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Abstract 

Hydrogen fuel cells are promising devices that can be utilized as a carbon-neutral mobile energy 

source. These devices can produce electric power from pressurized hydrogen gas and oxygen from 

the air with only water as a by-product. However, the adoption of this technology has been 

hampered by its poor technoeconomic performance, especially at scale. The high costs arise from 

the expensive platinum group metal catalysts needed to speed up the rate of the oxygen reduction 

reaction (ORR) at the fuel cell cathode. Efforts to improve the catalytic performance focus on 

novel electrocatalyst design (through metal alloying, nanostructuring, etc.) and understanding the 

mechanism of ORR at the elementary step level under relevant reaction conditions. The former 

relies on accurate measures of catalytic activity but is hampered by incorrect measurements of 

active catalytic area and mass transport limitations. The latter has proven challenging as 

mechanistic analyses (in particular: spectroscopic analysis of relevant surface intermediates) are 

confounded by solvent and electric field effects.  

The first scope of this thesis is to establish fundamental tools and methods to accurately quantify 

catalyst activity. A modeling example shows the impact on the catalyst film construction and how 

a thin, conductive film is required to eliminate internal mass transport limitations. Different surface 

area measurements are discussed, with examples demonstrating the effects of improper surface 

area characterization. The accurate measurement of catalyst activity is essential for any novel 

catalyst design studies and mechanistic studies vying to explain observed catalyst performance 

from elementary steps. 



 xvi 

The second scope of this thesis pertains to mechanistic analyses of electrochemical reactions and 

the ORR specifically. Microkinetic modeling is one tool that can be used to explain macroscopic 

observables (such as reaction orders and Tafel slopes) by solving a system of elementary rate 

equations with certain initial conditions based on the chemical environment. The accuracy of these 

models is heavily impacted by the inherent assumptions such as the mean-field approximation and 

the treatment of the electrochemical potential, solvent effects, electric field effects, and 

ion/electrolyte effects. The accuracy of these models can be improved by advanced modeling 

techniques such as kinetic Monte Carlo and through in-situ/operando spectroscopy. To 

demonstrate, this work presents an in-operando study of the ORR that sheds light on the potential-

dependent mechanism. A unique spectroscopic platform to probe the electrified Pt surface at 

realistic reaction conditions is created to accomplish this. A non-model Ag-Pt core-shell 

nanoparticle is synthesized and characterized with UV-vis spectroscopy, and STEM with 

elemental mapping showing a distinct core-shell architecture. Localized surface plasmons 

resonance enables plasmon-enhanced Raman spectroscopy (PERS) measurements at the reactive 

and electrified Pt/electrolyte interface. Data analysis shows how experimental spectra matches 

with density functional theory (DFT) derived vibrational modes to shed light on the reaction 

mechanism. The vibrational model assignments are further verified and validated by isotopic 

labeling studies. This analysis reveals critical insights on the ORR mechanism, showing a crowded 

network of OH/H2O at low overpotentials We also present evidence of an OOH species adsorbed 

on a cleaner surface at high overpotentials. These insights can be adopted as design criteria for 

future electrocatalyst optimizations and increase the accuracy of microkinetic models. 

Furthermore, the spectroscopic platform can be expanded to other chemistries to yield fundamental 

insights into electrochemical reaction mechanisms. 
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Chapter 1 Introduction 

1.1 Summary 

This section describes the motivation for researching fuel cells, their background, and their 

workings, along with the challenges for commercialization. A broad view on the global effects of 

human fossil fuel consumption is presented as well as how fuel cells help mitigate its negative 

impacts. The basics of electrochemistry and catalysis are described, and basic cell design is 

presented with a focus on low temperature hydrogen fuel cells and their performance relative to 

internal combustion engine vehicles and battery electric vehicles. The technoeconomic limitations 

of current hydrogen fuel cell technologies are discussed and possible routes for improvement are 

highlighted. A focus on previous work in improving fuel cell efficiency is also presented. Finally, 

an outline of the remainder of the dissertation is presented along with the work’s scope. 

1.2 Effects of Fossil Fuel Consumption 

In the 18th to 20th centuries, a confluence of three separate, but related, phenomena was occurring: 

1. The proliferation of heat engines 

2. The ability to synthesize fertilizer at large scales 

3. The understanding of how light interacts with gaseous molecules 

The invention of the steam engine in the 18th century and subsequent mass adoption in the 19th 

century resulted in a great increase in economic productivity due to their ability to convert 

chemical energy into mechanical work. Steam engines rely on the burning of fossil fuels, such as 
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coal, to produce heat that is imparted to steam to run mechanical devices. The basic (unbalanced) 

chemical reaction of combustion is listed below: 

CxHy + O2 → CO2 + H2O 

Where CxHy can be a variety of molecules called hydrocarbons. The combustion reaction for one 

of the most common hydrocarbons, methane (primary component of natural gas), is shown below: 

CH4 + 2O2 → CO2 + 2H2O 

Where each molecule of methane (CH4) is reacted with 2 molecules of oxygen to form one 

molecule of carbon dioxide and 2 molecules of water. This reaction releases large amounts of heat 

(~800 kJ for a mol of methane), and since it occurs spontaneously after an initial spark, can heat 

water continuously to produce steam and drive the engine.  

This invention was revolutionary in that it enabled both large-scale manufacturing, such as in 

textiles, but also laid the groundwork for electric power generation though steam powered turbines 

and electrical generators. This technology, and subsequent innovations, had the effect of greatly 

increasing the average quality of life for mankind, especially when considering the manufacturing 

of medicines, building materials, and ease of transportation. 

The second important phenomenon that occurred during this period was the invention of the 

Haber-Bosch process to produce synthetic fertilizers. This process converts nitrogen from the air 

into ammonia, the main component of fertilizer, through the following reaction: 

N2 + 3H2 → 2NH3   

Where one molecule of nitrogen reacts with 3 molecules of hydrogen to form 2 molecules of 

ammonia. Before the mass production of synthetic fertilizer using the Haber-Bosch process, 

fertilizer was derived from manure, compost, or other naturally derived sources such as mineral 

deposits. With the Haber-Bosch process, fertilizer could be produced on an industrial scale and 
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crop yields across the world became more consistent and prolific. The effect of this invention can 

be seen in Figure 1.11,2 where soon after the first industrial scale plant using the Haber-Bosch 

process opened in 1913, the world population exploded due to the increased access to reliable crop 

yields. 

 

Figure 1.1 World population with synthetic fertilizers and estimated population without synthetic fertilizers. 
Adapted from reference 1 and 2. 

The first two phenomena can be simplified to be an increase in the quality and quantity (through 

the large increase in population) of life. These effects are multiplicative in theory, though it should 

be noted that quality of life improvements have not been equally distributed across the globe3. 

However, the rapid development of the economies of China and India over the last 30 years, for 

example, demonstrates how the most populous developing countries are quickly increasing the 

quality of life of their citizens. 

The third and possibly most crucial phenomenon to this dissertation is how light from the sun 

interacts with gaseous molecules such as carbon dioxide. Gaseous molecules, such as oxygen, 

nitrogen and carbon dioxide contain chemical bonds that connect their constituent elements. For 
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oxygen and nitrogen, a double and triple bond connect the two oxygen and nitrogen atoms 

respectively. For carbon dioxide, two oxygen atoms surround a central oxygen atom connected by 

two double bonds. These molecules vibrate at different frequencies due to their unique geometries. 

For oxygen and nitrogen, the linear molecules have only one vibrational mode called the 

symmetric stretch where the atoms move towards and away from each other like an accordion. 

Carbon dioxide, however, has 3 additional vibrational modes as seen in Figure 1.24.   

 

Figure 1.2 Molecular vibrations for carbon monoxide. (a) is the symmetric stretch, (b) is the asymmetric stretch and 
(c-d) are the degenerate bending mode. From reference 4. 

When light at a particular wavelength interacts with a carbon dioxide molecule, the molecule 

begins to vibrate. For the asymmetric stretch and degenerate bending modes (shown as b, c and d 

in Figure 1.2) this wavelength is 15 µm and 4.2 µm respectively. After absorption of light, the 

bonds vibrate, and the molecule enters an excited state. This excited state is unfavorable, however, 

and the molecule will return to its ground state and radiate light in all directions. This is relevant 

to the motivations of this dissertation due to the relationship between the carbon dioxide in the 

atmosphere and the effect that has on the Earth’s surface temperature. The Earth is constantly 

being bombarded with high energy light from the sun, which is absorbed by the Earth and heats it 

up. This heat (like the heat from a stove) is radiated back out into space and follows a wavelength 

distribution as seen in Figure 1.35.  
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Figure 1.3 Radiative flux and distribution of wavelengths for light coming towards the earth (yellow) and leaving 
the earth (red). From reference 5.  

Notice that the radiative flux leaving the earth peaks around 15 µm and covers a significant range 

from 4 to 100 µm. This light (thermal radiation) that is radiated by the earth can interact with the 

asymmetric stretch (15 µm) of carbon dioxide in the atmosphere and be “reflected” back towards 

the earth. This is in essence what is happening due to the so-called “greenhouse gas effect,” which 

has the effect of trapping heat in Earth’s atmosphere. The effect of the amount of carbon dioxide 

could have on Earth’s climate was not posited until 1896 by Swedish chemist (and great (x5) 

academic parent of this author) Svante Arrhenius. Based on Arrhenius’ calculations in 1896, a 

doubling of the atmospheric carbon dioxide concentration would lead to a 5-6 ºC (9-11 ºF) increase 

in surface temperatures6. Notably, this was well after the development and proliferation of fossil 

fuel burning heat engines and the increase in standard of living they were beginning to bring. 

The effects of these three phenomena bring us to our current state of affairs described in Figure 

1.4, Figure 1.5, and Figure 1.6 3,7–13. 
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Figure 1.4 Worldwide energy consumption since 1800. From reference 7. 

  

Figure 1.5 (left) World life expectancy over time. Adapted from reference 8 and 9. (right) percent of world 
population living in extreme poverty. Extreme poverty is defined by the United Nations as living on less than 1.9-

international $ a day. Adapted from reference 3 and 10. 

Figure 1.4 and Figure 1.5 show a strong correlation between energy consumption and the rise of 

human life expectancy and the decline of extreme poverty in the past 200 years. A significant 

portion of this increased quality of life can be attributed to the Haber-Bosch process and the 

associated increase in food security. The Haber-Bosch process itself, however is very energy 

intensive and makes up an estimated 1% of global energy consumption14. These amazing 

achievements in increased life expectancy and diminished poverty wrought by the science and 
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engineering of the past two centuries have come with their own costs. The vast majority of the 

energy consumed (see Figure 1.4) has been derived from the burning of fossil fuels (oil, coal and 

natural gas). Due to the burning of these fossil fuels, an immense and increasing amount of carbon 

dioxide is being released into the atmosphere each year (Figure 1.6). This has had the effect to 

increase the concentration of carbon dioxide in the atmosphere by ~130 ppm since 1800, an almost 

50% increase. The year 1800 is selected as a benchmark since the measured CO2 concentration of 

280 ppm has been relatively stable at this level for the past 2000 years13. 

 

Figure 1.6 (left) Worldwide annual CO2 emissions from fossil fuel usage. Adapted from reference 11. (right) Global 
atmospheric concentration of CO2. Adapted from reference 12 and 13. 

Besides the primary effect of increased global temperatures predicted by Arrhenius, the secondary 

effects of increased CO2 in the atmosphere have been discussed at length elsewhere15–19. In short, 

increased concentrations of CO2 in the atmosphere have been linked to ocean acidification, rising 

sea levels, extreme heat, ecological disruptions, and more. 

1.3 Role of Fuel Cells 

To tackle the monumental challenge of transitioning our energy sources from carbon producing to 

carbon neutral or even carbon negative, alternative energy technologies targeted at specific sectors 

are required. Figure 1.7 shows the energy balance for the United States in 2020 detailing where 
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the total energy consumed was sourced and what sectors utilize these sources20. Looking at the 

sources on the left, 35% of energy came from petroleum, 34% from natural gas, 12% renewables, 

10% coal and 9% nuclear. Taking nuclear as an example, 100% of energy produced using nuclear 

went to the electric power generation sector, which is then distributed to the sectors shown on the 

right.  

 

Figure 1.7 U.S. Energy consumption with sources on the left and utilizing sectors on the right. For the year 2020. 
From reference 20. 

Of interest to this dissertation, the transportation sector used 35% of the nation’s total energy 

consumption or 24.3 quadrillion Btu. Of this energy, 90% was sourced from petroleum. Internal 

combustion engine vehicles (ICE) burn this petroleum (gasoline and diesel fuel) and convert the 

mixture of hydrocarbons to carbon dioxide, water, and heat to run the vehicles. Targeting the 

transportation sector for carbon mitigation is attractive due to the ubiquity of internal combustion 

engines throughout the sector and its large (35%) share of total energy consumed. Alternatives to 

ICE vehicles have been researched, with the main two competitors being fuel cell electric vehicles 

(FCEV) and battery electric vehicles (BEV).  
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Fuel cells are electrochemical devices that convert chemical energy from a fuel into electrical 

energy that can be used to power an electrical device such as a passenger vehicle or truck. 

Hydrogen fuel cells, which use hydrogen gas as the fuel, are the most common type of fuel cells. 

More specifically, the most common hydrogen fuel cell used is the proton exchange membrane 

fuel cell or PEM fuel cell. A basic schematic of a PEM hydrogen fuel cell is shown in Figure 1.8. 

 

Figure 1.8 Schematic of a hydrogen fuel cell. 

On one side of the fuel cell, called the anode, hydrogen gas reacts to form 2 protons and 2 electrons 

following this reaction (hydrogen oxidation): 

H2 → 2H+ + 2e-  

The protons travel through a selective proton conducting membrane and the electrons travel 

through an external circuit, with both finishing on the other side of the cell called the cathode. At 

the cathode, oxygen reacts with the electrons and protons to form water through the following 

reaction (oxygen reduction): 

O2 + 4e- + 4H+ → 2H2O  

The overall reaction for the hydrogen fuel cell is: 

2H2 + O2 → 2H2O 
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This reaction is exergonic (releases energy) at room temperature by releasing high-energy 

electrons from the cell. This can be seen by the individual free energies of the anodic and cathodic 

reactions (also known as half-reactions). For the hydrogen oxidation reaction, the standard reaction 

potential (at standard conditions) is 0 V vs. RHE (Reversible hydrogen electrode. This reaction is 

where 0 V is defined on the RHE scale. All voltages are with respect to RHE unless otherwise 

stated.) while for the oxygen reduction reaction the standard potential is 1.23 V. The potential, i.e. 

the voltage, can be converted in free energy through the Nernst equation: 

𝐸𝐸 = −∆𝐺𝐺
𝑛𝑛𝑛𝑛

  

Where ∆G is the free energy, n is the number of electrons transferred, and F is a constant called 

Faraday’s constant. The maximum energy an electrochemical cell can produce is the potential at 

the cathode minus the potential at the anode (Ecathode – Eanode). For a hydrogen fuel cell this is 1.23 

V – 0 V or 1.23 V. Using the Nernst equation, the maximum energy derived from reacting one 

mol of hydrogen in a hydrogen fuel cell is 237 kJ. 

The advantage of hydrogen fuel cells is that they can produce electrons to drive an electric motor 

without producing carbon dioxide. This, however, assumes that the hydrogen fuel itself is 

produced without making carbon dioxide (so called “green hydrogen”). Currently, ~95% of 

hydrogen is produced as “grey hydrogen” through methane steam reforming and the water gas 

shift reaction which releases 1 molecule of CO2 for every 4 molecules of hydrogen produced21. 

Green hydrogen can be produced with water electrolysis to split water into oxygen and hydrogen 

gas using renewable energy or sunlight and is its own active research area worldwide and in the 

Linic group22. Even when sourcing the hydrogen from natural gas (grey hydrogen), FCEVs still 

produce much less CO2/mile driven than the average vehicle. For example, the Toyota Mirai FCEV 
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produces 278 gCO2/mile vs. 504 gCO2/mile for the sales-weighted fleet average of personal 

vehicles in the United States23. 

1.4 The Role of Catalysis in Hydrogen Fuel Cells 

The value of 237 kJ that can be derived from reacting one mol of hydrogen in a fuel cell is a purely 

thermodynamic calculation. Thermodynamics tells us what can happen but not what will happen, 

and 1.23 V is the maximum amount of voltage that can be derived from the fuel cell. To determine 

what will happen, or, to be more precise, what will probably happen, we must turn to kinetics. 

Kinetics, and in this case chemical kinetics, describes the frequency of which a chemical event 

will occur given the thermodynamic constraints. When mixing gasoline and oxygen at room 

temperature very little gasoline will combust (so little it is not noticeable). However, mix gasoline 

and water at 1000 ºC and the mixture will react violently. Thermodynamically, both reactions are 

favorable (at room temperature and at 1000 ºC) but kinetically, the reaction happens much faster 

at higher temperatures. Temperature is not the only way to speed up reactions. Materials called 

catalysts can also speed up reactions by lowering the barrier for the reaction to occur. To illustrate 

how catalysts work, we consider a simple reaction A → B as seen in Figure 1.9. 
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Figure 1.9 Reaction energy diagram for A→B with and without a catalyst 

For the reaction to proceed, it must go through a transition state of higher energy. This is marked 

as Â in Figure 1.9. A catalyst will lower the energy of this transition state (also called the activation 

barrier) to make the reaction proceed more quickly. The reaction rate constant can be described 

through the Arrhenius equation: 

𝑘𝑘 = 𝐴𝐴𝑒𝑒−�
𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅� 

Where k is the reaction rate constant (tells the frequency of a reaction event), A is a pre-exponential 

factor, R is the universal gas constant, T is the temperature and Ea is the activation barrier. For our 

simple example in Figure 1.9, Ea is the energy difference between Â and A. From this equation, 

the exponential dependence of the activation barrier on the rate constant can be seen. 

For hydrogen fuel cells, catalysts are required at both the anode and cathode to run the cell at 

maximum power. For PEM fuel cells specifically, the anodic hydrogen oxidation reaction (HOR) 

has a very low activation barrier and thus requires little amounts of catalyst. The cathodic oxygen 

reduction reaction (ORR), however, has a large barrier and requires large amounts of catalyst 

(around twice as much as the anode). The catalysts at both the anode and cathode are platinum (Pt) 
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based as it is the most stable and active pure metal in the acidic conditions of PEM fuel cells24. Pt, 

however, represents a major limiting factor in the technoeconomic evaluation of PEM fuel cells 

because of its high costs and scarcity25. One analysis indicated that the cost of the ORR catalyst 

becomes >40% of the total fuel cell cost at mass production volumes (>500,000 units a year)26. 

Due to the large amounts of expensive catalysts required, FCEVs today are considerably more 

expensive than the comparable ICE vehicle. As of 2021, there are only two FCEV you can 

purchase in the U.S.: 

1. 2021 Toyota Mirai sedan: $49,500 

2. 2021 Hyundai Nexo crossover: $58,935 

Both the Mirai and the Nexo are around twice as expensive as the average new vehicle in their 

class, which makes this technology non-competitive for the average consumer.  

1.5 Overview of Previous Work 

To increase adoption of hydrogen fuel cells, the cost of the cathodic catalyst needs to decrease. 

