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ABSTRACT OF THE DISSERTATION 

 
 

Impacts of Metal-Adsorbate Bonds on Photon Activation Mechanism and Nanoparticle 

Reconstruction in Heterogeneous Catalysis 

 

by 
 

 

Matthew James Kale 

 

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering 

University of California, Riverside, August 2016 

Dr. Phillip Christopher, Chairperson 

 

 

In this work, we have developed methods to elucidate the fundamental influence 

of catalytically relevant adsorbates on industrially-relevant heterogeneous catalytic 

processes. Specifically, we focused on the strong interactions between carbon monoxide 

(CO) and supported Pt nanoparticle catalysts by measuring the impact bond formation on 

the geometric structure of Pt nanoparticles and exploiting the local electronic structure at 

the Pt-CO interface to activate targeted adsorbate-metal bonds via photoexcitation. Two 

examples of revealing the impact of adsorbates on heterogeneous metal catalysts and how 

these interactions can be exploited to control catalytic rates and selectivity are presented. 

It is well known that the catalyst structure can play an important role in the 

observed reactivity of the catalyst (due to the different reactivity of surface metal atoms 

with varying coordination number), and it has been shown that adsorbates can alter 

catalyst surface structures under reaction conditions. However, the amount of catalyst 

restructuring in CO covered Pt surfaces has not been quantitatively measured in-situ and 

related to CO oxidation activity, a critical reaction system in the ubiquitous automotive 
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catalytic converter. In-situ quantitative FTIR was utilized to measure the change in the 

fraction of well-coordinated (WC) and under-coordinated (UC) Pt catalytic sites due to 

the introduction of CO oxidation reaction conditions to Pt nanoparticle catalysts with 

diameters ranging from 1.5-20 nm. The results show that larger Pt particles undergo a 

significant and reversible surface reconstruction, increasing the fraction of UC catalytic 

sites by ~400%, when exposed to CO oxidation reaction conditions. By relating the 

quantitative IR measurements to reactivity measurements and a structure sensitivity 

model based on Density Functional Theory (DFT) calculations, it was demonstrated that 

WC Pt atoms are the active site for CO oxidation, but that CO-induced restructuring of Pt 

nanoparticle surfaces masks this effect in particle size dependent rate measurements. 

These results provide a complete picture of the structure sensitivity of CO oxidation on Pt 

catalysts, bridging previously existing discrepancies between theoretical and 

experimental reports. 

The second example investigates the utilization of solar energy for inducing new 

pathways to activating targeted metal-adsorbate bonds, enabling control of catalytic 

reaction rates and selectivity on metal nanoparticle surfaces. It was demonstrated that the 

use of supported, sub 5-nanometer Pt nanoparticles as photocatalysts for CO oxidation 

enables the direct photoexcitation of hybridized Pt-CO electronic states with high cross-

sections through a resonant process using 450 nm photons. Direct photoexcitation of the 

Pt-CO states enabled wavelength dependent control over the rate of CO oxidation and 

due to the adsorbate specificity of the bond activation mechanism, enables control over 

selectivity in the preferential CO oxidation reaction in H2 rich streams. These reports 
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demonstrate the importance of understanding fundamental geometric and electronic 

impacts of strongly bound catalytically relevant adsorbates on catalytic metal surfaces, 

and how they impact reactivity and selectivity in important chemical reactions.
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Chapter 1  

Introduction 

1.1 Importance & Scope of Heterogeneous Catalysis 

1.1.1 Economic Impacts of Heterogeneous Catalysis 

The field of catalysis and the technological advances that have arisen from it 

transformed human society in the 20th century, and is one of the key technologies to our 

livelihood and current lifestyles. The impact of catalysis on today’s global economy is 

astounding. The annual turnover of the catalyst industry has been estimated to be ~$15 

billion, whereas the total value of the goods and services produced by these processes is 

