7.2A, “e”) shows several changes.  The broad O-H 

stretching feature has shifted toward 3012 cm-1, the 1732 cm-1 band is no longer 

present and a prominent new feature close to 1412 cm-1 is apparent.  Bands at  

3012 cm-1 and 1412 cm-1 are known to be characteristic of -SO3H groups in 

Nafion along with a band at 912 cm-1 (Figure 7.2B) due to the S-OH stretching 

mode [10,13,14].  Thus, the spectrum indicates placing the H+ exchanged 

membrane under a few torr of vacuum at 95 °C for 1 hour results in water loss 

sufficient to shift the ionized sulfonate groups into the -SO3H form.  Spectra 

labeled “f” and “g” in Figure 7.2A show that performing the treatment over longer 

periods leads to further water loss as evidenced by the appearance of more a 

well defined band at 3012 cm-1 and flattening of the region around 1732 cm-1.    

     In addition to the 912 cm-1 band for the -SO3H group, the set of lower energy 

mid-infrared spectra in Figure 7.2B include modes of the Nafion polymer.  The 

band near 1067 cm-1 arises from symmetric stretching of the –SO3
- group 

[6,10,13,16]. Its intensity diminishes in parallel with the growth of bands for 

-SO3H [10,13].   The band in the region at 983 cm-1 has been ascribed to modes 

of C-O-C groups on the polymer side chains [8,12,16,17]. The band does not 

show strong shifts in position or intensity during changes in hydration state.  It is 

difficult to quantitatively interpret the small changes that are present, since the 

membrane shows some deformation due to shrinkage during dehydration.   
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Figure 7.2A. Transmission infrared spectra of H+ exchanged Nafion 112 
membrane in air at room temperature during dehydration.  The high frequency 
region is shown expanded.  After washing, the membrane was initially exposed 
to 95 °C and ambient pressure for 10 min and subsequently treated according to 
the following sequential steps:  held in dry air at ambient temperature for (a) 
10 min; (b) 3.5 h; (c) 5.5 h; (d) placed under a few torr of vacuum at 65 °C for 1h 
followed by dry air at ambient temperature for 5.5 h; (e) placed under a few torr 
of vacuum at 95 °C for 1h followed by dry air at ambient temperature for 15 min; 
(f) placed under a few torr of vacuum at 95 °C for 25 h followed by dry air at 
ambient temperature for 15 min;  (g) placed under a few torr of vacuum at 95 °C 
for 72 h followed by dry air at ambient temperature for 15 min.  The inset (A’) is 
an enlargement of the region near 3690 cm-1 for spectra “a” – “d” (top - bottom). 
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Figure 7.2B. Same as for Figure 7.2A except the low frequency region is shown 
expanded.   
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The spectra in Figure 7.2 and related literature reports [10] indicate nearly 

complete removal of water from H+ exchanged Nafion can be achieved by 

application of a few torr of vacuum and temperatures close to 100 °C.  Similar 

behavior does not occur for Na+ exchanged Nafion, as water is required to 

stabilize the charged ionic species in the membrane [6,10,14,15].  Figure 7.3 

shows spectra of Na+ exchanged Nafion recorded following different drying 

procedures and times.  After drying at ambient pressure and 95 °C (Figure 7.3, 

“a”), bands of the retained water are apparent.  Intensity at 3527 cm-1 is about 

four times smaller than observed for the membrane equilibrated in an 

atmosphere of approximately 10 % relative humidity (Figure 7.1).  In addition, 

features for the two different interfacial water environments are prominent.  The 

band ascribed to water-fluoropolymer interactions peaks at 3667 cm-1, and its 

intensity is almost equal to the feature for the O-H stretching mode of weakly 

hydrogen bonded water at 3527 cm-1 in the spectrum.  The relative intensities of 

the interfacial versus weakly hydrogen bonded water bands in Figures 7.1 and 

7.2 indicate the water clusters being detected in spectrum “a” of Figure 7.3 have 

the higher surface-to-volume ratio.  Placing the membrane under a few torr of 

vacuum at 95 °C for one hour lowers the water content further (Figure 7.3, “b”).  