Broadly, this can be achieved in two main ways: 

1. Increase the activity of the expensive catalyst 

2. Replace the expensive catalyst material with cheaper materials 

Increasing the activity of the expensive catalyst (and therefore necessitating less of it to achieve 

equivalent power densities) has been researched by many groups and consists of tailoring the 

electronic structure of Pt through alloying it with other metals or nanostructuring the Pt catalyst27–

35. The second approach has also been heavily investigated, albeit with less success, and has 

focused on replacing platinum with cheaper metals such as silver or utilizing metal-free catalysts36–

40. Knowing which parameters to change in order to increase catalyst activity is an active area of 

research and is discussed further in of Chapters 4 and 5. 
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1.6 Scope of Dissertation 

This dissertation covers tools and analyses for improving ORR electrocatalysts through 

mechanistic analysis starting from the best practices for quantification of electrocatalyst activity 

to how this activity originates through elementary processes. 

Chapter 2 contains descriptions of experimental and computational methods used throughout the 

dissertation. For the experimental section, a focus is placed on fundamental electrochemical 

techniques needed to do impactful work on electrocatalysis: from the basics of the three-

electrode cell to measuring ORR selectivity. In-situ spectroscopic techniques are also covered 

and how they can be used to evaluate reaction mechanisms. Computational techniques, with a 

focus on quantum chemistry tools, are covered. Special attention is paid to the consistent use of 

these methods to yield reliable results. 

Chapter 3 contains a discussion on critical practices for evaluating electrocatalyst activity. A 

discussion of current literature trends is provided followed by examples and modeling showing 

the effect of poor thin-film construction for rotating disk measurements and improper surface 

area calculations. Recommendations for the best practices in measuring electrocatalyst surface 

area are also provided. 

Chapter 4 describes how using microkinetic modeling can be used to derive insights on 

electrocatalyst mechanisms. Common challenges of microkinetic modeling for electrochemical 

systems are discussed and ways to overcome them are presented. A brief discussion on how in-

situ/in-operando spectroscopic analysis can inform microkinetic models and the tools available 

to researchers is also included. 

Chapter 5 describes an in-operando study of the ORR on Pt nanoparticles to derive mechanistic 

insights for electrocatalyst design criteria. The nanoparticle design and synthesis is shown along 
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with materials characterizations. Raman measurements using a dye molecule demonstrate the 

viability of the platform for an in-operando study. Raman data is collected using a flow cell and 

is paired with computationally derived vibrational spectra to identify active coverages at various 

potentials. Finally, a potential dependent reaction landscape is presented with insights on future 

electrocatalyst design. 

Chapter 6 concludes the dissertation and describes future work that can build off the insights 

derived from the proceeding chapters. 
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Chapter 2 Experimental and Computational Methods 

2.1 Summary 

This chapter goes over the various methods used to complete the work in this dissertation. A brief 

discussion on background and purpose of each method is also provided. The sections are intended 

to be detailed enough that a future researcher could apply these methods to their own work and 

yield useful results.  

2.2 Electrochemical Methods 

2.2.1 3-Electrode Cell 

To study the electrochemical processes of one half-reaction, it is useful to measure the 

potential/current on just one electrode while disregarding the full cell system. This can be 

accomplished by constructing a 3-electrode cell as seen in Figure 2.1. 

 

Figure 2.1 Schematic of 3-electrode cell 

In a 3-electrode cell, the main components are: 
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• The working electrode, which contains the material of interest conducting the reaction of 

interest. 

• The reference electrode, which contains a stable and known redox potential to provide a 

reference for the working electrode’s potential. 

• The counter electrode, which balances the charge in the system. 

• The potentiostat, which controls and measures the potential/current at the working 

electrode and connects the three electrodes. 

The potentiostat has several controls to ensure that no current runs through the reference electrode. 

This is done to prevent the known potential from drifting due to concentration changes of reactant 

and products. The potentiostat also controls the potential at the counter electrode to mirror the 

current produced at the working electrode. When studying reduction reactions at the working 

electrode, the counter electrode will be doing an oxidation, often oxygen evolution in aqueous 

solutions. 

Common reference electrodes include: 

• Ag/AgCl in KCl. Silver metal in equilibrium with silver chloride contained in a 

concentrated potassium chloride electrolyte. This reference is best for neutral to low pHs 

and for systems where possible Cl contamination is not a large concern. A Luggin 

capillary can be used to prevent this. 

• Hg/HgO in KOH. Mercury in equilibrium with mercury oxide contained in a 

concentrated potassium hydroxide solution. This reference is best for high pH solutions 

and is often found in a plastic housing instead of glass to prevent etching from the base. 
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• Hg/HgSO4 in K2SO4. Mercury in equilibrium with mercury sulfate contained in a 

concentrated potassium sulfate solution. This reference is best used for sulfuric acid 

electrolytes. 

For counter electrodes, either Pt wires or graphene is generally used. There is debate between 

which counter electrode is the best to use in laboratory research. Pt has been shown to dissolve 

then redeposit on the working electrode giving artificially high catalytic rates1. However, graphene 

has been shown to form carbon monoxide (due to the high potentials experienced when balancing 

a reduction at the working electrode) which can poison Pt catalyst sites at the working electrode 

giving artificially lower catalytic rates2. The counter electrode material should always be reported 

and kept consistent for all runs. For this dissertation, all data was collected using a Pt wire counter 

electrode. 

2.2.2 Rotating Disk Electrode  

When studying electrochemical reactions at a working electrode, the inherent kinetics of the 

material can be convoluted by the mass transport of reactants to the electrode surface. As an 

example, take the oxygen water redox couple: 

O2 + 4H+ + 4e- ↔ 2H2O 

At electrode potentials below 1.23 V the reaction begins to move toward the right with oxygen 

being reduced to form water. The overall speed of this reaction on a non-porous electrocatalyst is 

governed by two effects:  

• The chemical kinetics of the reaction, i.e. the speed of which an oxygen molecule at the 

catalyst surface undergoes four subsequent proton coupled electron transfers to two water 

molecules.  

• The speed of an oxygen molecule diffusing to the catalyst surface from the bulk electrolyte. 
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At some point the kinetics of the reaction are so fast that oxygen cannot reach the surface of the 

catalyst fast enough, and a “mass limiting” current is observed. At this mass limiting current, no 

matter how high energy the electrons are (low potential, far from equilibrium) the observed current 

does not change. 

The relationship between the observed current, the kinetic current and the mass limiting current is 

described by the Koutecky-Levich equation: 

𝑖𝑖 = �
1
𝑖𝑖𝑘𝑘

+
1
𝑖𝑖𝐿𝐿
�
−1

 

Where i is the total current, ik is the kinetic current and iL is the mass limiting current. An example 

of a typical S-shaped curve that is observed when measuring the rates of ORR on a Pt 

electrocatalyst is shown in Figure 2.2.  

 

Figure 2.2 Typical IV curve for the ORR on a Pt rotating disk electrode in oxygen saturated electrolyte 

This curve has three regions that dominate the shape. At high potentials close to equilibrium, the 

current is dominated by the kinetics of the catalyst and shows an exponential increase with respect 

to potential. At very low potentials far from equilibrium, the current is dominated by mass transport 

limitations and is insensitive to the applied potential. In between the kinetically limited and mass 

limited region there is a “mixed” region whose shape is dominated by both kinetics and transport, 



 24 

but also the ohmic losses from series resistance throughout the cell (how to calculate this will be 

discussed in the next section). 

After collecting the IV curve shown in Figure 2.2 the potential independent mass limiting current 

can be used in conjunction with the total current to calculate the potential dependent kinetic 

current. This should not be done, however, before correcting the IV curve for the capacitive current 

(see below) and the series (solution) resistance. 

2.2.3 Measuring Solution Resistance  

The current that moves through the electrochemical cell encounters a resistance that follows Ohm’s 

law: 

𝑉𝑉 = 𝐼𝐼𝐼𝐼 

Where V is the voltage, I is the current and R is the resistance. The solution resistance in the 

electrochemical cell has the effect of a “voltage loss” where the voltage you apply does not equal 

the voltage at the working electrode. The voltage loss follows this relationship: 

𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐼𝐼 ∗ 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

Where Vactual is the voltage at the working electrode, Vapplied is the voltage applied by the 

potentiostat, I is the current and Rsolution is the solution resistance. From this relationship, it is easy 

to see how important the solution resistance is. If the current and solution resistance is large, the 

potential at the working electrode will be very different from the potential that is applied, giving 

misleading data. Some potentiostats have features to automatically correct for this voltage loss, 

but such techniques should be tested to ensure accurate data. 

To calculate the solution resistance, impedance spectroscopy can be used. Impedance spectroscopy 

is a technique used to apply a small voltage signal around the open circuit potential of the working 

electrode and to analyze the resulting current. In lieu of a more comprehensive explanation, I refer 
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the reader to the following reference from Gamry Instruments (the maker of the potentiostat used 

throughout this dissertation) that provides the technical background for this technique3. For 

practical measurements, I use the hybrid electrochemical impedance spectroscopy method in the 

Gamry Framework software to measure the impedance between 100 kHz and 1 Hz. A typical 

response in shown in Figure 2.3.  

 

Figure 2.3 Resistance vs. frequency during a hybrid impedance spectroscopy measurement of a Pt electrode in 0.1 
M NaOH 

The solution resistance is taken at 1 kHz where the flat high frequency region begins. In this region, 

the solution resistance dominates while at lower frequencies, the impedance from charge transfer 

and the double layer dominate. For a Hg/HgO reference electrode in 0.1 M NaOH the solution 

resistance was typically between 40-60 Ω. For Ag/AgCl reference electrode in 0.1 M HClO4 the 

resistance is typically between 20-30 Ω. All potentials should be corrected for solution resistance 

before any data analysis is performed. 

2.2.4 Capacitive Current Measurements 

Besides the solution resistance, the capacitive currents must also be accounted for before data 

analysis is performed. The capacitive currents arise from the charging and discharging of the 

electrochemical double layer (EDL) that forms at the interface of the solid electrode and liquid 
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electrolyte. The capacitive current is “non-faradaic” i.e. no charge transfer between species occurs. 

When the potential at the working electrode is changing (like during linear and cyclic 

voltammetry), a constant capacitive current is measured based on the scan rate of the potential 

sweep following this relationship: 

𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐶𝐶 ∗ 𝑆𝑆𝑆𝑆 

Where Icap is the capacitive current with units of Amperes (A), C is the capacitance with units of 

Farads (F) and SR is the scan rate with units of V/s. To measure the capacitive current, a cyclic 

voltammogram must be performed in a potential region where no Faradic processes are occurring. 

For Pt electrodes, this region is found between 0.4-0.7 V in an inert (Ar, N2, He) saturated 

electrolyte. This region can be seen in the voltammogram of a Pt electrode shown in Figure 2.4. 

 

Figure 2.4 Cyclic voltammogram of Pt nanoparticles on carbon black in Ar saturated 0.1 M NaOH 

The region positive of the capacitive region contains several faradic processes including carbon 

oxidation, Pt-OH formation, and Pt-O formation. The region negative to the capacitive region is 

dominated by Hupd adsorption and desorption. This region, and its use for calculating surface area 

is further discussed in Chapter 3. The overall capacitive current can be calculated by averaging the 

values of the anodic and cathodic currents through the capacitive region and then averaging their 
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absolute values together. This can then be converted to a raw capacitance using the relationship 

above and the scan rate used to collect the voltammogram. 

2.2.5 Rotating Ring Disk Electrode 

One powerful technique for analyzing the mechanism of the ORR is using a rotating ring disk 

electrode (RRDE) with a bipotentiostat setup. This technique uses two potentiostats 

(bipotentiostat) connected to the rotating disk and to a concentric ring around the disk separated 

by a spacer (Figure 2.5). 

 

Figure 2.5 Schematic of a rotating disk ring electrode 

The electrocatalyst of interest is deposited on the disk electrode while the ring (which is often 

made of gold or platinum) potential is controlled independently of the disk. For the ORR this 

technique can be used to analyze the products leaving the disk during operation. For fuel cells, the 

4-electron ORR to product water is the desired reaction, but there is another competing route where 

2 electrons are transferred to produce hydrogen peroxide that is undesirable in fuel cell applications 

as peroxide can damage other components in the cell. This unwanted side reaction with equilibrium 

potential of 0.7 V is: 

O2 + 2H+ + 2e- → H2O2  



 28 

The RRDE method can determine the selectivity toward the 4-electron mechanism by setting the 

ring to an oxidizing potential to convert some fraction of peroxide that is formed back into oxygen. 

These processes are shown in Figure 2.6 where an oxygen molecule diffuses to the disk surface. 

 

Figure 2.6 Example of RRDE in operation during ORR 

Upon reaching the surface, the ORR will occur either converting the oxygen into water or hydrogen 

peroxide. If water is formed, it will travel to the ring (which is set at 1.1 V) and not be oxidized as 

water splitting does not occur below 1.23 V. If hydrogen peroxide is formed at the disk however, 

it will migrate to the ring and be oxidized back into molecular oxygen and a current will be 

measured. The currents measured at the disk and ring can be used to calculate the average number 

of electrons transferred (a proxy for selectivity) using this equation: 

𝑛𝑛 =
4 ∗ 𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 +
𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝜀𝜀

 

Where n is the number of electrons transferred, idisk is the measured disk current, iring is the 

measured ring current and ε is the ring collection efficiency. 

The value of the collection efficiency, which describes what fraction of reactive product from the 

disk reaches and reacts with the ring, is critically important and should be calibrated as often as 

possible. To calibrate the collection efficiency, the single electron redox couple of K3Fe(CN6)(III) 

and K3Fe(CN6)(II) can be used. For this experiment, 10 mM of K3Fe(CN6)(III) is dispersed in 1 
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M KNO3 as the electrolyte. The three-electrode setup is constructed with glassy carbon as the 

working electrode, a Ag/AgCl as the reference and Pt wire as counter. Ideally, the working 

electrode used in calibration should match what will be used in the ORR experiments. This is 

because the thin-film application of the electrocatalyst will affect the flow pattern around the 

working electrode with increased turbulence from the heterogenous film resulting in less fluid 

packets from the disk interacting with the ring. Sweeping the potential from 0.75 to -0.25 V vs. 

the reference results in a voltammogram seen in Figure 2.7 for RRDE rotation speed of 400, 900, 

1600 and 2500 RPM. 

 

Figure 2.7 Variations in limiting current with respect to rotation rate. In black is the current measured at the ring 
and in red is the current measured at the disk. The ring is held at a potential of 1.1 V while the disk varies potential 

from 0.75 to -0.25 V. The reduction begins around 0.3 V where it is then limited at lower potentials. 

Unsurprisingly, as the rotation speed increases, the mass limiting current for the reduction of 

K3Fe(CN6)(III) also increases. The collection efficiency is simply the ratio of the mass limiting 

current for the ring and the disk: 

𝜀𝜀 =
𝑖𝑖𝑟𝑟𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

 

For the experiment above, the collection efficiencies are shown in Table 2.1. 
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Table 2.1 Mass limiting currents at different RRDE rotation speeds and the calculated collection efficiencies. 

  Current [µA] RPM Collection Efficiency 

Disk -517.9 400 0.32 

Ring 165.8 400   

Disk -776.6 900 0.27 

Ring 210.7 900   

Disk -1042 1600 0.24 

Ring 249.8 1600   

Disk -1300 2500 0.21 

Ring 274.8 2500   

Rotation speed is an important parameter during ORR experiments as the collection efficiency 

appears to decrease with increasing RRDE rotation speeds.  

2.3 Syntheses 

In the following subsections, syntheses used in this dissertation are described. 

2.3.1 60 nm Ag Nanoparticles 

60 nm Ag nanospheres were synthesized using a polyol synthesis. 8 mL of ethylene glycol (EG, 

JT Baker), which serves as a reducing agent, is heated up to 160ºC for 1 hour in a glass vial 

contained in an oil bath. 500 mg of polyvinylpyrrolidone (PVP, Aldrich. MW: ~55,000) in 8 mL 

of EG is then added to the heated glass vial as a stabilizing agent for the nanoparticle seeds. After 

10 minutes, 50 mg of the silver precursor, silver nitrate (Acros, 99.5%) in 2 mL of EG, is added to 

the heated vial. The EG reduces the silver nitrate into colloidal silver nanoparticles causing the 

solution to change from a clear color to a yellowish then yellowish-brown to greenish-yellow color 

over 30 minutes. The glass vial is then taken out of the oil bath and placed in an ice bath to quench 

the reaction. This solution is then washed by centrifugation 2-3 times at 8000 rpm for 15 minutes, 

initially in acetone (Fisher, 99.6%) then twice in E-pure water (18.2 MΩ cm, Millipore) to remove 
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the excess precursor, reducing agent and stabilizing agent. 300 µL of 36 mM hydrochloric acid 

(Fisher, 36.5-38%) in E-pure water is added after the first wash to prevent aggregation of the ~60 

nm Ag spheres. 

2.3.2 60 nm Ag-Pt Core-Shell Nanoparticles 

This synthesis uses the 60 nm Ag nanoparticles as a seed on which to grow a Pt shell. To form the 

Pt shell, the seed solution is diluted to 16 mL in E-pure water and added to a Teflon reactor vessel 

with a stir bar. 300 mg of PVP is then added to the spheres to stabilize the nanoparticles. 300 µL 

of 1.25 M sodium hydroxide (NaOH pellets, Merck) in E-pure water is added to the vessel to raise 

the solution pH as the final Ag-Pt particles are sensitive to pH and will hollow out if kept in a 

neutral or acidic environment. 250 mg of glucose (Sigma, 99.5%) is added as a mild reducing 

agent before a solution of 30 mg of potassium tetracholoroplatinate (Acros, 46-47% Pt) in 15 mL 

of E-pure water and 150 µL of 1.25 M NaOH is added to the vessel starting the Pt deposition. The 

reaction is allowed to proceed for 30 hours under stirring as the green solution grows slightly 

darker over time. After the reaction is completed, the solution is washed at least twice in basic E-

pure water at 11000 rpm for 20 minutes. This procedure yields between 30-40 mg of Ag-Pt 

nanospheres. 

2.4 In-situ Raman Electrochemical Flow Cell  

In Chapter 5, in-operando Raman measurements of the oxygen reduction reaction at the electrified 

Pt surface are conducted to reveal mechanistic insights. This method utilizes a flow cell that allows 

the Raman laser to interact with the Pt nanoparticles while also controlling the potential of the 

nanoparticles. This section will go over the flow cell setup but also describe Raman spectroscopy 

as a powerful tool for mechanistic analysis. 
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2.4.1 Raman Spectroscopy  

Raman spectroscopy was first developed by Indian physicist Sir C.V. Raman in 1928. He observed 

that there was a shift in the vibrational frequency of some scattered light when the incident light 

interacted with a transparent material. This shift in reflected light is called Raman scattering and 

can be detected using a Raman spectrometer. Raman scattering occurs when incident light is 

absorbed by a molecule in the ground state and is excited to an extremely short-lived virtual energy 

state and subsequently relaxes back to a higher vibrational energy state. The photon emitted from 

relaxing back to the higher vibrational state is called a Stokes Raman scattered photon and can be 

detected by a Raman spectrometer to determine the frequency of the molecule’s vibrational modes. 

The opposite transition (from higher vibrational state to lower vibrational state via the virtual state) 

is called anti-Stokes Raman scattering. Both Stokes and anti-Stokes Raman scattering are very rare 

events and most of the time the molecule relaxes directly back to its initial state after absorbing an 

incident photon. This type of scattering is called Rayleigh scattering and it is ~108 times more 

likely to occur than Raman scattering4. 