~$15 trillion.1 The major areas in which catalysis plays an integral role include (but is not 

limited to): fuels & energy (gasoline, heating oil, propane, butane, and chemical feedstocks 

used in the production of plastics, rubbers, fabrics and cosmetics), emissions & pollution 

control (destroying carbon monoxide (CO), nitrogen oxides (NOx), hydrocarbons, and 

other emissions from automobiles and power plants), polymers (adhesives, coatings, 

foams, packaging materials, fibers, and electronic and biomedical devices), life 

(biocatalysts like enzymes play a crucial role in maintaining life in all living organisms), 

health/pharmaceuticals (production of targeted drugs and medicine with high specificity), 

and food.2 It was also estimated in 1998 that the combined value of these industries 

contributes to 30-40% of the global gross domestic product (GDP), although it is thought 

that this has increased since 1998.1,2  
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The three main branches of catalysis: heterogeneous catalysis, homogeneous 

catalysis and biocatalysis, together share many of the fundamental principles in how they 

work, but each also have their own advantages for certain applications. They also 

complement each other in their technological diversity, allowing for evolution of new 

technologies and flexibility should societal or economic needs change. It is clear that the 

future of catalysis is bright, and that it will continue to play an increasing role in reducing 

our dependence on fossil fuels, minimizing our impact on the global climate, and producing 

new commodity chemicals and useful materials in our daily lives.  

1.1.2 Historical Perspective of Catalysis 

The term catalyst was first termed by Jacob Berzelius in 1835, when describing the 

discovery that fine platinum powder caused hydrogen gas to react with oxygen gas to form 

water by mere contact, without altering the platinum.3 In the early 19th century, Wilhelm 

Ostwald (1909 Nobel Prize in Chemistry) proposed the commonly used definition of a 

catalyst, where it affects the rate of a chemical reaction, without being consumed in the 

process.4 He, together with Svante Arrhenius and Jacobus van't Hoff, are credited with 

being the founders of modern physical chemistry, and provided a strong foundation for 

understanding reaction kinetics on solid surfaces.  

Perhaps the largest impact catalysis has had is in the synthesis of ammonia (NH3) 

from atmospheric nitrogen (N2) and hydrogen gas (H2). Fritz Haber (Nobel Prize 1919) 

efficiently developed this reaction in 1909 using osmium catalyst in high pressure, and it 

was later significantly reduced in cost by using promoted iron catalysts.4 Carl Bosch (Nobel 

Prize 1931) then developed this reaction into an industrial process in 1913, which allowed 
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the mass production of ammonia, and allowed the field of chemical engineering to be born.1 

The industrialization of ammonia fertilizer (The Haber-Bosch process) was a major 

technological advancement of the 20th century, and allowed the world’s population to grow 

significantly through the production of fertilizer. Today, the Haber-Bosch process produces 

more than ~144 million metric tons/year (as of 2014).5  

It is important to note that the Haber-Bosch process was also used in Germany 

during WWI, which allowed them to have their own supply of ammonia, and was used to 

produce nitric acid, ammonium nitrate, nitroglycerine, and trinitrotoluene (TNT), in 

addition to other explosive compounds.6 In addition, the massive increase in ammonia 

production and consumption has also been linked to environmental issues, including 

increase in air and water pollution, the loss of biodiversity and the increase in greenhouse 

gas levels.6 Other infamous examples of unintended consequences in the chemical industry 

were the introduction of tetraethyl lead in gasoline in 1921, and the use of 

chlorofluorocarbons (CFCs) as refrigerants in the late 1920s. Ironically, both of these 

technologies were invented by Thomas Midgley Jr., who died in 1944 and did not live to 

see the harmful impacts of his work. These are important reminders of considering both 

the benefits as well as unintended consequences of the mass production of commodity 

chemicals.  

Other important advancements in catalysis during the 20th century by Eugene 

Houdry include the development of the catalytic cracking of petroleum (which played an 

instrumental role in WWII for converting crude petroleum into gasoline), and the invention 

of the catalytic converter for automobiles which prevents the emission of unburned 
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hydrocarbons, CO, and NOx in automobile exhaust (was invented in 1956, but not 

implemented until the 1970s when tetraethyl lead was removed from gasoline). In addition, 

Franz Fischer and Hans Tropsch developed a process for converting CO and H2 (derived 

from coal and natural gas) into liquid hydrocarbons and synthetic fuels (Fischer-Tropsch 

synthesis, F-T synthesis). This process has not been widely used because of the price of 

crude oil, but was used by Nazi Germany in WWII and South Africa during Apartheid after 

significant international sanctions were imposed (F-T synthesis still utilized today in South 

Africa). Other notable scientists and engineers in catalysis include (but certainly not limited 

to): I. Langmuir (Nobel Prize 1932), C. N. Hinshelwood and N. N. Semenov (Nobel Prize 

1956), K. Ziegler and G. Natta (Nobel Prize 1963), and John Polanyi (Nobel Prize 1986). 