The combination of elevated temperature and low pressure likely opens 

pathways for the release of water vapor which had become trapped as the 

membrane dropped below the percolation threshold during dehydration [15].  

Spectrum “c” in Figure 7.3 was recorded after exposure of the membrane to 
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vacuum and high temperatures for three days.  The water content is not changed 

considerably in comparison to the initial evacuation period.   

Since the rapid diffusion of methanol in Nafion limits the use of Nafion as 

an ion transport medium in direct methanol fuel cells [2,29,30], we examined 

methanol permeation and its effect on the physical environment for water in the 

membrane.  Figure 7.4A expands the O-H stretching region for spectra recorded 

with a Nafion 112 membrane above LiCl saturated H2O containing 10 % (v/v) 

methanol.  LiCl saturated solution was used to reduce the water and methanol 

partial pressures in the vapor compared to the neat solvent mixture and thereby 

keep the spectral band intensities in a linear response range.   In Figure 7.4A, 

bands at 2856 cm-1 and 2963 cm-1 correspond to stretching modes of the -CH3 

group for methanol [31].  The remaining bands are similar to those of water in 

Figure 7.1.  The bottom spectrum in Figure 7.4A reports on the water present in 

the membrane prior to addition of methanol to the cell (Figure 7.4A, bottom).  

Following exposure to methanol solution, bands for both water and the –CH3 

group appear and grow in intensity over the three hour measurement period.  

Stronger intensity changes are observed for the water bands, which over the 

course of the experiment reach intensities similar to those in Figure 7.1 for Nafion 

in a 10 % relative humidity environment.   

     The positions of the bands for the -CH3 group stretching modes in Figure 7.4A 

are shifted toward higher energy by ~ 20 cm-1 compared to neat methanol and 

methanol at 10 % (v/v) in water (Figure 7.4B) [10].  Buzzoni and co-workers [10] 
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used infrared spectroscopy to probe methanol in Nafion and detected 

perturbations in the methanol vibrational bands.  However, the focus of the study 

was on the tendency of CH3OH2
+ to form within H+ exchanged membrane.  The 

band shifts observed in Figure 7.4A result in part from the broadness of the O-H 

stretching features of water.  Figure 7.4B shows the 2844 cm-1 and 2948 cm-1 

peaks for methanol in 10 % (v/v) solution coincide with the tail of the O-H 

stretching feature and appear at slightly higher energies than their counterparts 

in the spectrum of neat methanol.  However, the major contributions are likely the 

disruption of hydrogen bonding and interfacial forces, both which result from 

interaction of the solvents with Nafion.  It is notable that the ratio of intensity at  

3525 cm-1 relative to 3668 cm-1 (I3525/I3668) is somewhat larger in Figure 7.4 than 

in Figure 7.1, suggesting methanol may displace some of the interfacial water.  

The importance of hydrogen bonding in methanol solutions has been discussed 

recently, and similar blue shifts with increasing water content have been 

observed in connection with VSF studies [31].    
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Figure 7.3.  Transmission infrared spectra of Na+ exchanged Nafion 112 
membrane after drying in (a) air at 95 °C and under a few torr of vacuum at 95 °C 
for (b) 1 hr and (c) 72 hr.     
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Figure 7.4.  (A) Transmission infrared spectra of Na+ exchanged Nafion 112 
membrane at ambient temperature after drying in air at 95 °C (bottom) and 
following subsequent exposure to atmosphere above LiCl saturated H2O 
containing 10 % methanol for 10 min, 20 min, 30 min, 1h and 3h (in order from 
the next to bottom spectrum to the top spectrum).  The inset spectrum was 
recorded with FEP membrane following 3 h exposure to the solvent system.  (B)  
Infrared spectra of neat methanol and a solution of 10 % (v/v) methanol in water 
recorded using ATR sampling.   
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     The bands for –CH3 group modes in Figure 7.4A are better defined than in the 