 

Figure 2.8 Diagram of Rayleigh, Stokes Raman, and anti-Stokes Raman scattering 
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Which molecular vibrations can produce Raman scattering depend on the polarizability of the 

molecule’s bonds. The polarizability can be understood to mean the degree of which the electron 

cloud around the molecule or bond can change when interacting with an external electric field. For 

an example, consider the four stretches of the carbon dioxide molecule discussed in Chapter 1. The 

symmetric stretch, which is IR inactive, is found to be Raman active due to the increased 

polarizability of the CO bonds as they are stretched. For the asymmetric stretch, the increase of 

polarizability in one bond is offset by the decrease of polarizability of the other and is therefore 

Raman inactive. Similarly, for the O2 molecule (of which there is only one vibrational mode), the 

symmetric stretch is Raman active but not IR active making Raman spectroscopy attractive for 

studying the oxygen reduction reaction. 

One issue with Raman spectroscopy is how rare Stokes Raman scattering events are, making 

Raman spectroscopy difficult/impossible to use for detecting individual molecules on a catalyst 

surface. It was observed in 1977, however, that the Raman intensity was greatly enhanced when 

the molecule of interest was near a nanostructured material5,6. These works gave rise to the field 

of surface enhanced Raman spectroscopy or SERS which has been shown to enhance Raman 

intensities up to 1014 times. 

SERS is enabled by local surface plasmon resonance (LSPR) which is a phenomenon that occurs 

in certain metal nanostructures (Ag, Au, and Cu nanoparticles for example) smaller than the 

wavelength of incident light. Incident photons incite an oscillating dipole in the electron cloud of 

the nanoparticles producing LSPR as shown in Figure 2.9.  
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Figure 2.9 Diagram of LSPR on a metal nanoparticle 

LSPR produces enhanced electric fields at the surface of the nanoparticles which has been shown 

to greatly increase the probability of Raman scattering from adsorbates on the nanoparticle 

surface7. The SERS enhancement factor, G, has been shown to approximately follow this relation: 

𝐺𝐺 = |𝐸𝐸|4 

Where |E| is the electric field intensity. This relationship demonstrates the huge effect electric field 

intensity has on Raman enhancement. Previous research in the Linic group has shown that this 

strong electric field can transfer energy to non-plasmonic metals coating a plasmonic core enabling 

SERS on metals such as Pt8. These enhancements are further increased by “hotspots” between 

nanoparticles in close proximity (<1 nm) of each other, allowing aggregates of plasmonic 

nanoparticles to be an excellent SERS substrate. In Chapter 5, the Raman measurements were 

conducted on a Horiba, LabRAM HR using a 50 mW, 532 nm diode-pumped solid-state laser with 

a 10x objective (Olympus, MPlan N). A 15 s acquisition time was used and at least 3 spectra were 

averaged together for each potential to minimize heterogeneity in the data from differing 

nanoparticle aggregates. 

2.4.2 In-situ Flow Cell  

To simultaneously collect Raman spectra and electrocatalyst current/potential, an in-situ flow cell 

was used. The flow cell was based on a commercially available spectroelectrochemical cell 

(Redox.me, MM Raman ECFC) with a few modifications9. The working electrodes were 
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fabricated starting with a 25x25x1 mm piece of glass that was coated with 10 nm of titanium as an 

adhesive layer and 100 nm of silver using e-beam evaporation at the Lurie Nanofabrication Facility 

of the University of Michigan. Silver was chosen as it is stable in the basic electrolyte used but 

does not produce hydrogen peroxide like gold at the high pH condition. The counter electrode was 

a Pt wire that encircles the working electrode to enable consistent flow fields from working to 

counter electrode. The flow cell was attached to two electrolyte reservoirs on inlet and outlet sides 

with a peristaltic pump circulating electrolyte from one reservoir to the other at 0.5 ml/min. A 

Hg/HgO reference electrode was placed in one of the reservoirs and all three electrodes were 

connected to a potentiostat (Gamry). For experiments, the reference electrode was calibrated 

against a reversible hydrogen electrode in the same 0.1 M NaOH to ensure accurate voltages. The 

full setup is visualized in Figure 2.10. There peristaltic pump had the effect of keeping a constant 

pressure head between the two reservoirs allowing constant flow through the cell. This design was 

chosen to prevent air bubbles from entering the cell due to the peristaltic action if directly 

connected. Solution resistance was measured to be 80 Ω using electrochemical impedance 

spectroscopy. O2 or He (both Ultra High Purity Grade) was bubbled into the two reservoirs 

depending on operation. 
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Figure 2.10 Schematic of the in-situ flow cell during normal operation. He or O2 is bubbled into both reservoirs 
simultaneously. The reference electrode is contained in one of the electrolyte reservoirs and the counter electrode is 

contained within the spectroelectrochemical cell. 

For the operando study in Chapter 5, a ~1mg/ml mixture of the Ag-Pt nanoparticles in basic H2O 

was washed 5 times in basic water at 11000 rpm for 20 minutes to remove PVP from the 

nanoparticle surface. This solution was then deposited dropwise on the silver film working 

electrode. The glass was then placed in a vacuum oven (100 mbar, 50ºC) for 30 minutes to allow 

the solvent to evaporate. The nanoparticles were then washed to remove loose particles and 

contaminants with 0.1 M NaOH (Milipore Suprapur, 30%) in E-pure (18.2 MΩ cm, Millipore) 

water. The 0.1 M NaOH solution was mixed with Chelex 200 resin (Biorad) overnight to remove 

trace transition metal impurities. After mixing, the resin was removed with vacuum filtration 2 

times. Before Raman spectra were collected, the Ag-Pt nanoparticles are electrochemically cleaned 

(cycling between 0.05-1.1 V vs. RHE 10 times) to further remove any organic ligands from the Pt 

surface. 

2.4.3 Statistical Analysis 
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It is important to quantify the effects on changing potential with changing peak size to aid in data 

analysis. The statistical analysis of the intensity changes with potential was quantified by the 

following procedure: A minimum of 3 spectra were collected for each potential. For each data 

point, a gaussian line form was fit to the data using MATLAB. In case of peaks at 1600 and 1664 

cm-1 a two term gaussian was fit and then decoupled in order to deconvolute the two peaks (see 

Figure 2.11). These gaussians are then integrated to yield a total band intensity for each data point. 

 

Figure 2.11 One Raman data point at 750 mV in He saturated electrolyte in blue. In yellow and green are two 
gaussian line forms centered around 1600 and 1664 cm-1 fitted to the blue data. This fitting has an R2 = 0.92. 

2.5 Ab-Initio Calculations 

To complement experimental findings, computational chemistry techniques like ab-initio 

modeling have been extensively used in the field of catalysis. Ab-initio modeling, meaning “from 

the beginning” or “first principles”, seeks to model the electronic structure of atoms and molecules 

by solving or approximating the Schrödinger equation: 

𝐻𝐻�Ψ = 𝐸𝐸Ψ 

Where 𝐻𝐻� is the Hamiltonian, E is energy and Ψ is the wavefunction. This simple representation of 

the Schrödinger equation belies the vast complexities of solving it for many-body problems. To 
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simplify and speed up these types of calculations, density functional theory (DFT) was developed 

in the 1960’s and was increasingly used for quantum chemistry applications in the 1990’s10. Kohn-

Sham DFT (KS-DFT) in particular has been very successful in the field of quantum chemistry and 

is incorporated in many packages such as VASP11–14 (Vienna ab-inito Simulation Package). In this 

section, I will provide practical tutorials using VASP to yield accurate and repeatable simulations 

while also describing the methods I used to calculate the vibrational modes in Chapter 5. 

2.5.1 VASP basics 

To run a job using VASP, there are 5 essential files that are needed. Each file has many options 

and the user should refer to the VASP wiki for more information on each file15: 

• POSCAR: This is the geometry file for VASP. At the top of the file, the scaling parameter 

is set and the size of the box is formed from 3 vectors. Often, the scaling parameter is set 

to 1 or some lattice constant. Below this, the number of atoms is set, and the coordinate 

system (direct or cartesian) is also specified. Selective dynamics can be enabled to freeze 

atoms in the x, y or z direction. An example POSCAR is given in the next section. 

• INCAR: This file sets the calculation parameters for VASP. There are many flags and 

options including EDIFF which sets the convergence energy criteria, IBRION which 

determines what type of calculation is performed (molecular dynamics, ion relaxation, 

vibrational modes, etc.), and NSW which determines how many steps to run, among many 

others. 

• KPOINTS: This file sets the number of k-points used in the calculation. The most common 

method, and the method I use throughout the dissertation, is the Monkhorst-Pack method 

where k-points along the 3 lattice vectors are manually supplied. This method gives the 

greatest flexibility and reproducibility. It should be noted that after VASP version 5.2.12, 
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the KPOINTS file is no longer needed and can be controlled by the KSPACING tag in the 

INCAR. 

• POTCAR: This file supplies the pseudopotentials for each atom specified in the POSCAR. 

It is a catenated list of each element’s individual POTCAR and should be organized in 

order of how elements appear in the POSCAR. 

• Submission script: VASP can be ran directly from the command line, but in most instances 

a submission script will be needed in order to send the job to a compute node for faster 

calculations. This file can interact with job schedulers (such as PBS, Slurm, etc.) and also 

enable parallelization across multiple nodes. 

When VASP is finished running, it will produce several files that can be used for analysis. The 

CONTCAR file mimics the POSCAR and contains the final geometry of the calculation. The 

OUTCAR provides the final electronic structure information and can be parsed for total free 

energy, entropy and vibrational modes (if running a job with IBRION=5 or 6). Though VASP 

energies are mostly used for comparisons, i.e. relative differences, the best absolute energy to 

reference is the “energy(sigma→0)” found in the OUTCAR as it is the energy at 0 K and not an 

elevated temperature calculated from the default Methfessel-Paxton smearing of partially occupied 

orbitals. 

2.5.2 Calculating Lattice Constants 

Before calculating physically significant attributes of a system (geometries, adsorption energies, 

vibrational modes, etc.) the lattice constant of the underlying metal needs to be properly converged. 

The exact lattice constant for a particular metal can change depending on the functionals used and 

often does not exactly match the experimental value16. With the rise of software packages that 

construct initial surface geometries based on predefined lattice constants and run DFT codes all in 
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one step (such as the Atomic Simulation Environment (ASE)), this step can be often overlooked. 

Below is an example of converging the lattice constant for platinum. 

The first step is to find the best set of k-points with bulk Pt that gives a consistent energy that is 

insensitive to the k-points used. Generally, higher k-points give more accurate results at the 

expense of computation time. To do this, start with the following files: 

POSCAR: 

Pt 
3.95000000000 
      1.000000000000000     .0000000000000000     .0000000000000000 
      .0000000000000000     1.000000000000000     .0000000000000000 
      .0000000000000000     .0000000000000000     1.000000000000000 
  4   
Selective dynamics 
Direct 
      0                     0                   0       T T T ! Pt 
      0.5                   0.5                 0       T T T ! Pt 
      0.5                   0                   0.5     T T T ! Pt 
      0                     0.5                 0.5     T T T ! Pt 
 
KPOINTS:   

Automatic mesh 
0 
Gamma 
  1  1  1 
  0.  0.  0. 

INCAR: 

System = Pt(bulk) 
 NWRITE = 1 ! determines how much will be written to the OUTCAR 
 LWAVE = .FALSE. ! write WAVECAR? 
 LCHARG = .FALSE. ! write CHGCAR? 
 LVTOT = .FALSE. ! write LOCPOT? 
 
Electronic relaxation 
 ISMEAR = 1 ! determines how the partial occupancies fnk are set for each orbital 
 EDIFF = 1e-6 !convergence criterion 
 SIGMA = 0.1 ! specifies the width of the smearing in eV 
 LREAL = Auto ! projection in real space (default .FALSE.) 
 ROPT = 2e-4 ! one for each species in POTCAR 
 
Ionic relaxation 
 NSW = 100 ! # of steps in optimization (default 0!) 
 IBRION = 1 ! 1: quasi-NR, 2:CG algorithm for ions 
 NFREE  = 20 ! steps remembered (20 good for large systems) 
 
Parallel 
 NCORE = 1 ! num of cores 
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The POTCAR should be that of Pt with the desired psuedopotentials. In this case I am using PBE. 

In the KPOINTS file, the 1 1 1 can be changed to 2 2 2, 3 3 3, N N N and so on. After running 

various N k-points, N is plotted against the energy per atom as seen in Figure 2.12. 

 

Figure 2.12 NxNxN k-point values on bulk Pt energy 

For 1x1x1 k-points, the energy/atom was very different from the other k-points with a value of -

0.082 eV/atom. For this analysis, it is not important which k-point scheme would give the lowest 

energy, rather it is what lowest k-point scheme gives the most consistent energy with higher k-

points. For this system, a k-point scheme of 8x8x8 gives within 0.002 eV/atom of 12x12x12 so it 

is selected for lattice constant optimization. 

To optimize the lattice constant, the same files as written above can be used with 8x8x8 k-points. 

All that needs to be changed is the 3.95 value at the top of the POSCAR. I recommended varying 

this value by 0.1 Å and then homing in on a narrower region to get the final optimized value. This 

can be seen in Figure 2.13. 
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Figure 2.13 Optimization of bulk Pt lattice constant. In blue is the initial set of constants and red is a more focused 
region. 

Going from 3.7 to 4.3 Å in 0.1 Å increments, the optimal lattice constant appeared to be between 

3.9 and 4.0. Another set of calculations was done from 3.93 to 3.99 Å in 0.01 Å increments 

revealing the optimal lattice constant to be between 3.96 and 3.97. A function can be fit to this 

data and a minimum found to yield a more precise result. The optimal lattice constant for these 

parameters and PBE functionals was found to be 3.965 Å which is very close to the literature value 

of 3.985 Å16. 

2.5.3 Optimizing Surface Slabs   

With the optimal lattice parameter for the bulk metal found, metal surface slabs can be constructed 

with a variety of indexes, cell sizes and thicknesses. These slabs are intended to represent the 

relevant experimental metal surfaces where chemical reactions are taking place. Therefore, the 

surface facet should be chosen wisely for the modeled system. For spherical nanoparticles, low-

indexed surfaces dominate such as the (111), (100) and (110). For cubes, the (100) makes up much 

of the surface. For very small nanoparticles, < ~5 nm, higher indexed kink and edge sites become 

prevalent. Each surface facet has its own unique set of surface sites for molecules to bind. The 

(111) facet, for example, has four unique surface sites as depicted in Figure 2.14.  
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Figure 2.14 A 3x3 Pt(111) surface slab. The four catalytic sites (FCC, HCP, ATOP, and Bridge) are marked 

The four sites are the three-fold hollow site (FCC), the two-fold hollow site (HCP), the on-top site 

(TOP or ATOP) and the bridge site. Single atom adsorbates (such as O and H) tend to prefer the 

highly coordinated FCC site while molecules like OH and CO prefer the TOP site17.  

Choosing the cell size is a critical consideration as it will drastically affect the computational speed, 

but also the adsorbate coverage. For example, in Figure 2.14 the cell size is 3x3 meaning 3 Pt 

atoms by 3 Pt atoms for a total of 9 Pt atoms on the surface for each unit cell. If one O atom adsorbs 

in an FCC site, then the coverage of O on the surface will be 1/9 monolayer (ML). Since VASP is 

a periodic code, the slab is repeated in all three directions. Therefore, the cell size also dictates 

how far each adsorbate is from the next. For a 1/9 ML O coverage, the next nearest neighbor (NN) 

is 3 sites away producing very little interference for the adsorption energy of O. The larger the cell 

size, however, the more expensive the calculations so a balance is needed. Due to VASP repeating 

the cell in the Z direction (or whatever direction is perpendicular to the surface) a certain amount 

of vacuum space is required between the top layer of the slab and the bottom layer. Generally, 15 

Å is sufficient to keep interferences low without increasing computational expenses too much. The 
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number of layers is another critical variable in VASP calculations. As we are trying to simulate 

both a bulk material and a surface interface, a single layer of Pt atoms would be a very poor analog. 

Therefore, researchers will include multiple layers (4-5) to capture the bulk configuration more 

accurately. It is recommended to “freeze” the bottom few layers to represent the interior of the 

bulk structure and save on computation costs. The top layers should be able to move slightly to 

accommodate adsorbates (and lowering total energy) while the bottom layers can be restricted. 

This can be accomplished by changing the “T” flags in the POSCAR to “F” and using selective 

dynamics. Once the cell size, vacuum space and number of layers is chosen, the best k-point 

configuration should be optimized the same way as was done for the slab to balance computational 

expense and accuracy. The N k-points can be plotted against the energy per atom as before. The 

results for a 4 layer, 3x3 Pt(111) surface are shown in Figure 2.15 where 5x5 is chosen to minimize 

cost and maximize accuracy. 

 

Figure 2.15 Optimal K-point configuration for a 3x3 Pt(111) slab 

All DFT calculations reported in this dissertation were run on an in-house super-computing cluster. 

PBE functional18,19 and PAW potentials20,21 with an energy cut-off of 500 eV, 5x5x1 gamma 

centered k-point meshes are used for all calculations. As described above, the Pt lattice constant 



 45 

was converged to be 3.965 Å in line with literature values16. All slabs are made with 4 layers with 

the bottom 2 layers frozen in place, except for vibrational calculations where all atoms are able to 

move. 15 Å of vacuum space is included above the top Pt surface layer. 

2.5.4 Vibrational Mode Calculations 

Calculating the vibrational modes of adsorbed species on catalytic surfaces is a powerful technique 

when combined with in-situ spectroscopy. This technique allows the researcher to identify the 

abundant intermediates on the surface by matching the observed vibrational bands with DFT 

predicted modes. 

To perform these calculations, several methods can be utilized. For this dissertation, I used two 

different methods: the dynamical matrix method developed by Graeme Henkelman’s group at UT-

Austin22 and the IBRION=5 method to calculate the full Hessian matrix15. The main differences 

between the two methods are that the dynamical matrix approach is much faster than IBRION=5 

but it is unable to correctly predict isotopic shifts in vibrational modes. To illustrate, an oxygen 

molecule was added at a bridge site on the 3x3 Pt(111) surface. The vibrational mode frequencies 

were then calculated using the two methods with oxygen-16 atoms and heavy oxygen-18 atoms. 

The results are shown in Table 2.2.  

Table 2.2 Vibrational mode frequencies (in cm-1) for 1/9 ML O2 on 3x3 Pt(111) calculated using the dynamical 
matrix method or IBRION=5 and oxygen-16 or oxygen-18. 