While many of these important technologies were crucial to the economic 

development of the industrialized world, the mechanism of many of these catalytic 

reactions were still mysteries for many years. Gerhard Ertl (Nobel Prize 2007) is one of the 

pioneering researchers in catalysis that provided detailed mechanistic analysis of the 

catalytic synthesis of ammonia on iron surfaces, as well as the catalytic oxidation of CO 

on platinum.4 Ertl’s approach utilizes an arsenal of surface sensitive techniques to study 

well-defined single crystal surfaces in ultrahigh vacuum (UHV), and relates them to 

structural, electronic, and dynamic properties of model materials in the presence of 

important molecules. 
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1.2 Fundamentals of Heterogeneous Catalysis & Metal-Adsorbate Interactions 

1.2.1 Catalytic Processes & Elementary Steps 

A chemical reaction from reactant molecules into product molecules requires 

energy in order to surmount the activation barrier (Ea) that is required to transform the 

reactants. This energy is typically provided in the way of thermal energy and the 

temperature dependence of the rate of the reaction can be described by the Arrhenius 

expression: 𝑟𝑎𝑡𝑒 ∝ 𝑘 = 𝐴𝑒−𝐸𝑎 𝑅𝑇⁄ , where k is the reaction rate constant, A is a pre-

exponential factor (constant), and R is the universal gas constant. By this expression, the 

reaction rate increases either by increasing the temperature or by lowering the activation 

barrier. A catalyst provides a decrease in the activation barrier of a reaction by stabilizing 

reactant molecules in the form of reaction intermediates in an alternate pathway to 

products. Once formed, the catalyst is regenerated to its initial state without changing the 

catalyst itself (Figure 1.1a).  

This work primarily focuses on heterogeneous catalysis, specifically where the 

catalysts are solid surfaces, and the reactant and products are in the gas phase. In order to 

catalyze this type of reaction, the reactant molecules need to come into intimate contact 

with the catalyst surface, and form intermediate compounds. Catalytic reactions on solid 

surfaces frequently involve several elementary steps including: adsorption of gas-phase 

molecules (adsorbates) onto the catalyst surface, the breaking/dissociation of molecular 

bonds, the movement and diffusion of adsorbates along the surface, the 

formation/association of new bonds between adsorbates, and desorption of product 

molecules from the surface (Figure 1.1b). The efficiency of a given catalyst is determined 
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by the combination and interaction between all of these elementary processes, where the 

optimal materials minimize the activation of the entire process and exhibit a balance 

between thermodynamics and chemical kinetics.  

 
Figure 1.1. (a) Energy diagram of a chemical reaction showing the energy required to 

induce a chemical reaction by overcoming the activation barrier (Ea) through uncatalyzed 

and catalyzed pathways. (b) shows the fundamental elementary steps involved in most 

catalytic reactions on surfaces. 

These elementary steps can be shown for a given chemical reaction. For example, 

the accepted series of elementary steps making up the mechanism for CO oxidation on a 

Pt surface is: 

1)  𝐶𝑂 + ∗ ⇌ 𝐶𝑂∗ 

2)  𝑂2 + ∗ ⇌ 𝑂2
∗
 

3)  𝑂2
∗ + 𝐶𝑂∗ → 𝐶𝑂2

∗ + 𝑂∗
 

4)  𝑂∗ + 𝐶𝑂∗ → 𝐶𝑂2
∗ + ∗ 

5)  𝐶𝑂2
∗ → 𝐶𝑂2 + ∗ 

Where * indicates a vacant Pt adsorption site, and CO* and O* represent CO and 

O adsorbed on the Pt surface, respectively. This mechanism is a classic example of the 

Langmuir-Hinshelwood mechanism, involving the adsorption of reactants onto the surface 