spectrum of the 10 % (v/v) methanol solution (Figure 7.4B).  The methanol:water 

composition within Nafion is expected to be the same as in the contacting vapor 

[36,37], which is likely enriched in methanol somewhat compared to the solution, 

in accordance with Henry’s law.  However, a more significant factor is probably 

the large shift in the broad O-H stretching band from ∼3320 cm-1 to near 

3525 cm-1 as hydrogen bonding forces within assemblies of solvent molecules in 

Nafion become weakened, opening the region below 3100 cm-1 for observation 

of –CH3 stretching modes.  To probe these hydrogen bonding interactions 

further, the permeation of acetone into Nafion was examined.  Although the 

carbonyl stretching mode near 1710 cm-1 was shifted to 1725 cm-1 for acetone in 

Nafion, there was much less effect on the –CH3 modes compared to liquid 

acetone.  Figure 7.5 shows the largest change in prominent –CH3 stretching 

modes is an upshift of about 12 cm-1 for the 3005 cm-1 band in neat acetone.  

The results likely reflect the loss of hydrogen bonding capabilities in going from 

methanol to acetone, yet with the possibility for favorable interaction between the 

polar carbonyl group with charged regions of the polymer.   

     Figure 7.4A includes a segment of a spectrum recorded following 3 h 

exposure of an FEP membrane (∼50 μm thickness) to LiCl saturated H2O 

containing 10 % methanol.  Any methanol present in the fluoropolymer 

membrane is below the detection limit of the infrared experiment.  In separate 

experiments, the permeation of water vapor into FEP was probed.  As expected, 
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the fluoropolymer membrane resisted water incorporation.  The lack of detectible 

quantities of water and methanol in the FEP membrane examined indicates 

these molecules are transported within Nafion through the ion rich channels and 

pores.     
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Figure 7.5.  (Top) Transmission infrared spectra of Na+ exchanged Nafion 112 
membrane at ambient temperature after drying in air at 95 °C and following 
subsequent exposure to atmosphere above LiCl saturated acetone.  (Bottom) 
Transmission infrared spectrum of neat acetone. 
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Conclusions 

Transmission infrared spectroscopy provides a simple means for probing 

the permeation of solvent vapor into Nafion membrane and reveals insights into 

solvent structure, including polymer-solvent interactions.  Spectra of Na+ 

exchanged Nafion 112 in atmospheres up to 32 % relative humidity display 

narrow features in the O-H stretching region that can be ascribed to interfacial 

water inside the polymer.  A band near 3670 cm-1 previously assigned to 

stretching of the “free” OH group of water interacting with fluorocarbon-rich 

regions of Nafion coincides with VSF spectra of water/CCl4 and water/hexane 

interfaces.  A second band near 3712 cm-1 correlates to the same mode in VSF 

spectra of water/air and water/salt-solution interfaces and is thus assigned to 

water molecules straddling the interface between condensed droplets inside 

nanoscale channels of Na+ exchanged Nafion and air filled voids in the polymer.  

In H+ exchanged Nafion, spectra are dominated by features of (H2O)nH+ clusters.  

Under a few torr of vacuum and temperatures near 95 °C, -SO3
- groups shift to 

–SO3H form, and it appears complete removal of water from the membrane is 

possible.  In contrast, water, which provides stabilization of the Na+ and –SO3
- 

groups, is more difficult to remove and is retained under the same conditions by 

Na+ exchanged membrane.  Similar to water, hydrogen bonding among methanol 

molecules in Na+ exchanged Nafion is disrupted relative to the bulk liquid.  

Acetone also showed some evidence of dipolar interaction with the polymer, 

although the spectral perturbations were not as great as for methanol.  Parallel 
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measurements of solvent permeation into FEP membrane confirmed the 

importance of the pore and channel structure within Nafion in enabling transport 

of solvent. 
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CHAPTER VIII 

SUMMARY AND CONCLUSIONS 
 
 

 This dissertation investigates surface characteristics and kinetic properties 

of different types of Pt based nanometer scale catalyst materials and responses 

of Nafion membrane during hydration and dehydration.  Catalyst characteristics 

were studied with the use of cyclic voltammetry, CO stripping voltammetry, 

potential step chronoamperometry and infrared spectroscopy.  Transmission 

infrared spectroscopy was also used to study the properties of Nafion thin film 

and membrane materials. 