Method Dynamical Matrix (cm-1) IBRION=5 (cm-1) 
mode O2-16 O2-18 O2-16 O2-18 

1 251.4 250.3 254.5 243.1 
2 399.9 400.0 405.9 384.7 
3 541.5 541.7 545.8 515.0 
4 856.0 854.9 857.7 808.1 
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The differences in predicted vibrational mode frequencies are slight (<7 cm-1) between the two 

methods with oxygen-16, but the dynamical matrix method fails to correctly capture the vibrational 

shift due to the heavy oxygen. Mode 4 is the symmetric oxygen-oxygen stretch that follows a 

Hooke’s law approximation showing a nearly (6%) 50 cm-1 shift when switching from oxygen-16 

to oxygen-18.   
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Chapter 3 Evaluation of Electrocatalyst Activity 

3.1 Introduction 

Over past decades, much work has been done in developing novel electrocatalysts for various 

electrochemical reactions, including hydrogen oxidation, oxygen reduction, CO2 reduction, water 

oxidation and N2 reduction. Various monometallic, bimetallic, core@shell, noble metal and noble-

metal free materials, in many nanoscopic form factors (e.g. nanoparticles of different shapes and 

sizes, planar structures, etc.) have been studied in an effort to improve electrocatalyst activity while 

reducing cost1–3. While this focus on different materials in terms of their composition and their 

form factors has brought a great deal of excitement to the field, it has become increasingly difficult 

to rigorously assess the critical figures of merit that can compare these different materials even on 

a relative scale4,5. This chapter is part tutorial and part viewpoint where we briefly discuss the 

figures of merit used to evaluate electrocatalysts, outline potential issues that have caught our 

attention as sometimes mishandled in published literature, and describe some useful practices that 

ensure rigorous assessment of inherent electrocatalytic activity of materials. To illustrate the 

central points, electrochemical oxygen reduction reaction (ORR) is used as an example. While the 

focus is on the ORR on Pt-based materials, we stress that the same level of rigor needs to be 

implemented when analyzing any electrochemical transformations and that depending on the 

reactions or the material this might require very different approaches. 
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3.2 Electrocatalytic Activity as a Figure of Merit 

There are several critical “figures of merit” which are commonly used to assess the activity of 

electrocatalysts. Specific activity (jk (V)), which is defined as the potential-dependent net kinetic 

current (ik) normalized by the electrochemically active surface area (ECSA) (mA/cm2), represents 

a measure of the surface activity of an electrocatalyst material. This is a critical metric that allows 

us to rigorously assess and compare the inherent activities of different materials. In our view, if 

the subject of a research effort is to study intrinsic electrocatalytic activity of a material or the 

mechanism of electrochemical reactions on an electrocatalyst surface, specific activity is the most 

important figure of merit that should always be reported. We note that if not all surface sites are 

active, as is the case on carbon-based electrocatalysts, then in order to obtain relevant kinetic 

information the kinetic currents need to be normalized by the number of active sites. Rigorously 

counting the active sites is a significant problem that for most materials has not been adequately 

solved. The mass activity, which is the net kinetic current normalized by the mass of the 

electrocatalyst (generally reported as A/mgcatalyst) and the volumetric activity (the net kinetic 

current normalized by the volume occupied by the electrocatalyst) are not only a function of the 

inherent activity of the material’s surface (the specific activity) but also of the form factor that the 

material takes. For example, larger nanoparticles will have lower mass and volumetric activity 

than smaller nanoparticles, for an identical material with identical specific activity. While the mass 

and volumetric activities can be important for the technoeconomic evaluation of an electrocatalyst 

in a device (such as a fuel cell), these two metrics are less useful when reporting the inherent 

activity of a material due to the above-mentioned impact of the form factors on these metrics. 

Another figure of merit that is often used in the literature is the half-wave potential, defined as 

the potential where one-half of the mass transport-limiting current is reached6. The half-wave 
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potential can be used to compare the inherent activities of different materials, only if its 

measurement is based on properly normalizing for the effect of the ECSA. Comparing the half-

wave potential (not normalized for the impact of ECSA) of two materials that have very different 

surface areas exposed to electrolyte should not be used to assess the relative electrochemical 

activity of these materials, since higher ECSA of a material compensates for a poor inherent 

activity. Our random sampling of 20 recently published papers in the field of ORR electrocatalysis 

that used half-wave potential to assess the activity of a material found that 11 did not account for 

the impact of different surface areas of the materials that were tested.  

3.3 Measuring Electrocatalyst Activity using Rotating Disk Electrodes 

Typically, these figures of merit, including the specific activity, are measured using a rotating disk 

electrode (RDE) setup. In one version of the measurements, the electrocatalyst activity is studied 

by creating a flat nonporous electrode of the electrocatalytic material, such as a polycrystalline or 

single crystal metal or metal alloy surface. For ORR measurements this flat RDE is placed in an 

oxygen-saturated electrolyte at a set rotation speed (often 1600 RPM) and connected to a reference 

and counter electrode. Current-potential (IV) curves are collected as the function of the voltage of 

the working electrode (and therefore the electrocatalyst potential), and usually reported on the 

reversible hydrogen electrode (RHE) scale. An example of data obtained on a flat RDE of 

polycrystalline Pt in ORR is shown in Figure 3.2. The data analysis in these systems is commonly 

based on the Koutecky-Levich approach, which assumes that there are two potential-dependent 

regimes that control the appearance of the IV curves. At high overpotential, the measured current 

is controlled by the rate of external mass transport of reactants (in ORR it is O2) from the bulk of 

the electrolyte to the electrocatalytically active layer on the RDE, while at low overpotentials the 

reaction rate is controlled by the inherent net kinetic current of the active material (the net rate of 
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the reactions taking place at the electrocatalyst surface). To separate the net kinetic current from 

the external mass transport limiting current, the total measured current is broken down using the 

Koutecky-Levich equation: 

𝑖𝑖 = �1
𝑖𝑖𝑘𝑘

+ 1
𝑖𝑖𝑚𝑚
�
−1

(1)

Where i is the net current measured, ik is the net kinetic current and im is the external mass transport 

limiting current. The mass transport limiting current (which is dependent on several factors 

including the RDE rotation speed) can be extracted from the IV curve as the potential independent 

current at high overpotentials. For ORR on Pt surfaces this is typically the current around 0.5 V 

vs. RHE, where the reaction is almost completely controlled by the rate of oxygen transport from 

the bulk of liquid electrolyte to the electrocatalyst layer. For flat electrodes, the analysis allows us 

to rigorously evaluate the specific current by dividing the net kinetic current by the 

electrochemically active surface area (ECSA), which in this case is the geometric area of the 

electrode. 

It is often not possible to have electrocatalytic materials in the polycrystalline or single crystal 

form factors, and there is a practical need to compare the activity of materials structured in different 

nanoscopic form factors (different shapes and sizes of nanoparticles) deposited on a RDE. In this 

setup, a thin porous active layer of electrocatalyst (usually electrocatalyst nanostructures are mixed 

with a porous carbon such as carbon black) is supported on an inert “non-porous” electrode (such 

as glassy carbon). This setup is known as thin-film rotating disc electrode (TF-RDE). 

The IV data obtained in the TF-RDE setup is also analyzed using the Koutecky-Levich equation. 

We note that before applying the Koutecky-Levich analysis, all currents need to be corrected for 

the capacitive current caused by the electrochemical double layer (see Chapter 2). This can be very 

important when high surface area supports (like carbon black) are used to support the active 
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nanoparticle electrocatalysts. In these systems, electrical charging of the double layer can greatly 

alter the IV curve. One has to be mindful that in these systems, the reaction rate (i.e., the net 

measured current) is affected not only by the rate of external mass transport of reactants (in the 

case of ORR, it is O2) from the electrolyte bulk to the surface of the outmost electrocatalyst layer 

and the net kinetic reaction rates, but also by the internal diffusion limitations from the outmost 

electrocatalyst layer to the electrochemically active sites, some of which are removed from that 

layer and reside inside the pores of the thin film7. We note that for flat electrode surfaces discussed 

above, such as polycrystalline metallic plates, the internal diffusion limitations are non-existent 

since all active sites are in the outmost electrocatalyst layer and therefore easily accessible to the 

reactants. On the other hand, for nanoscopic form factors where nanoparticles of different shapes 

are packed in the porous carbon material, these internal diffusion limitations, which affect the 

transport of reactants (such as O2) to the active sites, can be significant and important. 

The impact of internal diffusion limitations on the measured reaction rate can be described using 

the concept of electrochemical effectiveness factor (EF). EF essentially represents the ratio of the 

measured net kinetic reaction rate to the rate that assumes no mass transport limitations. While EF 

can be rigorously derived if certain assumptions are made about the pore geometry that the reactant 

needs to navigate through the porous material to reach the active centers, EF generally takes the 

form of eq 2.  

𝐸𝐸𝐸𝐸 =
𝑖𝑖𝑘𝑘
𝑖𝑖𝑘𝑘,0

=  
tanh(𝜙𝜙𝑇𝑇ℎ)

𝜙𝜙𝑇𝑇ℎ
(2) 

Where ik and ik,0 are the kinetic currents affected and unaffected by diffusion in the active 

electrocatalyst layer respectively, and ɸTh is the Thiele modulus. For low values of Thiele modulus 

(< than 0.1), EF is close to 1, and for higher values of Thiele modulus EF becomes increasingly 

smaller, asymptotically reaching 1/ɸTh. The Thiele modulus is controlled by several factors 
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including the active electrocatalyst layer depth (L), the diameter of the pores (D) that the reactants 

navigate in the active electrocatalyst layer (also affected by the packing density of the 

nanoparticles), the concentration (Cr) and diffusion coefficient (Dr) of the reactants and the 

reaction rate (j). As opposed to thermal catalytic systems and specific to electrochemical systems, 

the Thiele modulus is also dependent on the ohmic resistance (Ω) and ionic conductivity (𝜎𝜎) of the 

active layer.8–10 

𝜙𝜙𝑇𝑇ℎ ~ 𝑓𝑓(𝐿𝐿,𝐷𝐷,𝐶𝐶𝑟𝑟 ,𝐷𝐷𝑟𝑟 , 𝑗𝑗,Ω,𝜎𝜎) (3) 

It is important to analyze how some of these parameters impact the Thiele modulus of an active 

electrocatalyst layer. For example, a thicker active porous layer with smaller pores and more 

crowded nanoparticles will increase the Thiele modulus and lower the measured kinetic current of 

the electrocatalyst. Conversely, larger pores (less crowding of the electrocatalyst particles) and 

thinner active layers will decrease the Thiele modulus. Furthermore, larger kinetic currents will 

also lead to a larger Thiele modulus, i.e., the effectiveness factor is a function of overpotential, and 

for a given system the effectiveness factor is smaller at larger overpotentials. 

To demonstrate how Thiele modulus and EF can affect experimental IV curves, we applied eq 2 

to a set of data that we obtained using a planar polycrystalline Pt electrode (which has no internal 

diffusion limitations, EF = 1) in electrochemical ORR. This data was obtained by using a planar 

Pt-poly (Pine) fixed electrode in a traditional 3-electrode RDE setup. An in-house built all Teflon 

cell housed the reference electrode (Hg/HgO, Pine), counter electrode (Pt wire, Fisher) and the 0.1 

M NaOH (30 wt%, Fisher). The reference electrode was calibrated against the reversible hydrogen 

electrode (RHE) in H2 (UHPG) saturated electrolyte before ORR voltammograms were measured. 

Surface area was measured in Ar (UHPG) saturated electrolyte by integrating the H-UPD potential 

region (0.05-0.4 V vs. RHE) of the Pt surface using a CO-poisoned baseline further described later 

in the chapter. The solution resistance was measured to be 40 ohms using hybrid electrochemical 
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impedance spectroscopy. ORR measurements were done in O2 (UHPG) saturated electrolyte 

which was purged with gas for at least 20 minutes. A linear sweep voltammogram showing the 

Tafel plot of kinetic current density is shown in Figure 3.1.  

 

Figure 3.1 Tafel plot of the ORR current density for a Pt-poly electrode rotating at 1600 RPM in O2 saturated 0.1 M 
NaOH. Currents are corrected for solution resistance loses and the capacitive current from the electrochemical 

double layer. 

The Thiele modulus in the effectiveness model was based off of equation 4: 

ϕ𝑇𝑇 = �
Γ𝐾𝐾𝐾𝐾𝐾𝐾2

𝑛𝑛𝑛𝑛𝐷𝐷𝑐𝑐
∗

1
𝑗𝑗0
∗ 𝑗𝑗𝑘𝑘(𝑝𝑝𝑝𝑝) (4) 

Where ϕ𝑇𝑇 is the Thiele modulus, Γ is a temperature parameter, K is a lump kinetic term, 𝛾𝛾 is the 

surface area to volume ratio of the pores, L is the film thickness, n is the number of electrons 

transferred, F is Faraday’s constant, Dc is the diffusion coefficient, j0 is the exchange current 

density and jk is the kinetic current density of the Pt-poly electrode. The values used for the 

constants are shown in Table 3.1. The overpotential loses through the active layer, which depend 

on the ionic conductivity of the film, was not included in our model. 
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Table 3.1 Parameters used in the Thiele modulus equation 

Parameter Value [units] 

Γ 6 

K 12.2*10-6 [A/cm2] 

𝛾𝛾 0.0037 [cm-1] 

𝐿𝐿 varied [cm] 

n 4 

Dc 12*1012 [mol*cm-1s-1] 

j0 2.4*10-7 [A*cm-2] 

 

 The data in Figure 3.2a show that an increase in the Thiele modulus, which leads to a decrease in 

the effectiveness factor of the electrocatalyst, results in the IV curves that have two characteristic 

differences compared to the data unimpeded by the internal diffusion limitations. The differences 

are that for systems with low EF, the slope of the IV curve in the region where the reactions rate 

(current) takes off is lower and the mass transport limiting current is reached at larger 

overpotential. An inspection of published data suggests that these behaviors (low EF) are exhibited 

in many systems where various materials with different nanoscale form factors are studied and 

compared to each other, indicating that in these studies there were artifacts that resulted in internal 

diffusion limitations which compromised the results and conclusions. We note that the Thiele 

modulus is higher at higher overpotentials (higher currents), and therefore the EF is lower and the 

deviation from the true kinetic current is greater as shown in Figure 3.2b and c. 

To avoid these internal diffusion limitations, it is recommended that electrocatalyst nanostructures 

are well dispersed on a conductive porous support with an active layer film thickness of < 0.1 µm 
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in the TF-RDE setup11–13. While it is proposed that under these conditions a low Thiele modulus 

can be achieved, one has to be cognizant of the fact that Thiele modulus is effectively a 

dimensionless number that quantifies the ratio between kinetic reaction rates and internal diffusion 

rates.8,14,15 As such, it is highly dependent on the particular geometry of the system (including the 

local packing of nanostructures and their shape), the size of the pores in the material that is packed 

on the TF-RDE, the reactant and product diffusion constants in the electrolyte as well as the rates 

of electrochemical reactions. Therefore, when comparing the electrochemical activity of different 

nanoscale form factors for different materials it is important to assess the values of Thiele moduli 

to make sure that the internal diffusion rates of reactants are not significantly impacting the results. 
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Figure 3.2: (a) RDE linear sweep voltammograms for a Pt-poly electrode in oxygen saturated 0.1 M NaOH at 1600 
RPM. An effectiveness factor model is imposed on the data to simulate the effects of various Thiele moduli. As the 

Thiele modulus increases, the electrode requires a greater overpotential to reach the mass limiting current. (b) 
Effects of the Thiele modulus on the kinetic current measured at 0.9 V vs. RHE and (c) at 0.8 V vs. RHE using a 

model from the literature. 

Though the accurate calculation of electrocatalyst activity can be compromised due to slow 

diffusion in the active layer (low EF and large Thiele modulus) in TF-RDE as detailed above, we 

find that even greater misrepresentations of electrocatalyst activity originate from improper 

measurements of electrocatalyst surface area (ECSA). To obtain an accurate measure of specific 

electrocatalyst activity, the net kinetic current (ik) must be normalized against an accurately 

measured ECSA of the electrocatalyst. Accurate measurements of ECSA are critical for assessing 

relevant activity of different materials and comparing their performance. Unfortunately, a random 
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sampling of 20 recent papers on ORR electrocatalysis found that ~ 50 % failed to properly 

normalize the kinetic current density against ECSA. In the following section we describe 

experimental procedures used to accurately determine ECSA. Our focus is on Pt-based 

electrocatalysts, where electrochemical transformations take place on Pt surface sites. We note that 

comparing the activity of materials different than Pt requires a similar level of rigor for ECSA 

evaluations. 

3.4 Techniques for Characterizing ECSA 

3.4.1 Underpotential Deposition 

One of the most common techniques for evaluating electrocatalyst surface area is underpotential 

deposition (UPD)16. This is a voltammetric method in which the charge involved in 

electrochemically adsorbing/desorbing an adlayer of a selected chemical species is measured by 

integrating the area under the IV curve in the UPD region. For Pt group metals like Pt, Ir, Ru, Rh, 

and Pd, atomic hydrogen can be used17–21 while for Ag, atomic lead (Pb) can be used22–24. Cu-UPD 

can also be used for a variety of metals including Au, Pt, Ru and Ag25,26.  

For Pt based electrocatalysts, hydrogen-underpotential deposition (HUPD) is most commonly used 

to measure the ECSA. The Pt surface area is determined by integrating the IV-curve from ~ 0.05 

– 0.4 V vs. RHE under a suitable (nonadsorbing) electrolyte condition. This integration yields the 

charge associated with desorption of an underpotentially deposited adlayer of H (HUPD) and can 

be converted to surface area through a conversion factor of 210 μC/cm2 (charge associated with 

electrochemical desorption of one H layer on a Pt surface)27,28. It should be noted that the dominant 

Pt facet will affect the conversion factor, necessitating precise nanoparticle characterization for the 

most accurate surface area measure5. To obtain accurate ECSA measurements from the current 
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associated with the desorption of HUPD through the integration of the IV curve, the background 

(noise) current (both potential dependent and independent) must be properly removed. Commonly, 

the potential-independent, double layer capacitive current is assumed to be half of the difference 

between the limiting current of the anodic and cathodic sweeps between 0.4 and 0.5 V vs. RHE. 

This is reflected in Figure 3.3 as the horizontal, dashed baseline from 0.05 to 0.40 V vs. RHE. The 

measured HUPD desorption peak is then reduced by this amount to remove contributions from the 

surface capacitance29. The background current can also include potential-dependent contributions 

(often related to the catalyst support effects) in addition to the constant capacitive current, leading 

to a potential dependent baseline rather than a horizontal baseline27,30,31. One way these potential 

dependent currents can be accounted for is by using a slanted baseline as shown by the dashed 

lines in Figure 3.326. Using the horizontal over the sloped baseline for the background subtraction 

can have a large effect on the measured ECSA. We demonstrated this in Figure 3.3, where we 

measured ECSA for a commercial, high surface area Pt/C electrocatalyst and a Pt monolayer core-

shell electrocatalyst (Pt on Ag/Cu alloy), deposited on carbon, developed in our laboratory. Using 

the sloped rather than horizontal baseline resulted in a measured ECSA increase of ~45% for the 

core-shell electrocatalyst, resulting in a dramatic decrease in calculated activity. A downside to 

this approach is that the choice of slope for the slanted baseline is somewhat subjective, leading to 

uncertainty in the measurement. 
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Figure 3.3 HUPD analysis for a pure Pt (yellow) and Pt monolayer electrocatalyst (blue) developed within our group. 
The HUPD peak is integrated from 0.05 to 0.40 V vs RHE using either a constant or slanted baseline shown by the 
dotted lines. CV curves were obtained in Ar saturated 0.1 M HclO4 using a scan rate of 50 mV/s without electrode 

rotation. 

Another disadvantage of using the HUPD method for surface area calculations stems from the 

assumption that HUPD atoms cover the entire electrocatalyst surface, which is most likely the case 

(based on extensive single crystal studies) for pure monometallic Pt samples but might not be the 

case for some Pt alloys. Changes in electrocatalyst electronic structure due to alloying can affect 

the adsorption energy of the H atoms and therefore can impact the H coverage28,32. For example, 

Pt3Ni(111) was shown to not adsorb a complete monolayer of HUPD resulting in sometimes 

erroneously low surface area and an artificially high specific activity reports for this alloy33. To 

correct for this incomplete adsorption, modified ECSA calculation methods have been developed 

that account for the less than 1 coverage of HUPD on the surface such as shown in equation 5: 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =
𝑄𝑄𝐻𝐻

𝜃𝜃𝐻𝐻 ∗ 210 µ𝐶𝐶
𝑐𝑐𝑐𝑐2

(5) 
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Where QH is the charge associated with HUPD desorption and θH is the hydrogen coverage. It is 

important to recognize that rigorous characterization of the surface coverage θ, under relevant 

electrochemical conditions, has not been widely adopted in the literature, with most reports in the 

literature assuming a value of unity for any Pt tested Pt alloy34. 

3.4.2 Carbon Monoxide (CO) Stripping 

Due to the uncertainties associated with the H coverage on Pt alloy electrocatalysts, other 

voltammetric techniques such as CO stripping have been investigated28,35,36. In CO stripping 

experiments, an adlayer of CO is adsorbed on the electrocatalyst surface at reducing potentials 

(e.g. 0.05 V vs. RHE for Pt surfaces) prior to the electrolyte being purged with an inert gas to 

remove any unbound CO. The potential is then swept to higher potentials and CO is oxidized from 

the surface. Similar to the HUPD technique, the surface area can be determined by integrating the 

CO oxidation peak and converted to the ECSA by a conversion factor of 420 μC/cm2 (i.e., this is 

a 2-electron oxidation process)28,37,38. One major advantage of CO stripping for ECSA 

characterization is that on Pt alloys and pure Pt electrocatalysts the saturation CO surface coverage 

tends to be identical, which removes some degree of uncertainty present in the HUPD method28,33. 

The baseline for integration (i.e. the background subtraction) can be viewed in the same way as 

for the HUPD method. During the oxidation of CO in the anodic sweep, other currents such as those 

associated with OH adsorption on the Pt surface and Pt-oxide formation occur and need to be 

corrected for. This can be accomplished by subtracting the anodic current measured post-stripping 

(when there is no longer CO on the surface) from the CO-stripping current. This operation yields 

only the net current associated with CO oxidation. Data in Figure 3.4 show the effect of 

background current subtraction on the measured current and therefore the measured ECSA. We 

note that the CO oxidation peak from 0.7 to 0.8 V vs. RHE is higher when the background current 
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is not subtracted out (dashed line) compared with the peak when the background current is properly 

subtracted (solid line). The data in Figure 3.4 show that for the Au-Cu/Pt core-shell and Pt 

commercial standard electrocatalysts, the measured ECSA was reduced by ~4% and ~15% 

respectively when using the potential-dependent baseline to remove the background noise.  

 

Figure 3.4 CO stripping voltammogram (scan rate: 10 mV/s) for Pt/C and Pt-monolayer electrocatalyst in Ar 
saturated 0.1 M HClO4 electrolyte under no rotation. Raw currents are shown as dashed lines while the background 

subtracted currents are shown as solid lines. 

3.4.3 Baseline-Corrected HUPD Measurements 

The two techniques, HUPD desorption and CO-stripping, can be combined to give us more certainty 

in removing the background current in the HUPD ECSA measurements for Pt electrocatalysts. The 

process entails saturating the Pt electrocatalyst surface with a layer of CO (holding potential at 

0.05 V vs. RHE). On this CO-poisoned Pt surface the adsorption of HUPD is prevented by the CO 

molecules. As the potential is increased from 0.05 V to 0.4 V, the background current in the HUPD 

region, associated with the CO-poisoned Pt surface, is recorded. CO is then removed from the 

surface via CO oxidation and H can adsorb on the clean surface in subsequent scans. If we assume 
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that CO is exclusively adsorbed on the Pt surface sites and that it blocks these sites against the 

HUPD adsorption, then subtracting the CO poisoned scan from the CO-free scan in the HUPD region 

yields the net current of the electro-oxidation of HUPD free of background currents (potential 

dependent and independent) giving us a measure of the ECSA. 

Figure 3.5 shows the specific activity of the commercial Pt standard and the Pt monolayer core-

shell catalyst at 0.9 V vs RHE that we obtained using HUPD (protocol 1 & 2), CO stripping (protocol 

3 & 4), and the joint CO-stripping/HUPD approach (protocol 5) to characterize ECSA. We note that 

for these samples the HUPD protocols lead to specific activities 2.5 to 3 times higher than the CO-

stripping protocols while the combined approach provides a specific activity in the middle between 

HUPD and CO stripping.  We find the combined technique (protocol 5) to be a good balance in the 

overestimation of ECSA from CO-stripping and the underestimation of ECSA from the HUPD 

method29 as seen in Figure 3.5. Ideally, a combination of methods would be reported to establish 

a range of electrocatalyst activities and assess the error. 

 

Figure 3.5 ORR specific activities for the different ECSA measuring protocols. Results for both the novel and 
standard Pt electrocatalyst are shown in blue and yellow respectively. Error bars represent the standard deviation 

of the ECSA measurements. 
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Once the ECSA has been calculated, the specific activity can be produced simply by dividing the 

kinetic current by the ECSA at a particular overpotential. Typically, for Pt surface a working 

electrode potential of 0.9 V vs. RHE is chosen. Mass and volumetric activities can then be 

calculated using the electrocatalyst loading and density. Half-wave potentials can be measured by 

regenerating the IV curve using the ECSA-normalized kinetic current density and the RDE area-

normalized limiting current as shown in equation 6. The resulting IV curve will be the properly 

normalized current density vs. applied potential and the accurate half-wave potential can be found.  

𝑗𝑗 = �
𝐴𝐴𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝑖𝑖𝑘𝑘

+
𝐴𝐴𝑅𝑅𝑅𝑅𝑅𝑅
𝑖𝑖𝑙𝑙

�
−1

(6) 

The data in Figure 3.6 shows the impact of over- or under-estimated ECSA on the normalized IV 

curves. As can be seen, the inaccuracies in the measurements of ECSA manifest itself in shifting 

of the typical IV S-curve with respect to the potential. 

 

Figure 3.6 RDE linear sweep voltammograms for a Pt-poly electrode in oxygen saturated 0.1 M NaOH at 1600 
RPM. In black is the properly normalized IV curve using equation 6 (in the case of Pt-poly electrode AECSA = ARDE). 
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The dotted green line represents a normalized IV curve derived if the magnitude of AECSA is underestimated to 50 % 
of the real value and the full green line represents a normalized IV curve assuming a two-fold overestimated AESCA. 

3.5 Conclusion 

Rigorous evaluation of activity of electrocatalysts is critical for the quantification of their absolute 

and relative performance. Unfortunately, literature is full of examples of inaccurate assessment of 

electrocatalyst activity. These inaccuracies are amplified when very different materials are 

compared to each other (i.e., Pt versus carbon-based materials) or when different nanostructure 

form factors are used (i.e., solid nanoparticles versus nanocages, etc). In this chapter, critical 

figures of merit for electrocatalyst activity were discussed, focusing on potential sources of error 

associated with quantifying the activity of nanostructured electrocatalysts. We show that internal 

diffusion limitations within a porous electrocatalyst’s support can impact the measurements. These 

diffusion limitations can be quantified by electrochemical effectiveness factor and Thiele modulus. 

Additionally, we discuss the importance of proper ECSA measurements on activity metrics. We 

present several techniques (i.e. HUPD, CO stripping and various combinations of the two 

techniques) to characterize the ECSA for monometallic Pt and Pt alloys. 
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Chapter 4 Microkinetic Modeling in Electrocatalysis 

4.1 Introduction 

In this chapter the role of microkinetic modeling for mechanistic analyses is presented. Several 

applications, shortcomings and recommendations are discussed along with a brief discussion on 

the role of in-situ spectroscopy to aid microkinetic modeling. This example is further expanded in 

the next chapter. 

The critical challenge for fundamental research in heterogeneous catalysis and electrocatalysis is 

to discover atomistic-scale phenomena (e.g. elementary step mechanisms, adsorption energies, 

activation barriers for individual elementary steps, coverages of reaction intermediates) and relate 

them to macroscopic observables such as turnover frequencies (TOFs), reaction orders, product 

selectivities, and apparent activation energies for a given set of operating conditions (temperature, 

electrochemical potential, and pressures of reactants and products). An approach that has emerged 

as critical in connecting the atomic scale phenomena to macroscopic observables relies on 

microkinetic modeling. Microkinetic modeling in heterogeneous catalysis has its early origins in 

the works of Boudart1 and Dumesic2. The field has grown in significance since the 1990s with the 

influential works of Norskov3, Stoltze4, Campbell5,6, Scheffler7 and many others. 

Historically, “top-down” approaches, characterized by fitting empirical kinetic parameters to 

reactor data, for the purposes of optimizing chemical reactor designs, had been utilized for 

decades8. In these cases, the goal was to fit “kinetic” parameters which could capture the reactor 

behavior over a range of relevant operating conditions. Microkinetic analysis utilizes a “bottom-
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up” approach wherein kinetic parameters are characteristic of elementary processes occurring on 

the surface of a catalyst. No assumptions are made about the rate-controlling steps, and instead the 

degree to which various elementary steps control the reaction arises organically out of the kinetic 

parameters and chemical species balances associated with a proposed set of elementary steps 

(although some simplified approximations can be used such as assuming a rate-determining step 

with all others quasi-equilibrated). Kinetic parameters for elementary steps may be estimated based 

on a combination of transition state theory, quantum chemical calculations, statistical 

thermodynamics, and experiments such as microcalorimetry or temperature programmed 

desorption (TPD)8. A number of reviews on microkinetic analysis have been written8–14. 

As discussed above, microkinetic (MK) modeling is used to relate assumptions about the 

elementary steps involved in a reaction to macroscopic experimental observables. Since 

microkinetic models must completely capture atomistic events on the surface to exactly reproduce 

macroscopic observables, it is reasonable to argue as Medford et al15 did that microkinetic models 

are the “central representation of knowledge for catalysis.” In this sense, MK modeling is a 

mathematical description of the aggregate knowledge about a catalytic reaction mechanism. As 

highlighted in reference15, MK models are both explanative and predictive in their nature. They 

can be used to rationalize and explain observed experimental data on a material of interest, which 

yields knowledge about the mechanism, active sites, and kinetic parameters describing the 

elementary steps. Additionally, MK models can in principle be used (along with tools such as 

scaling relations and BEP relations16–19) to extrapolate outside of measured materials/catalysts and 

predict promising materials to be synthesized and tested for their catalytic activity. MK models 

can range in complexity from mean-field (MF) models, which consider only the average/mean 

properties of the system, to kinetic Monte Carlo (KMC) simulations, which attempt to explicitly 
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model every possible event (i.e. adsorption, diffusion, reaction, desorption) that can occur on a 

lattice representative of the catalyst surface using a stochastic procedure wherein the probability 

that a given event is executed is weighted by its respective rate constant20. MF models may be 

more reductionist and intuitive, while KMC can capture important atomistic-scale phenomena 

missed by the MF approximation (discussed in more detail below). The use of MK models has 

been growing steadily in recent years, which is indicated by the increasing number of open-source 

software/codes which can perform MK analysis to some degree, including CATMAP, Micki, 

CATKINAS, and others21–23. Similarly, a number of codes centered around KMC have also been 

developed including kmos, MonteCoffee, Zacros, and others24–26. While some codes such as 

CATMAP contain electrocatalysis implementations, most codes are specifically built around 

modeling thermochemical reactions. 

While the use of microkinetic analysis in heterogenous electrocatalysis has historically been sparse 

relative to its use in thermocatalytic processes, it is worth noting that early efforts to model 

electrochemical hydrogen evolution and oxygen evolution reactions on platinum extend back to 

the 1950s with the pioneering works of Parsons, Bockris, and others27–31. Although the estimation 

of kinetic parameters for elementary electrochemical steps was severely limited, the general 

framework developed in early works proved useful in qualitatively understanding experimental 

data. 

In recent years, MK modeling has been increasingly applied in studies of electrocatalytic 

reactions mainly due to advancements in the development of first principles calculations, which 

have allowed us to estimate the kinetic parameters for elementary electrochemical steps. 

Furthermore, the introduction of simple approximations such as the Computational Hydrogen 

Electrode (CHE) helped to make calculation of the potential-dependent energetics of relevant 
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electrocatalytic intermediates feasible32,33. The CHE approach can be used in a purely 

thermodynamic fashion, wherein a “limiting potential” is identified as the lowest overpotential 

where all elementary steps become thermodynamically downhill in free energy. While this does 

not account for activation barriers and other kinetic phenomena, this approach can still yield some 

predictive power and has allowed researchers to identify qualitative trends across materials (with 

reasonable agreement with experiment) for the rates of a number of electrocatalytic reactions of 

interest (such as oxygen reduction (ORR)32, hydrogen evolution (HER)34, and CO2 reduction 

(CO2RR)33). The CHE approach can also be used in conjunction with full MK models. If one can 

estimate the energy of a kinetic activation barrier for an elementary, one electron transfer step at a 

reference potential, then its value can be shifted with potential assuming a constant value of the 

electrochemical symmetry factor (β in eq. 1, typically assigned values of 0.5). The assumption of 

a constant symmetry factor is a key feature of the phenomenological Butler-Volmer theory of 

electrochemical kinetics, wherein each elementary rate constant may be written (according to 

transition state theory wherein nuclear tunneling effects are assumed to be negligible) as the 

following: 

𝑘𝑘 = 𝑘𝑘𝐵𝐵𝑇𝑇
ℎ

exp�−�∆𝐺𝐺0
‡ − 𝛽𝛽𝛽𝛽(𝐸𝐸 − 𝐸𝐸0)�/𝑅𝑅𝑅𝑅 �     (1) 

where ∆𝐺𝐺0
‡ is the barrier at reference potential 𝐸𝐸0 (generally the equilibrium potential of the 

reaction), F is Faraday’s constant, β is the symmetry factor, and the other variables have their usual 

meaning. Marcus theory provides an alternative model of the potential dependence of the 

activation barrier, wherein a parabolic approximation to the free energy landscape of reactant and 

product gives a potential-dependent symmetry factor35: 

𝛽𝛽 =
1
2

+
𝐹𝐹𝐹𝐹
2𝜆𝜆

(2) 
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where 𝜂𝜂 is the overpotential (𝐸𝐸 − 𝐸𝐸0) and 𝜆𝜆 is the solvent reorganization energy. More recently, 

grand-canonical density functional theory (DFT) approaches have been developed, which allow 

for the calculation of potential-dependent energies of intermediates and transition-states from first-

principles (i.e. no assumption of electrochemical symmetry factors and no assumption that the 

potential only affects the energy of proton/electron pairs, as in the CHE scheme)36. 

4.2 Developing MK Models in Thermal vs. Electrochemical Systems 

The formalism of microkinetic modeling in electrocatalysis is similar to that in thermal catalysis. 

Rate constants for elementary reactions are estimated using transition-state theory and the 

framework of: (i) proposing elementary steps, (ii) applying species balances, and (iii) solving the 

model to steady-state (most often in the mean-field approximation). Kinetic Monte Carlo (KMC) 

simulations, which in principle can provide us with an atomistic resolution of elementary surface 

events, can also be similarly applied in both thermal- and electro-catalysis. While in thermal 

catalysis the apparent activation barrier captures the response of the overall reaction rate to the 

change in the driving force for the reaction (i.e., a temperature change), a similar kinetic signature 

for an electro-catalytic process is the Tafel slope. The Tafel slope (b), which is derived from the 

Butler-Volmer equation assuming a large enough overpotential that the reverse reaction rate is 

negligible, describes the sensitivity of the electrochemical reaction rate (current, i) to the applied 

electric potential, Δ𝐸𝐸: 

Δ𝐸𝐸 = 𝑎𝑎 + 𝑏𝑏 log 𝑖𝑖 (3) 

Specifically, Tafel slopes tell us how much the applied potential needs to change to increase the 

reaction rate (current) by an order of magnitude. Tafel slopes are typically used to distinguish 

between various possible mechanisms, as different sets of elementary steps will often result in 

different Tafel slopes. It is worth noting that for non-adsorbing systems (molecular electro-
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catalysis), in most situations the quantitative values of Tafel slopes are exclusively related to the 

symmetry factor of the rate controlling elementary step and the number of electrons involved in 

the formation of the intermediates participating in the rate controlling step37,38. It is critical to note, 

however, that for heterogeneous electrocatalytic reactions (i.e. most reactions of interest related to 

renewable energy conversion – HER/HOR, CO2RR, OER/ORR, CO electro-oxidation (COOR) on 

various solid electrocatalysts) this assumption is not necessarily correct. Specifically, in these 

reactions the apparent (observed) Tafel slope is also a function of the coverage of the species 

present on the surface of the electrocatalyst under operating conditions12,13,39. The relationships 

between the value of the Tafel slope and surface coverage of reaction intermediates have been 

derived for many reactions13. Baz & Holewinski recently showed40 that the apparent Tafel slope, 

apparent reaction orders and apparent activation energy of a general electrocatalytic mechanism 

can each be written as simple functions of Campbell’s generalized degree of rate control 

(DRC)5,41,42. Since DRCs of stable intermediates are related to their fractional surface 

coverages43,44, this formalism generally connects adsorbate coverages to Tafel slopes, reaction 

orders, and apparent activation energies. 

Due to these inherent relationships between Tafel slope and the coverage of surface intermediates, 

different proposed mechanisms or rate determining steps may predict the same Tafel slope. One 

example is the oxygen reduction reaction on a Pt electrocatalyst, where the reaction mechanism 

that is commonly considered involves the following elementary steps (mechanism 1): 

𝑂𝑂2 + 𝐻𝐻+ +  𝑒𝑒− +  ∗ → 𝑂𝑂𝑂𝑂𝑂𝑂∗ (1) 

𝑂𝑂𝑂𝑂𝑂𝑂∗ + ∗ → 𝑂𝑂∗ + 𝑂𝑂𝑂𝑂∗ (2)  

𝑂𝑂∗ + 𝐻𝐻+ +  𝑒𝑒− →  𝑂𝑂𝑂𝑂∗ (3)  

2(𝑂𝑂𝑂𝑂∗ + 𝐻𝐻+ +  𝑒𝑒− →  𝐻𝐻2𝑂𝑂 + ∗) (4)  
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As demonstrated by Holewinski & Linic39 and adapted in Figure 4.1, calculated Tafel slopes for 

this mechanism are a function of the coverages of OH* (and other species) on the surface of Pt.  

 

Figure 4.1(a) Calculated Tafel slopes and (b) reaction orders with respect to the concentration of [H+] for the ORR 
on Pt as a function of the OH* coverage. Different lines correspond to the assumptions of different rate determining 

steps. 

Therefore, without having some information about the surface coverage of intermediates under 

reaction conditions, it is difficult to use only the value of the Tafel slope to affirm or rule out a 

proposed mechanism for a heterogeneous electrocatalytic reaction. To be able to reliably 

deconvolute these coverage effects and point towards a most probable mechanism, knowledge of 

the character of the adsorption isotherm (e.g Langmiur, Frumkin, Temkin) for relevant adsorbates 

as well as the thermodynamic parameters associated with the adsorption equilibrium constants (i.e 

standard Gibbs free energies of adsorption) are also required. In the cases where there is a high 

degree of uncertainty about the surface coverage of intermediates and adsorption isotherms are not 

available, one can also use additional kinetic signatures to narrow down proposed mechanisms. 

For example, the apparent reaction orders (with respect to reactants) and the apparent activation 

energies contain complimentary information to the Tafel slope that can be used to identify 

mechanisms that are most consistent with experimental data40. 
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In both thermal- and electro-catalysis, quantum chemical DFT calculations are commonly used to 

calculate electronic energies of intermediates/transition states in a vacuum environment. 