The yield of 13CO2 from brief periods of 13CH3OH oxidation on C/Pt, 40% 

catalyst did not exceed 50 % until the reaction potential was increased above 

0.5 VRHE.  The conversion of CH3OH to CO2 is not favorable at low potentials, 

likely because the oxidation of water on Pt to form the needed oxides is slower 

than C-H bond cleavage steps for CH3OH.   

CO stripping voltammetry experiments showed that different metals in a 

commercial JM PtRu (XRu = 0.5) catalyst are segregated to some extent into Pt 

rich and Ru rich areas.  In contrast, a PtRu catalyst with related composition 

(XRu ≈ 0.5) prepared through a sonochemical procedure produced metal particles 

with more uniform mixing of Pt and Ru.  Measurements on low loadings of 

catalyst dispersed as a few monolayers on a Au electrode indicate, Pt and Ru 

exist in separate Pt and Ru domains in the JM PtRu catalyst.  Sonochemically 

prepared catalysts behave as bulk alloys in studies of CO and CH3OH oxidation.  
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In potentiostatic kinetic measurements, JM PtRu (XRu = 0.5) and SC PtRu 

(XRu ≈ 0.1) shows similar current densities toward the oxidation of 0.5 M CH3OH.  

The tendency of the JM PtRu (XRu = 0.5) catalyst to develop a Pt rich alloy phase 

explains the similar rates for CH3OH oxidation over the JM catalyst and SC PtRu 

(XRu ≈ 0.1).  PtRu core-island materials show the highest current densities among 

the catalysts tested due to the inhomogeneities in the distribution of Pt and Ru in 

core-island materials and hence produce active surfaces for CH3OH and CO 

electrochemical oxidation.  SC PtV (XV ≈ 0.5) materials show high tolerance to 

CO adsorption.  However it is not active for methanol oxidation in comparison to 

Pt black catalyst. This suggests that CO oxidation is not necessarily coupled to a 

better methanol oxidation performance.   

Infrared spectroscopy provides a simple means to obtain structural 

information related to Nafion backbone and side-chain groups and reveals 

insights into solvent structure, including polymer-solvent interactions.  Polymer 

features in the complicated spectral region between 1350–1100 cm-1 were 

understood by applying least squares fitting to spectral band functions.  Water 

can be present in Nafion in a variety of environments.   

In freestanding Nafion 112 exchanged with Na+, two bands for interfacial 

water are detected for the membrane exposed to atmospheres up to 32 % 

relative humidity.  A band near 3670 cm-1 previously assigned to stretching of the 

“free” OH group of water interacting with fluorocarbon-rich regions of Nafion, was 

observed to be consistent with assignments for water/organic-solvent interfaces 
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probed by VSF spectroscopy.  We were able to assign a second band near 

3712 cm-1 to water molecules straddling the interface between condensed 

droplets and air filled voids in the polymer by comparison to VSF spectra of 

water/air and water/salt-solution interfaces.   

In H+ exchanged Nafion, spectra are dominated by features of (H2O)nH+ 

clusters.  Under a few torr of vacuum and temperatures near 95 °C, it is possible 

to remove water from the membrane completely.  In contrast, it is more difficult to 

remove water fully under the same conditions from Na+ exchanged membrane 

since water provides stabilization of the Na+ and –SO3
- groups.  Hydrogen 

bonding among methanol molecules in Na+ exchanged Nafion also is disrupted 

relative to the bulk liquid.  Acetone also showed some evidence of dipolar 

interaction with the polymer, although the spectral perturbations were not as 

great as for methanol.  Parallel studies of solvent permeation into FEP 

membrane confirm the importance of the pore and channel structure within 

Nafion to transport solvent. 
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