Corrections must be applied to convert these energies to Gibbs free energies. We note that Gibbs 

free energies of the intermediates and transition states are required to parametrize the elementary 

rate constants that are input to the MK model. For gas-phase species, the free energy corrections, 

mostly due to the entropic contributions to free energy, can be captured well by either tabulated 

values or they can be derived using statistical thermodynamics. Please see these excellent reviews 

and tutorials on estimating free energy corrections for thermochemical microkinetic models8,10,21. 

In electrocatalysis, the following major phenomena may additionally affect free energy corrections 

for elementary electrochemical reactions: (i) the effect of electric potential on the values of 

adsorption/activation energies (ii) solvent effects and their relationship to potential (iii) electric 

field effects and (iv) ion/electrolyte effects. 

The effect of potential has been implemented within quantum chemical calculations (mainly within 

DFT) in recent years through the development of approaches to either approximate constant 

electrode potential within systems of fixed particle (electron) number (e.g. double-reference 

scheme45, unit cell extrapolation46, capacitive energy compensation47, self-consistent charge 

injection48,49) or using true grand canonical codes that adjust the electron number to the given 

potential36,50,51. Solvent effects have also been dealt with to varying degrees. In order of increasing 

accuracy/decreasing computational efficiency these involve continuum implicit solvation models, 

static explicit solvation models, micro-solvation models combining both explicit/implicit 

approximations, and ab initio molecular dynamics simulations which allow for robust sampling 

and statistical averaging of solvent fluctuations over longer time scales51,52. The balancing of 

computational accuracy with efficiency of solvation models is currently an active field of research. 
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It is also worth noting that the electrode/electrolyte interface inherently produces strong electric 

fields when operating under conditions far away from the potential of zero charge (PZC) on a 

material/electrolyte interface of interest53. The surface charge also frequently has a strong pH 

dependence, as the establishment of a given potential on the reversible hydrogen electrode (RHE) 

scale can correspond to very different potentials vs. PZC for different pH conditions54,55. This 

variation of the electric field can alter the binding energies of chemical intermediates and transition 

states and can be roughly captured with simple models involving the dipole moments and 

polarizabilities of the relevant species56. Less understood, but also likely very significant, is the 

effect of electric fields on the solvent molecules (particularly polar solvent molecules such as 

water) at the electrode/electrolyte interface. Fields may impose preferential orientation of solvent 

molecules which can affect the reorganization energies associated with charge transfer as well as 

the solvation energies of relevant adsorbates57,58. For example, solvent dynamics and potential 

dependent interfacial interactions and ordering between H2O and its derivatives (H, O, OH) have 

been identified by ab-initio thermodynamics, molecular dynamics, and in-operando spectroscopy 

59–61 and have been hypothesized to play a significant role in electrocatalyst activity. Specifically 

adsorbed ions present in the electrolyte can also affect the local electric fields at the interface, as 

has been studied for cations during the CO2 reduction reaction62. Some electrocatalytic reactions 

further exhibit dramatic pH dependences (beyond what can be expected from proton or hydroxyl 

reaction orders) – for example the specific activity of the hydrogen evolution/oxidation reaction 

(HER/HOR) on Pt decreases by two orders of magnitude from pH = 1 to pH = 13 – the origins of 

this pH effect are still debated63. A comprehensive formulation of free energy corrections which 

can capture each of these complexities and non-idealities inherent to the electrode/electrolyte 

interface will be necessary in order for MK models to be accurately parametrized. 
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Finally, electrochemical symmetry factors for elementary reactions, which are critical in the 

parameterization of the rate equations, may also change as a function of potential (e.g. as predicted 

by Marcus theory35). This can have dramatic impacts on the calculated values of the kinetic 

signatures of the reaction (i.e., the Tafel slopes, apparent reaction orders, etc.) as the potential is 

varied64. MK models of electrocatalytic reactions will need to incorporate each of these non-

idealities to provide useful information about reaction mechanisms and ultimately lead to the 

prediction and discovery of improved electrocatalytic materials. 

4.3 Predictive Power and Uncertainties Associated with MK Modeling 

A cursory literature review suggests that a majority of MK modeling studies of catalytic reactions 

employ kinetic parameters for elementary steps estimated based on ab-initio (most often DFT) 

calculations. Due in part to the inherent uncertainty associated with the ab-initio methods used to 

estimate the key energetic parameters, such as adsorption enthalpies and activation barriers of 

elementary steps, the ab-initio microkinetic models usually do not quantitatively “fit” experimental 

measurements of TOFs and apparent activation energies without some parameter adjustment52,65. 

Even a “small” error in an activation barrier of a kinetically relevant elementary step can 

correspond to large differences in predicted rate constants—a typical 0.2 eV error for an 

elementary step DFT barrier calculation would correspond to a roughly three orders of magnitude 

difference in the rate constant at room temperature due to the exponential impact of the barrier. 

There have been attempts to rigorously capture uncertainties in DFT-calculated energetics and 

propagate them through microkinetic models—for example in the ammonia synthesis reaction66 

— in order to better understand the uncertainties in the predicted rates/TOFs. In Ref [66] it was 

found that due to correlation (and the resulting cancellation) of errors in DFT calculations across 

different transition metal surfaces, activity trends among materials were predicted with greater 
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certainty than absolute rates. In a similar vein, some recent works have applied Bayesian Parameter 

Estimation (BPE) as a means to incorporate the prior uncertainties in adsorption energies and 

activation barriers across several DFT functionals to aid in selecting the most probable active site 

for the water-gas-shift reaction on Pt/TiO267. It was found that the CO-promoted redox mechanism 

on the edge-interface site was the most likely model to explain the experimental data given the 

prior first-principles estimates of the parameters. Uncertainty quantification, specifically the 

propagation of uncertainties inherent to DFT functionals through MK models, has grown in 

popularity in recent years and is expected to continue to grow as microkinetic modeling becomes 

increasingly utilized68. 

In addition to the uncertainty related to computational accuracy, another source of error arises from 

the assumptions of the microkinetic model itself. Mean-field (MF) models are the most used in 

MK modeling. The MF approximation assumes that adsorbed species have randomized locations 

(for example, due to rapid surface diffusion) and thus no spatial correlations or long-range order 

exist among the species on the surface; the rates are proportional only to the total coverages of 

respective species. In other words, MF models are based entirely on the average/mean properties 

of the system. MF models can be adapted to also account for effective adsorbate-adsorbate 

interactions wherein the energetics of intermediates are modeled as a function of the total 

coverages of the relevant adsorbates. Recent works have stressed the importance of developing 

coverage self-consistent MK models wherein the DFT energetics used to parametrize the model 

correspond to the same coverages that are predicted by the MK model (sometimes requiring an 

iterative procedure to achieve consistency)52. MF models can also account for multiple site types, 

albeit with a modest degree of resolution. For example, nanoparticles can be modeled as a 

combination of terrace sites and edge/step sites. Typically, (111) and (100) facets are used to 
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capture the terrace sites while (211) steps are used as an approximation of the steps/edge sites69,70. 

The total rate will then be the sum of the (site-normalized) rates on each of the respective sites. If 

one site type is significantly more active than another, then the observed rate will be dominated by 

the rate on that site type. Interactions between the site types (e.g. bifunctional coupling) can also 

be approximated in MF models, although this approaches the limit of resolution granted by the 

MF approximations71–73. Since MF models are limited in their accuracy, they should be used with 

caution. Results should be interpreted only qualitatively—i.e., quantitative agreement with 

experiment is unlikely given the model assumptions, unless some degree of parameter adjustment 

is applied and/or key aspects of the mechanism are well-established by other methods such as 

spectroscopy. 
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Figure 4.2 (a) Reaction order (𝛹𝛹A) and reversibility (zads defined as: �
𝑟𝑟−𝑖𝑖,[𝑗𝑗]

𝑟𝑟𝑖𝑖,[𝑗𝑗]
�) of a simple 𝐴𝐴 + 𝐴𝐴 ↔ 𝐴𝐴2 reaction with 

respect to the rate constant (kads) for the adsorption of A calculated with Langmuir Hinshelwood (0th-order), 1st-order 
and KMC models. (b) Comparison of steady-state surface coverages and TOFs for CO-oxidation on RuO2(110) 
calculated with phenomenological kinetics and (c) with KMC. (d) Steady-state TOFs at the edges of a 5.2 nm truncated 
octahedron calculated with KMC for CO-oxidation with and without neighboring (100) and (111) facets. 

Another set of uncertainties associated with conventional MK modelling was discussed recently 

by Razdan and Bhan who showed that simple approximations typically used in MF models such 

as the random distribution of adsorbates on the catalytic surface (i.e. the Hinshelwood 

approximation) fail to properly account for site ensemble statistics (Figure 4.2a)—for example, in 

the simple case of two adsorbates coupling, adjacent pairs may react and desorb more rapidly than 

diffusion can randomize the locations, meaning that the MF approximation will overestimate the 

number of pairs in position to react. This would preclude quantitative agreement between the 
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model and experiment even if the estimates of the energetic parameters were exact. This finding 

is in line with past work from Reuter and co-workers (Figure 4.2b-c) who also showed that 

phenomenological (i.e. mean field without statistical corrective factors) MK models cannot 

reproduce the same results from KMC simulations given the same energetic parameter inputs, even 

for the case of zero adsorbate-adsorbate interactions74. They proposed that the discrepancy was 

due to errors in the site statistics inherent to MF models. This has implications for parameter 

estimation of standard mean-field MK models – while the “fitted” parameters may possess 

explanatory power and thus may be useful for predictive purposes, they will not be accurate 

representations of the true physical phenomena at the atomistic level if the model is wrong (i.e., in 

site counting) to some degree. 

In some cases, adsorbates can adopt long range ordering which is also related to the distribution 

of site types on a real surface as well as the interactions between adsorbates. MF models fail to 

describe these phenomena and capturing them requires the use of kinetic Monte Carlo (KMC) 

simulations. KMC simulations have been used to study the qualitative features of many 

electrocatalytic reactions such as the CO electro-oxidation reaction on Pt and PtRu75–77. In KMC, 

the rate constants may be similarly sourced from DFT calculations, but typically more calculations 

are required to estimate the parameters since adsorbate-adsorbate interactions need to be taken into 

account26. While the KMC approach is significantly more computationally expensive than the MF 

approach, it has been shown that it can capture important phenomena that is missed by MF models. 

For example, Gronbeck et al showed through KMC modeling of nanoparticles that the site 

assembly, i.e. the specific spatial and energetic distribution of sites on a nanoparticle (Figure 4.2d), 

produces activities that cannot be predicted by just a linear combination of the separate sites78. In 

other words, the connections/interplay between the different sites yield emergent phenomena 
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relevant to catalytic activity that cannot be captured without the full KMC simulation. As the 

accuracy of first-principles parameter estimation in electrocatalysis increases, we expect the use 

of KMC to increase as well, which will undoubtedly result in improved mechanistic understanding 

of many important electrocatalytic processes. For electrochemical reactions specifically, 

comparison to single-crystal voltammetric experiments can serve as a powerful tool for testing the 

veracity of the mean-field approximation (as opposed to full KMC simulation), since these 

experiments reduce the complexity of the system down to a single site type79. For example, Garcia-

Araez et al found that the mean-field approximation cannot reproduce the voltammetric features 

of bromide adsorption on Pt(100) due to its inability to capture the effects of short-range adsorbate 

interactions/local adsorbate ordering80. For other electrochemical reactions, such as CO electro-

oxidation, chronoamperometric stripping transients on Pt(111) are well-captured by a mean-field 

model81, highlighting that the utility of the mean-field approximation is highly reaction-specific. 

Given the various limitations in MK modeling, Mavrikakis and co-workers recently proposed a 

procedure to test whether a MK model possesses quantitative explanatory power for a reaction on 

a material of interest82. This procedure involves meeting three criteria: (i) Are experimental 

observables such as reaction orders and apparent barriers reproduced by the MK model? (ii) Can 

adjustments in the DFT-estimated energetic parameters reproduce observables within the expected 

error/uncertainty of DFT (0.1-0.2 eV)? (iii) Are the coverages predicted by the MK model under 

the operating conditions consistent with the coverages utilized in the DFT calculations? If all three 

of these criteria are met, then the model (i.e. the elementary steps, energetic parameters, and active 

site designation) is considered sufficiently explanatory of the reaction on the material being 

studied. If these criteria are not met, then the model must be adjusted (either in the elementary step 

mechanism or designation of the active site) or the coverages must be adjusted to achieve self-
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consistency. In addition to these kinds of parameter adjustments, others have also proposed 

utilizing BPE to estimate parameters of MK models, which can account for the prior knowledge 

of energetic parameters from other experiments or first-principles calculations83. Both of these 

approaches are promising, but they have been under-utilized in electrocatalysis except for some 

select cases84. 

4.4 Spectroscopy as Complementary Tool 

Outlined above are some of the critical issues that need to be considered when using MK modeling 

to unearth elementary step mechanisms of electrochemical reactions. Due to the above-mentioned 

complexities and uncertainties, it is often not possible to use exclusively MK modeling to affirm 

a particular mechanism or to uncover all molecular features of the mechanism. If possible, it is 

desirable to use in-situ spectroscopy as a powerful complimentary tool to MK modeling. 

To illustrate this point, we turn to the example of the oxygen reduction reaction on Pt surfaces, for 

which the proposed mechanistic steps were shown in mechanism 1 above. MK modeling studies 

that included assumptions of different rate limiting steps, as well as the surface intermediate 

coverages derived from DFT ab-initio thermodynamic studies and experimentally measured 

adsorption/desorption isotherms, have shown that this reaction operates in two different kinetic 

regimes as a function of the Pt electrode potential39,85. At high voltage, the reaction rate is 

controlled by the presence of a network of water and OH on the surface of the Pt electrocatalyst 

that covers the active sites (step 4 in the mechanism 1), and by the slow rates of O2 activation with 

a proton/electron pair to form OH* and O* (steps 1 and 2). It was also suggested based on MK 

modeling that at lower voltages (far from equilibrium) the Pt surface is relatively clean, and the 

rate is controlled by the addition of a proton/electron pair to O2 and its subsequent conversion to 

OH* and O* (steps 1 or 2). The information that could not be obtained by comparing the results 
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of MK modeling to the experimentally measured kinetic signatures of ORR on Pt (Tafel slope, 

reaction orders, etc) is which of steps 1 or 2 is kinetically relevant under a given electrode potential. 

To answer this question and provide more evidence for the above proposed reaction mechanism 

(steps 1 to 4), Chapter 5 details an in-operando Raman spectroscopic study, attempting to identify 

the intermediates present on the surface of a working Pt electrode as a function of electric 

potential61. It should be noted, that obtaining direct spectroscopic evidence, in the form of 

electronic or vibrational spectra of surface intermediates at electrified interfaces is rather 

challenging. The experimental difficulties are the consequence of (i) the presence of the interfacial 

electric field effects which change as the electrode potential changes (ii) the presence of water 

molecules whose interfacial surface orientation changes as a function of potential, (iii) the 

existence of electrolyte ions which further complicate the mechanism50,86–90 and (iv) a general lack 

of surface sensitivity of many spectroscopic techniques, making it challenging to separate the 

spectroscopic signals associated with surface reaction intermediates from those associated with the 

water-based electrolyte91. 

In addition to Raman, several different in-situ spectroscopic techniques have been developed to 

probe the adsorbed species occurring on electrified electrocatalyst surfaces. These include in-situ 

attenuated total reflectance surface enhanced infrared absorption spectroscopy (ATR-SEIRAS) 

which has been used to probe intermediates at electrocatalyst surfaces for electrochemical 

reactions such as ORR/OER and HOR/HER92–96. Another technique that shows promise is shell-

isolated nanoparticle-enhanced Raman spectroscopy or SHINERS97 which utilizes Au 

nanoparticles wrapped in an inert silica shell which separates the Au from the electrolyte. As these 

core-shell nanoparticles approach the electrocatalyst of interest, the Raman signal at the 

electrocatalyst surface is greatly enhanced due to the increased electric fields around the Au@SiO2 
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nanoparticles. This technique has been used to probe several electrochemical reactions such as 

ORR and CO reduction98–100. 

4.5 Conclusions 

As a tool, MK modeling can aid in the analysis of electrochemical reaction mechanisms explaining 

observed Tafel slopes, reaction orders, and activation energies. This analysis sheds light on the 

reaction mechanism, which enables the rational design of electrocatalysts for optimal catalytic 

activity. MK modeling formalism was presented with a focus on the role of advanced methods and 

complimentary tools to overcome the limitations and inaccuracies of MK modeling. It was 

demonstrated that to be reliable, MK modeling on electrocatalysts must address several non-

idealities such as the electrochemical potential, solvent dynamics, and interfacial structures. 

Additionally, commonly used approximations such as the mean-field approximation have been 

shown to break down even for simple systems and should only be used for qualitative analysis. 

Methods such as KMC, grand canonical DFT, and Bayesian inference allow us to address some of 

these limitations. Finally, in-situ/in-operando spectroscopy is recommended as a powerful 

complimentary tool to reveal vibrational fingerprints of abundant reaction intermediates and 

equilibrium structures to boost accuracy and confidence in the model by eliminating or uncovering 

reaction pathways. 
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Chapter 5 In-operando Probing of the ORR Mechanism on Pt Nanoparticles 

5.1 Introduction 

In this chapter, a mechanistic study of the oxygen reduction reaction (ORR) is presented. Chapter 

1 provides a more in-depth discussion on the background and challenges of hydrogen fuel cell 

electrocatalysts, but a summary is provided below.  

To combat the issue of expensive ORR electrocatalysts, there have been many attempts to improve 

the electrocatalyst efficiency by combining Pt with other metals to form Pt-metal alloys that exhibit 

higher reaction rates compared to pure Pt materials1–4. These studies have yielded a number of 

promising ORR electrocatalysts, among which Pt/3d (Ni, Co, Cu) metal alloy nanoparticles show 

the most promise5–10. 

Parallel to these efforts to identify better performing ORR electrocatalysts, there has also been a 

significant interest to unearth the reaction mechanism at the elementary step and critical surface 

intermediates levels11–17. Obtaining direct experimental spectroscopic evidence, in the form of 

vibrational or electronic spectra of relevant ORR surface intermediates at the electrified interfaces 

between an electrolyte and Pt nanoparticle electrocatalysts, however, has proven challenging. The 

experimental difficulties are associated with (i) the lack of surface sensitivity of many 

spectroscopic techniques, making it difficult to separate the spectroscopic signals associated with 

surface reaction intermediates from those associated with the species in the water-based 

electrolyte18, (ii) the presence of the interfacial electric field effects which change as the electrode 
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potential changes, (iii) the presence of water molecules whose interfacial surface orientation 

changes as a function of potential, and (iv) the existence of electrolyte ions which further 

complicate the mechanism19–24. Due to these difficulties, spectroscopic studies of ORR have been 

rather limited and mainly focused on highly idealized model electrocatalysts or on idealized 

electrochemical environments that are not consistent with the above described 

electrocatalyst/electrolyte interface complexities25. For example, Adzic and coworkers used 

surface enhanced infrared reflection absorption spectroscopy (SEIRAS) whereas Dong et. al used 

shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) to investigate the reaction 

on the model single crystals of extended Au26 and Pt27,28 surfaces. Casalongue et. al conducted an 

in-situ x-ray photoelectron spectroscopy (XPS) at relatively low pressure (<100 Torr)29 where 

humidified gas was used to simulate an aqueous electrolyte environment, while Nayak et. al used 

non-surface specific infrared spectroscopy to study Pt/C electrocatalysts in a limited vibrational 

mode range between 950-1500 cm-1.30 Due to these challenges in the spectroscopic 

characterization of electrochemical transformations, mechanistic understanding of ORR is largely 

based on either quantum chemical calculations (mainly employing Density Functional Theory 

(DFT)) of the energetics of various proposed reaction intermediates on idealized model Pt surfaces 

and on the experimental studies of reaction kinetics which are coupled to the mechanism using 

variations of microkinetic modelling11. 

Spectroscopic studies on non-model Pt nanoparticle electrocatalysts represent a missing link that 

is very valuable, since it serves to validate or dispute the mechanisms proposed based on the studies 

of model systems. In this chapter an in-operando spectroscopic study of the reaction intermediates 

involved in ORR on electrified Pt nanoparticle electrocatalysts is presented. To accomplish this, 
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we have designed and synthesized Ag-Pt core-shell nanoparticles, that contain a thin shell of Pt 

(approximately 1 nm) deposited on Ag nanoparticle cores (~ 60 nm diameter). We show that these 

nanostructures are ideal platforms for in-operando Plasmon Enhanced Raman Spectroscopy 

(PERS) of ORR on the Pt surface sites since the electrochemical transformations take place on the 

Pt surface, while the Ag core plays a role of an antenna which amplifies the Raman signal through 

the excited localized surface plasmons, giving the required spectroscopic surface sensitivity. These 

PERS studies are combined with DFT calculations to assign the measured surface-specific Raman 

vibrational spectra to relevant surface intermediates as a function of electrocatalyst potential. This 

is done by using DFT calculations to compute vibrational fingerprints of likely surface 

intermediates at various potential-dependent Pt/electrolyte surface environments and identify the 

reaction intermediates that are consistent with the experimental spectra. These vibrational 

assignments were further verified and validated by performing PERS measurements in 

deoxygenated electrolyte and heavy oxygen (O2-18) saturated electrolyte. These studies allowed 

us to identity the presence of critical reaction intermediates (OH, O2, OOH, and H2O) on the Pt 

surface as the function of operating voltage and derive voltage-dependent elementary step 

mechanisms of the reaction. 
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5.2 Synthesis and Characterization of Ag-Pt Core-Shell Nanoparticles 

 

Figure 5.1(a) Energy-dispersive X-ray spectroscopy (EDS) map of the Ag-Pt nanoparticle. Ag is pink while Pt 
signal is green. (b) ORR current(rate)/voltage curve measured for the Ag-Pt nanoparticles at 50 mV/s in the in-

operando flow cell in 0.1 M NaOH with O2 (red) or He (black) saturating the electrolyte. (Inset) Electrochemical 
surface area normalized ORR current measured in a rotating disk electrode (RDE) setup of the Ag-Pt on carbon and 

monometallic Ag spheres on carbon. The kinetic current was measured at 0.9 V vs. RHE in O2 saturated 0.1 M 
NaOH. (c) Raman spectra of methylene blue (MB) on a silica chip with and without the Ag-Pt nanoparticles or Pt 
nanoparticles (~ 20 nm diameter). The MB was deposited on the three substrates at identical concentration. The 

Raman laser wavelength was 532 nm. (d) UV-vis extinction spectra of the Ag nanoparticle (60 nm diameter) and the 
identical Ag particles covered by a thin Pt shell. 

We used a colloidal approach to synthesize the Ag-Pt core-shell nanostructures as described in 

detail in Chapter 2 and previous publications31,32. In short, Ag nanoparticles of spherical shape 

with ~ 60 nm diameter were synthesized first. After washing, the Ag nanospheres were dispersed 

in a basic solution with a mild reducing agent (glucose). Upon addition of a Pt precursor (K2PtCl4), 

the Pt shell slowly forms on the Ag core. We have characterized these nanostructures, showing the 

presence of the thin Pt shell on the Ag cores. For example, the elemental mapping data in Figure 



 101 

5.1a shows a spherical core-shell nanoparticle of ~ 60 nm in diameter with a thin Pt shell 

surrounding Ag. Since cubical shapes are easier to characterize with scanning transmission 

electron microscopy, we also synthesized Ag-Pt core-shell nanocubes using a similar approach. 

Further characterization of these materials is shown in Figure 5.231,32, suggesting an approximately 

1 nm thick (~ 5 to 6 layers of Pt atoms) shell on Ag. 

 

Figure 5.2 (a) Dark-Field STEM image of a Ag-Pt nanocube edge showing a Pt shell of 0.93 nm around a silver 
core. (b) Bright-Field STEM image of a single Ag-Pt nanosphere where a thin Pt shell of 0.95 nm around the Ag 

core can be seen. (c) Dark-field STEM image of an 80 nm edge length Ag-Pt nanocube. (d) EDS elemental line scan 
taken across the center of a Ag-Pt nanocube showing the elemental composition of the core and shell with Pt counts 

represented in red and black for Ag. 

The first question to address was whether these Ag-Pt core-shell nanoparticles show 

electrochemical ORR activity that is consistent with the activities of Pt electrocatalysts. To address 

this, we used a three electrode rotating disk (RDE) setup to measure the ORR activity of the Ag-

Pt core-shell nanostructures supported on carbon black in an O2 saturated 0.1 M NaOH solution 

and compared it to the uncoated 60 nm Ag nanoparticle cores. The kinetic current densities 
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(reaction rates) for the Ag-Pt and Ag nanoparticle electrocatalysts, measured at the voltage of 0.9 

versus a reversible hydrogen electrode (RHE) and normalized to the respective electrochemically 

active surface area of the Ag and Pt using a RDE, are plotted in the inset in Figure 5.1b33,34. The 

data in Figure 5.3 show the electrochemical surface-area normalized kinetic current density over 

a range of applied voltages. 

 

Figure 5.3 Tafel curves for Ag/C, and Ag-Pt/C at 1600 RPM in O2 saturated 0.1 M NaOH. Each curve is corrected 
for capacitive currents and solution resistance. 

The data in Figure 5.1b inset and Figure 5.3 show that the kinetic current (reaction rate) on Ag-Pt 

core-shell nanoparticles electrocatalyst is ~ 7 times higher than the rate on the Ag nanoparticle 

electrocatalyst, suggesting that the Pt surface atoms in the Ag-Pt core-shell nanoparticles are 

performing the reaction. Furthermore, the data in Figure 5.1b (inset) shows that the kinetic ORR 

current on the Ag-Pt core-shell nanoparticle electrocatalyst at 0.9 V vs. RHE is ~ 1.4 mA per cm2 

of Pt which is quantitatively consistent with the literature reported values for Pt nanoparticle 

electrocatalysts35,36 and a polycrystalline-Pt electrode (Figure 5.4), suggesting that the 

electrochemical ORR takes place on the surface Pt sites which are engulfing the Ag core atoms. 
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Figure 5.4 Electrochemical surface area normalized current measured on a Pt-poly electrode, 60 nm Ag-Pt/C, and 
60 nm Ag spheres at 0.9 V vs. RHE in O2 saturated 0.1 M NaOH measured using conventional rotating disk 

electrodes. 3 data points were taken for each catalyst. 

We also assessed the ability of these Ag-Pt core-shell nanostructures to support surface 

enhancements in Raman spectroscopy measurements. The data in Figure 5.1c show measured 

Raman spectra (obtained using a 532 nm Raman laser) of a probe dye molecule (methylene blue 

(MB)) deposited on three different substrates. The data show that for MB deposited on a silica chip 

and on pure Pt nanoparticles covering the Si chip, the MB Raman spectra is hardly detectable. On 

the other hand, for an identical MB concentration deposited on the Ag-Pt core-shell nanoparticle 

on the silica chip, the intensity of Raman scattering is larger by several orders of magnitude. The 

reason for this large Raman intensity enhancement is that the Ag core in the Ag-Pt core-shell 

nanoparticles interact strongly with the incident 532 nm photons of the Raman laser through the 

excitation of localized surface plasmon resonance (LSPR). This strong interaction of light with the 

nanostructure results in an elevated optical extinction of the nanoparticles at resonant frequencies 

as shown in Figure 5.1d. Under these resonant excitation conditions, strong oscillating electric 

fields are established at the surface of the nanoparticle, amplifying the rates of Raman surface 

scattering37–39. We used finite difference time domain (FDTD) optical modeling (using COMSOL 

with a model previously used in the group32,40) to show that the oscillating electric field intensity 
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is ~ 35 times larger around the Pt shell of a Ag-Pt nanoparticle (consistent with our nanoparticle 

geometry) compared to the electric field of incoming light (Figure 5.5).  

 

Figure 5.5 FDTD modeling of a 60 nm Ag core, 1 nm Pt shell nanoparticle exposed to incident 532 nm laser in 
water. The heat map shows up to 35-fold electric field intensity enhancement (E/E0)2.  

This means that the expected surface enhancement in the Raman signal of a surface intermediate 

residing on the Ag-Pt nanoparticle surface compared to the surface of monometallic Pt 

nanoparticles is ~ 352 (which is ~ 103). We note that pure Pt nanoparticles do not support these 

plasmon induced Raman surface enhancement39,41. As a side note, we point out that the LSPR 

extinction spectra in Figure 5.1d show that the plasmon peak for Ag-Pt nanoparticles is slightly 

red-shifted and broader compared to pure Ag nanoparticles, which is fully consistent with the 

engulfment of the Ag core by a thin Pt shell42–44. Collectively, the data in Figure 5.1 show that the 

Ag-Pt core-shell nanoparticles achieve the reaction rates that are consistent with the reaction taking 

place on Pt nanoparticles, and that these materials are excellent platforms for surface sensitive 

Raman spectroscopy. 

5.3 Spectroscopic Results and Discussion 

The PERS measurements were performed in an electrochemical flow cell specifically designed for 

in-operando Raman spectroscopy (See Chapter 2)45. The working electrode contained the Ag-Pt 

core-shell nanoparticle electrocatalysts uniformly coated on a 100 nm thick Ag film. We used 
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Hg/HgO as a reference electrode and a clean Pt wire as a counter electrode. The data in Figure 

5.1b show that the current (reaction rate) as a function of applied potential measured on the Ag-Pt 

nanoparticle electrocatalysts in this flow cell system exhibits all the features consistent with the 

ORR electrochemistry on Pt, including the mass transport, polarization and kinetic limited ORR 

rate regimes. The Pt-surface normalized kinetic current is also consistent with the currents 

measured in the rotating disk setup discussed above. 

 

Figure 5.6 (a) Measured in-operando PER spectra of Ag-Pt nanoparticles in O2 and He saturated 0.1 M NaOH at 
electrode voltages from 50 to 900 mV vs. RHE. (b) Statistical analysis of potential dependent intensity changes for 

oxygen sensitive bands of peaks at 933, 1072, 1102, 1131, 1404, and 1441 cm-1. Error bars are ± the standard error 
of the population mean of n spectra taken for each potential where n is a minimum of 3. (c) The arrows represent the 

DFT calculated movement of atoms corresponding to different Raman vibrational modes. A 3x3 surface unit cell 
was employed. 



 106 

The data in Figure 5.6a show the measured vibrational Raman spectra as the function of voltage 

obtained for the Ag-Pt core-shell nanoparticles in the O2–saturated (ORR taking place) and de-

oxygenated, He-saturated 0.1 M NaOH electrolyte. To determine whether defects in the Pt shell 

through “pinholes” impacted the Raman data, PERS measurements were repeated for pure Ag 

spheres as seen in Figure 5.7. The difference in the Ag and Ag-Pt PER spectra suggest that the 

electro-chemical transformations mainly take place on the Pt shell of the core-shell system and 

that the existence of “pinholes”, if present, do not significantly contribute to the Raman data.  

 

Figure 5.7 In-operando measurements of 60 nm Ag spheres in 0.1 M NaOH. The Ag spheres show large amounts of 
potential dependence that could be its own study. Most interesting is the strong potential dependence of peaks 

around 700 cm-1 that does not show up for Ag-Pt. In general, the most intense peak is ~10x the intensity of Ag-Pt’s 
which is to be expected as pure Ag spheres have higher electric field enhancements at their surface. The Ag-Pt 

spectra is shown in black at 50 mV for comparison. 

The PERS data on Ag-Pt show three information-rich families of Raman spectra:  

(i) The O2 and the electrode potential-sensitive Raman modes, appearing at 933, 1072, 

1102, 1131, 1404 and 1441 cm-1 (see Figure 5.6a and Figure 5.6b). These modes do 

not show up in the He-saturated electrolyte. The data in Figure 5.6a show representative 

PER spectra, while the data in Figure 5.6b shows the statistical analysis (detailed in 

Chapter 2) of the intensities of the Raman peaks as the function of voltage. The data 
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show that as the potential increases, the intensities of the O2-sensitive bands of peaks 

at 933, 1072, 1102, 1131 and 1404 cm-1 increase. On the other hand, the intensity of 

the O2-sensitive 1441 cm-1 mode decreases with increasing electrode potentials.  

(ii) The Raman modes at 1600, 1664, 2020 cm-1 (see Figure 5.11a and b) that appear with 

identical intensities in both, the O2- and He-saturated electrolytes, and are sensitive to 

changes in the electrode potential. The data show that the voltage-dependent and 

oxygen-insensitive spectral features at 1600 cm-1 is maximized at 750 mV while the 

features at 1664 cm-1 and 2020 cm-1 decrease with increasing potential. 

(iii) The Raman features between 2800 and 3000 cm-1 that exhibit a weak electrode 

potential dependence and that appear in the O2- and He-saturated electrolytes. The data 

in Figure 5.11 show that at a given potential the intensity of these modes is larger in 

the O2-saturated compared to the He-saturated electrolytes.  

To aid in the assignment of the experimentally measured Raman spectra, DFT calculations were 

used to model the complex, potential-dependent Pt/electrolyte(water) interface. We employed the 

Pt(111) model surface, which is consistent with the spherical shape of the nanoparticles used in 

the PERS measurements that are dominated by the (111) surface facet. Our strategy was to focus 

on the thermodynamically stable, potential-dependent geometric configurations of the Pt/water 

interface that have been derived previously based on ab-initio thermodynamics and molecular 

dynamics modeling12,46. The vibrational Raman spectra of the likely reaction intermediates (O2, 

OH, O, OOH, etc.) were calculated by embedding these intermediates within these potential-

dependent, thermodynamically relevant surface/water interfaces and converging the structures to 

their lowest energy configurations. 
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Figure 5.8 Simulated potential dependent electrified Pt(111)/electrolyte interfaces. Specific DFT models are created 
based on ab-initio thermodynamic calculations found before vibrational analysis is performed to create a database 
of possible vibrational modes found with experiment. (a) 2/3 ML H2O + 1ML H-UPD. (b) 2/3 ML H2O. (c) 1/3ML-

OH/1/3ML-H2O and 5/12ML-OH/3/12ML-H2O. (d) 1/4 ML O. 

The relevant potential-dependent water/Pt(111) interfacial configurations are shown in Figure 5.8. 

For the modeling of these surfaces, A 2x2 unit cell is used for the 1/4 ML O surface, 3x3 cell for 

the 2/3 ML H2O (with and without H-UPD present) and 1/3ML-OH/1/3ML-H2O surfaces and 3x4 

for the 5/12ML-OH/3/12ML-H2O surface. Expanded unit cells were used when addition of 

adsorbates necessitated it. Additional DFT details are found in Chapter 2. At potentials below 450 

mV wrt. RHE, the process of the hydrogen underpotential deposition on Pt takes place. Ab-initio 

thermodynamic studies have shown that under these conditions, a water layer with the water 

hydrogen atoms facing towards the surface rests above underpotential deposited hydrogen (H-

UPD) atoms adsorbed in three-fold hollow sites (Figure 5.8a)47,52. As potential increases, the H-

UPD atoms desorb from the surface, and the water layer above the Pt surface moves closer to the 

surface (Figure 5.8b). As potential further increases, the Pt surface approaches the potential of zero 

charge (pzc), allowing the water molecules to be more loosely arranged above the Pt surface53. 
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Eventually, water molecules are split and the hydroxide adsorbate (OH) starts populating the 

surface above ~ 650 mV12. This leads to the formation of OH-H2O hydrogen bonds which results 

in the establishment of the hydrogen bonding-reinforced hexagonal H2O/OH network, which 

resides flat on the Pt surface (Figure 5.8c). At the electric potential above ~ 650 mV two OH/H2O 

networks are considered: (1) a 1/3ML-OH/1/3ML-H2O and a (2) 5/12ML-OH/3/12MLH2O. Both 

structures have similar free energy and both have been identified as thermodynamically stable 

under these conditions12,46. As potential increases further above 0.9 V, the O-H bond in the 

adsorbed OH is cleaved and oxygen atoms are formed on the Pt surface. Vibrational modes are 

found for all interfacial structures with H, O, O2, and OOH adsorbates added or replacing parts of 

these thermodynamically stable structures, resulting in 500+ vibrational modes. We note that due 

to the diversity of surface sites on our non-model nanoparticle system and dynamic fluctuations, 

there are significant overlaps between these different phases as a function of voltage. 

As mentioned above, our approach was to embed various possible reaction intermediates (O2, 

OOH, OH, O) in these thermodynamically stable water/Pt networks and use DFT to compute the 

Raman spectra associated with these intermediates. In this process, we identified the lowest energy 

states of the intermediates in these water/Pt networks, and by comparing the measured to the 

computed Raman spectra, we were able to identify the reaction intermediates as the function of 

potential. 

We first focus on the analysis of the O2 and electrode potential-sensitive spectral features at 933, 

1072, 1102, 1131, 1404 cm-1. The data in Figure 5.6b show that these Raman bands increase in 

intensity as the function of the electrode potential. Based on the DFT calculations, we assigned 

these bands to the structures where an O2 molecule is embedded in a 1/3ML-OH/1/3ML-H2O 

structure12. Collective atomic movements associated with these Raman active vibrational modes 
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are indicated by blue arrows in Figure 5.6c. For example, the DFT simulated mode at 903 cm-1 

(measured at 933 cm-1) is directly associated with the O-O stretch within the O2 molecule on the 

Pt surface embedded in the 1/3ML-OH/1/3ML-H2O network, giving us an indication for the 

presence of this intermediate. The other modes are associated with the movements of atoms in this 

1/3ML-OH/1/3ML-H2O network, which are influenced by the presence of O2 within the network. 

The intensity of these modes increases as the function of potential, which is consistent with the 

fact that the OH/H2O network starts appearing on the surface at higher voltages as the OH 

adsorbate starts to populate the surface Pt sites. Another piece of information that supports these 

Raman mode assignments is that the modes associated with the motions of atoms in the flat 

OH/H2O network (1072, 1102, 1131, 1404 cm-1) are very weak or do not appear in the He-purged 

electrolyte (i.e., without the O2 present in the electrolyte). The reason is that the Raman selection 

rules for the hexagonal symmetry of the 1/3ML-OH/1/3ML-H2O network makes these modes 

Raman inactive. The introduction of O2 to the surface leads to the breaking of the symmetry of the 

hexagonal network, which gives rise to these modes. 

The data in Figure 5.6b show that unlike the above discussed modes associated with the O2 

molecule on the surface, the intensity of the O2-sensitive mode at 1441 cm-1 decreases with 

increasing potential. Based on DFT calculations, we assigned this peak to the OOH intermediate 

embedded in a network of 2/3 ML H2O molecules with the H atoms in H2O pointing to the Pt 

surface (Figure 5.6c and Figure 5.8b). This H2O structure is more stable at lower potentials owing 

to the negatively charged Pt surface that electrostatically reorients the water molecules toward this 

configuration. The decreasing intensity of the vibrational mode with increasing potential suggests 

that the surface concentration of the OOH intermediate declines as the function of an increasing 

voltage. 
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To further confirm the in-situ Raman peak assignments, heavy oxygen (97 wt% O2-18, Sigma 

Aldrich) was used in Raman experiments. The same conditions were used as described above, 

however, to conserve O2-18 the electrolyte reservoirs were first saturated with helium to remove 

air from the system. Subsequently, O2-18 or O2-16 was slowly bubbled into the reservoir under 

the blanketing helium gas allowing for ORR to occur on the Ag-Pt nanoparticles. A 50x long 

working distance Raman objective (Olympus, SLMPlan N) was used to collect at least 3 spectra 

for each potential. Quite surprisingly we found that these Raman modes were insensitive to the 

nature of the O2 isotope (Figure 5.9).  

 

Figure 5.9 Operando Raman spectra of the Ag-Pt nanoparticles in 0.1 M NaOH at (a) 50 mV and (b) 900 mV where 
bubbled O2-16 is in black and O2-18 is in red. 

To explain this observation, we performed DFT calculations to compute the Raman spectra for O2-

16 and O2-18 in vacuum (Figure 5.10) and in the thermodynamically stable interfacial structures. 

In particular, the two relevant models identified, where O2 and OOH are inserted in the 1/3 ML 

H2O 1/3 ML OH and H-down facing 2/3 ML H2O, were analyzed. The calculated vibrational mode 

frequencies are shown in Table 5.1 and Table 5.2.  
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Table 5.1 Vibrational mode frequencies (in cm-1) of O2 in 1/3 ML H2O 1/3 ML OH with O-16 or O-18 oxygens in O2. 

Experimental Band 
1/3 ML H2O 1/3 ML OH + O2 
O2-16 O2-18 

933 890.1 888.1 
1072 1022.3 1021.9 
1102 1086.7 1086.5 
1131 1163.8 1163.7 
1404 1476.0 1474.8 

 

Table 5.2 Vibrational mode frequencies (in cm-1) of OOH in H-down facing 2/3 ML H2O with O-16 or O-18 oxygens 
in OOH. 

Experimental Band 
H-down facing 2/3 ML H2O + OOH 

O2-16 O2-18 
1441 1498.0 1494.7 

 

The data in Table 5.1 and Table 5.2 show that, consistent with the experimental results, the 

complex vibrational modes do not exhibit significant shifts when O2-18 is introduced in place of 

O2-16. We also performed a control calculation of the vibrational modes associated with a single 

gas-phase O2 adsorbed on clean 3x3 Pt(111) surface (shown in Figure 5.10) to demonstrate that 

our DFT methods could capture these shifts. The calculations showed that as expected, when 

switching from O2-16 to O2-18 vibrational modes shift to lower wavenumbers (Figure 5.10b). 

These calculations gave as a high degree of confidence that the approach was able to capture the 

isotope labeling induced shifts in the frequency of the affected modes. 
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Figure 5.10 (a) 1/9 ML O2 adsorbed in a bridge site on a 3x3 Pt(111) surface. (b) DFT calculated Raman modes 
with oxygen masses of 16 in the left column and 18 in the right column. 

These calculations support the experimental observations leading us to conclude that in this water 

environment, the O2 isotopic labeling does not yield significant shifts in the observed Raman 

spectra associated with the O2 intermediates due to the collective nature of the molecular vibrations 

(Table 5.1 and Table 5.2). 

 

Figure 5.11 (a) Measured in-operando PER spectra of Ag-Pt nanoparticles in O2 and He saturated 0.1 M NaOH from 
50 to 900 mV vs. RHE. (b) Statistical analysis of potential dependent changes for oxygen insensitive modes at 1600, 
1664, and 2020 cm-1. Error bars are ± the standard error of the population mean of n spectra taken for each potential 
where n is a minimum of 3. (c) The arrows represent the DFT calculated movement of atoms corresponding to different 
Raman vibrational modes. A 3x3 surface unit cell was employed.  
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We also analyzed the potential-dependent behavior of the spectral features that are not sensitive to 

the presence of O2 in the electrolyte and that appear with equal intensities in the O2- and He-purged 

electrolyte (Figure 5.11). The Raman band centered at 1600 cm-1 increases with increasing 

potential reaching its maximum intensity at 750 mV (Figure 5.11b). Based in DFT calculations, 

we assign this peak to the H2O bending mode in the 1/3ML-OH/1/3ML-H2O network. The 

observed maximum intensity of this mode at the potential of around 750 – 800 mV is consistent 

with the notion that at the potentials higher than ~ 800 mV the H2O/OH network is disrupted by 

the formation of the O atoms on the surface, while at significantly lower potentials the OH is not 

available on the surface. It is informative to note that unlike the above-discussed Raman inactive 

H2O/OH modes (1072, 1102, 1131, 1404 cm-1), which are not visible in the He electrolyte due to 

the hexagonal symmetry of the 1/3ML-OH/1/3ML-H2O network on Pt, the mode at 1600 cm-1 can 

be detected in both electrolytes since it is not subject to the same Raman surface selection rules.  

The data in Figure 5.11a and Figure 5.11b also show that the bands at 1664 cm-1 and 2020 cm-1 

decrease in intensity as the potential is increased in both the He and O2 electrolytes. Our DFT 

calculations show that the 1664 cm-1 mode corresponds to a molecular H2O bending within the 2/3 

ML H2O structure with H atoms in water facing down to the Pt surface. We assigned the peak at 

2020 cm-1 to the Pt-H vibrations, where H atoms in Pt top sites, surrounded by H2O vibrate on the 

Pt surface. This H-vibration mode has also been previously identified in the literature to appear 

between 2000-2100 cm-1 54. It has also been proposed that this mode exhibits a strong Stark tuning 

effect, with its frequency changing with electric field intensity47,51. This Stark tuning effect is 

observed in our experimental data in Figure 5.11 that show this mode shifts to higher wavenumbers 

as the potential is increased. We note that in this same vibrational range, a linearly bonded CO on 

Pt would appear in CO-polluted electrolyte. To rule out CO contamination in the assignment of 
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the Pt-H at 2020 cm-1, we performed a set of control experiments using CO saturated electrolyte. 

The results (Figure 5.12) show that the peak at 2020 cm-1 is likely not CO as the adsorption of CO 

is characterized by two Raman vibrational modes. This is a well-known fact as it has been observed 

that CO adsorbs on top and bridge Pt sites55. 

 

Figure 5.12 (Left) In-situ PERS measurements of CO on Ag-Pt nanoparticles in CO saturated 0.1 M NaOH. Two 
distinct CO peaks appear in the region between 1900 and 2100 wavenumbers. These peaks shift to higher 
wavenumber at higher potential. (Right) In-situ measurements on the Ag-Pt nanoparticles in the CO-free, 

oxygenated electrolyte for comparison. We ascribe this spectrum to H on Pt. 

Additionally, we also detected Raman modes centered at 2854 and 2933 cm-1 in both, the oxygen 

and helium saturated electrolytes. These modes are more intense when O2 is present and do not 

exhibit significant potential dependence (Figure 5.13). This is especially pronounced at 50 mV 

where the peak at 2854 cm-1 is increased 4x in intensity and the peak at 2933 cm-1 becomes 

detectable when O2 is saturating the electrolyte. These peaks match well with modes associated 

with the movement of H atoms in the 1/3ML-OH/1/3ML-H2O (2835, 2879 cm-1) and the 5/12ML-

OH/3/12ML-H2O structures (2853, 2980 cm-1). Since these OH/H2O networks are not stable on 

the Pt(111) surface at the low potentials (50, 250 mV), we cannot associate these modes with these 

surface networks. Potential explanation for these modes is that, as pointed by Janik and coworkers, 

these OH/H2O networks can exist on more chemically active non-(111) surface facets of Pt even 



 116 

at low potentials (50, 250 mV)56. This would imply that these OH/H2O networks could exist at low 

potentials on the Pt defects such as edges and kinks sites. Alternatively, these modes could simply 

be associated with the networks of OH- surrounded with H2O molecules in the vicinity or at the 

electrocatalyst surface. Since these modes are more pronounced when O2 is present, this would 

indicate that the introduction of O2 leads to an accumulation of OH- at the surface within the double 

layer. 

 

Figure 5.13 (a) Integrated band intensities of Raman peaks at 2854 and 2933 cm-1 in O2 (red) and He (black). When 
O2 concentrations are high in the electrolyte, no clear trend is observed with respect to potential. When O2 is 

absent, the two peaks appear to reach a maximum size at 500 mV before decreasing in intensity. The band at 2933 
cm-1 could not be detected at 50 mV without oxygen present in the electrolyte. Error bars are ± the standard error of 
the population mean of n spectra taken for each potential where n is a minimum of 3. (b) DFT calculated vibrational 
modes associated with the Raman active movement of H2O on the Pt surface. Molecule perturbations are indicated 

with blue arrows for each simulated peak. 

There are a few critical observations of the PERS studies that shed light on the reaction mechanism. 

First, the measured Raman spectra directly identifies the potential-dependent, thermodynamically 
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stable structures at the water/Pt electrified interface on Pt nanoparticle electrocatalysts. At low 

potentials, loosely bonded water molecules with hydrogens facing down populate the Pt surface. 

As the potential is increased, water and hydroxyl molecules are adsorbed more strongly on Pt top 

sites in a hexagonal 1/3ML-OH/1/3ML-H2O surface patterns as evidenced by bands of peaks at 

1072, 1102, 1131, 1404 and 1600 cm-1. This structure seems to be the most pronounced at around 

750 mV as OH and H2O molecules are replaced with O atoms at higher voltages. Perhaps a 

surprising outcome of this work is that these different thermodynamically stable configurations 

seem to co-exist on the nanoparticle surface over relatively wide potential ranges, indicating that 

the diversity of the surface sites provides a wide range of binding energies for surface intermediates 

(mainly OH and O) that influence the existence of the different surface structures. Perhaps most 

importantly, our spectroscopic data point to the existence of surface intermediates with the 

preserved O-O chemical bond. The data showed that at high potentials, the O-O surface 

intermediate was observed (peak at 933 cm-1). The data also show that at lower potentials the O-

OH intermediate (peak at 1441 cm-1) was detected which is consistent with the recent in-situ 

studies by Nayak et. al that showed decreasing abundance of OOH as a function of increasing 

potential30. These observations suggest that over a wide range of operating voltage, the oxygen 

reduction reaction could proceed via an associative mechanism where O2 does not spontaneously, 

thermally decompose on the Pt surface upon its adsorption.  

The sketch in Figure 5.14, shows the potential energy surface of the ORR on Pt surface sites that 

is consistent with the spectroscopic analysis reported herein. The potential-dependence of the 

relative abundance of these two intermediates (O-O and O-OH), where at high electrode potentials 

the O-O intermediate is detected at higher quantities, and at low potentials O-OH is a more 

abundant intermediate, is suggestive of the fact that the dissociation of O2 involves a proton-
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electron addition to the adsorbed O2 and the formation of the O-OH intermediate. At high voltages 

(Figure 5.14), the proton-electron addition step (O2* + (e- + H+)  *OOH in acid and O2* + (e- + 

H2O)  *OOH + OH- in base) is slow compared to the O-OH dissociation step, so we can observe 

the O-O intermediate on the surface. On the other hand, at lower voltages, the proton-electron 

addition step is fast, and the O-OH intermediate is trapped on the surface. The fact that we can 

even observe the O-OH intermediate leads us to conclude that the dissociation of this intermediate 

is an activated process with an activation barrier that is low but sufficient for the trapping of this 

intermediate on the surface. Finally, these spectroscopic studies support the notion that the Pt 

surface operates in two different kinetic regimes as a function of the Pt electrode potential. At high 

voltage, the reaction rate is affected by the presence of the packed network of OH and water, which 

makes it difficult for O2 to find landing spots on the surface, and by the slow rates of proton-

electron addition to the adsorbed O2. On the other hand, at lower voltages (far from equilibrium) 

the surface is clean, and the rate is controlled by the formation of the O-OH intermediate and its 

conversion to OH and O. 

 

Figure 5.14 Potential energy surface for various intermediates of the ORR on Pt derived from the PERS data. High 
potential is consistent with ~750-900 mV while low potential refers to ~50-500 mV. The red barriers indicate 

kinetically relevant steps that trap reactant intermediates on the Pt surface allowing for spectroscopic detection. 
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5.4 Conclusions 

In-operando characterization of heterogeneous electrochemical reactions at the levels of 

elementary steps and critical surface intermediates is challenging due to a buried, complex and 

potential-dependent electrolyte/electrocatalyst interface where these reactions take place. To 

address this challenge, we designed and synthesized Ag-Pt core-shell nanoparticle electrocatalysts 

that exhibits a high degree of surface enhancements in Raman spectroscopy. The Raman surface 

enhancements are derived from the Ag core which interacts strongly with visible light through the 

excitation of LSPR. This material platform allows us to study the (electro)chemical 

transformations that take place on Pt surfaces and probe surface intermediates with a high surface 

sensitivity. We note that monometallic Pt nanoparticles do not support surface enhancements in 

Raman spectroscopy. We have used these Ag-Pt nanoparticle materials to perform a detailed 

Raman spectroscopy study of the mechanism of electrochemical ORR. The studies showed that 

these materials exhibit the ORR activity consistent with monometallic Pt electrocatalysis. Based 

on the DFT computed assignments of Raman spectral features we identified the critical 

electrolyte/Pt interfacial structures as a function of electrode voltage. Furthermore, the 

spectroscopic studies allowed us to identify the O-O and O-OH surface intermediates on the Pt 

surface, suggesting that the associative ORR mechanism plays a critical role over a wide range of 

potentials. The spectroscopic studies also revealed that the Pt surface operates in two different 

ORR kinetic regimes as a function of the operating potential. At high voltage, the reaction rate is 

affected by the presence of the network of adsorbed OH and water, which makes it difficult for O2 

to find landing sites on the surface, and by the slow rates of proton-electron addition to the 

adsorbed O2. On the other hand, at lower voltages the surface is clean, and the rate is controlled 

by the formation of the O-OH intermediate and its conversion to OH and O. 
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Chapter 6 Conclusions and Future Directions 

6.1 General Conclusions 

This dissertation presents a suite of tools and analysis to draw kinetic insights from 

electrocatalysts. In Chapter 3, the methods for ensuring accurate kinetic rate measurements are 

described. A modeling example is presented showing the effects of thin-film construction on 

kinetic rate measurements by calculating the Thiele modulus through a porous catalyst film and 

accurate surface area measurements. In Chapter 4, microkinetic modeling formalism is presented 

with an emphasis on shortcomings and recent developments to improve model accuracy. In 

Chapter 5, an in-operando study is presented, demonstrating the power of spectroscopic tools for 

reaction mechanism analysis. For the ORR, our study shows a crowded network of OH/H2O at 

high potentials while a cleaner surface and OOH intermediates are observed at low potentials 

indicating an associative mechanism. Overall, this thesis provides a guide for future researchers to 

make impactful contributions in heterogeneous catalysis by leveraging both experimental and 

computational methods. 

6.2 Future Directions 

The methods and tools described in Chapters 2, 3, 4 and 5 can be expanded to many other 

electrochemical systems to yield powerful mechanistic insights. One electrochemical reaction 

where the reaction mechanism is still unknown is the hydrogen oxidation reaction (HOR). More 

specifically, the reaction rates drop several orders of magnitude (see Figure 6.1) when operating 
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the reaction at high pH (pH = 13) vs. low pH (pH = 1) for reasons still debated in the literature1–5. 

Alkaline exchange membrane fuel cells (AEMFCs) are a proposed alternative to PEMFCs where 

anions are transported across a selective membrane6. These types of fuel cells have the advantage 

of a basic environment around the cathodic electrocatalyst enabling a wider range of materials to 

be used due to their stability in alkaline condition. While opening a larger phase-space of cheaper 

materials at the cathode side, the amount of electrocatalyst at the anode (which is typically a small 

amount of Pt for PEMFCs) must be greatly increased due to the slow HOR kinetics, adding to the 

cost of the overall fuel cell. This in turn has a chilling effect on the commercialization of AEMFCs. 

The theories on the origin of this drastic pH-effect can be characterized by the following: 

1. Co-adsorbed species (cations and/or interfacial water structure) 

2. Bifunctional mechanism 

3. Electric field effects 

The first theory is that co-adsorbed species from the basic electrolyte block surface sites and alter 

the surface’s catalytic activity, preventing the reaction. Cations such as K, Na and trace Pb, Fe, 

etc. can adsorb on the surface at the operating potentials (0-0.3 V). These cations are inherently 

part of the electrolyte (K and Na for KOH and NaOH) as opposed to an acidic electrolyte or are 

found as contaminants in basic electrolytes (Pb, Fe). One theory is that these co-adsorbed species 

alter the interfacial water structure preventing hydrogen adsorption, dissociation and/or oxidation 

to form water.  

The second theory is that the instead of the posited Volmer step (H* + OH- → H2O + e- + *) as the 

second step in the reaction mechanism, the reaction actually proceeds through an adsorbed OH* 

by this step: H* + OH* → H2O + 2*. This alternative mechanism would explain the slow kinetics 

as OH* is not very abundant at such low potentials (though as discussed in Chapter 5, OH* has 
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been observed at these potentials on higher index Pt facets7). This theory derives from works 

showing that added oxophilic species (such as Ni(OH)2 and Ru) to the Pt surface greatly increased 

HOR activity8,9. 

The third theory is that due to the large differences in the electric fields in base vs. acid, the water 

organization and mobility is impacted preventing facile kinetics. Even though the reaction occurs 

at the same potential (0 V) vs. the reversible hydrogen electrode (RHE) at pH = 1 or pH = 13, the 

potential vs. the standard hydrogen electrode is very different (-0.059 V vs. -0.767 V, respectively). 

The point of zero free charge (pzfc, or pzc without contributions from adsorbed species) on 

platinum has been shown to be constant at 0.28 V vs. SHE regardless of pH10, but the electric field 

through the double layer has been shown to increase11 several orders of magnitude from ~0 V/m 

at pH = 1 to 108 V/m at pH = 7. This increased electric field strength has the effect of increasing 

the barrier for water reorganization which the theory posits is essential for facile hydrogen kinetics. 
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Figure 6.1 HOR exchange current densities for various metal electrocatlaysts with respect to hydrogen binding 
energy and pH. Adapted from ref [5]. 

Shedding light on the unexplained pH-effect of HOR activity can be accomplished using in-

operando Raman spectroscopy. As shown in Chapter 5, interfacial structures and reaction 

intermediates were detected during reaction at a wide range of potentials. Due to the pH-effect it 

is necessary to collect spectrokinetic data at both high and low pH. To accomplish this, the core-

shell Ag-Pt nanoparticles would need to be modified to ensure robust stability in acidic 

electrolytes. Switching of the silver core with a gold core could accomplish this as gold is stable 

at the operating potentials while gold is not. The Au-Pt nanoparticles would be synthesized and 

characterized, and using the methods in Chapter 3, their per area kinetic rates would be measured 

to ensure Pt HOR activity. A spectroscopic study like that of Chapter 5 would be conducted and 

with information on active structures at different potentials, a robust microkinetic model could be 

constructed using the methods detailed in Chapter 4. 
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Another simpler future direction could involve doping the Ag-Pt nanoparticles with oxophilic 

species (Ni islands) and performing in-operando analysis during HOR to see if there is an increase 

in OH species at the surface of the Pt nanoparticles. This study could help explain whether the 

bifunctional mechanism is occurring on Pt while simultaneously searching for indications of 

adsorbed electrolyte cations when the oxophilic species species are not present. Updated DFT 

surface structure models would be needed to include the effects of adsorbed cations. 
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