(CO and O2 in steps (1) and (2)), followed by a surface reaction (steps (3) and (4) and 

subsequent desorption (step (5)) to form gas phase products.7 Each of these elementary 
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steps has its own rate expression and rate constant. For a given catalytic reaction, there is 

typically a rate-limiting step (RLS), which is the slowest step in the process. The RLS is 

the largest contributing factor to the overall reaction rate and is critically important for 

simplifying the analysis of the system. Breaking down a catalytic reaction into elementary 

steps also allows the mechanism to be validated based on experimental signatures of the 

reaction kinetics. For example, this mechanism of CO oxidation on Pt surfaces gives the 

following rate expression: 

𝑟 =
𝑘𝑃𝑂2

𝑃𝐶𝑂
 

Where k is the reaction rate constant (defined by the Arrhenius expression), and 

PO2 and PCO are the partial pressures of O2 and CO, respectively. The experimental 

signature of this rate law is a proportional increase of the reaction rate with increase in PO2 

and a proportional decrease with an increase in PCO, which is corroborated by many 

experimental reports.7–9 To further understand how to optimize these catalytic properties, 

a basic understanding of the electronic and geometric structure of metals and how 

adsorbates impact these is required.  

1.2.2 Impact of Adsorbates on the Electronic Structure of Catalytic Systems 

The complex electronic structure of many atom catalyst systems can be broken 

down and understood based on the same principles of bonds formed by two simple atoms. 

Figure 1.2 shows the formation of bonds between two hydrogen atoms and two helium 

atoms, based on molecular orbital theory.10 Two hydrogen atoms far apart from each other 

have 1 electron in the 1s orbital, each with the same energy. As these atoms approach each 
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other, these orbitals begin to overlap and form hybridized bonding (σ) and anti-bonding 

orbitals (σ*). Hund’s rule dictates that lower energy orbitals are filled before higher energy 

orbitals, and therefore the overall energy of the H2 molecule is lower than the energy of 

two hydrogen atoms. When the same example is applied to helium atoms, each with a full 

1s orbital of two electrons, both the low energy bonding orbital and the higher energy 

antibonding orbital are filled, meaning that the overall energy of the He2 molecule is higher 

than two He atoms separately and no molecule is formed (and this is why He2 is not 

stable).10,11  

 
Figure 1.2. Molecular orbital diagram of bond hybridization of the H2 and He2 molecules. 

This analysis can be extended to incorporate chains of many atoms. Figure 1.3 

shows the splitting of molecular orbitals when an increasing number of atoms are added to 

a chain of the same atoms.12,13 When combining a large chain of H atoms, the bond 

hybridization splits into many energy levels, which can be interpreted as a continuous 

‘band’ of electronic energy levels at the limit of an infinite chain of atoms. These 

hybridized bands of orbitals provide the foundation for understanding the electronic 
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structure of catalytic metals, which are typically comprised of many bonded metal atoms, 

and their interactions with adsorbates.  

 
Figure 1.3. Extension of a molecular orbital hybridization diagram for chains of increasing 

numbers of atoms. Adapted from ref. 12, copyright 1987 Wiley-VCH. 

In the case of transition metals, the same concepts apply although they are more 

complex because of the number and shapes of orbitals involved. In the case of Pt, the 

valence orbitals (the highest energy orbitals that have occupied electronic states) include 

the s & p orbitals (which hybridize with each other) and the d orbitals (Figure 1.4a). When 

many Pt atoms are bonded together, as in a crystal, these orbitals hybridize to form the 

broad sp-band and the narrow d-band (Figure 1.4b and c). The number of states existing in 

a range of energies can be depicted as the density of states (DOS), where a low DOS or 

broad DOS peak indicates few electronic states over a range of energies and a large DOS 

or narrow DOS peak indicates a large number of electronic states over a small energy range. 

This is depicted on the x-axis of a density of states plot. Another important energy is the 
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Fermi energy/level (EF). Electronic states below EF at 0 K are occupied and electronic 

states above EF at 0 K are unoccupied by electrons. 

 
Figure 1.4. Shows the evolution of the electronic structure of Pt as it is bonded with other 

Pt monomers. Adapted from ref. 12, copyright 1987 Wiley-VCH.  

Jens Nørskov and Bjørk Hammer have done extensive groundbreaking theoretical 

work on the electronic structure and bonding of various transition metal-adsorbate systems 

using density functional theory (DFT), and developed the d-band model. The d-band model 

correlates reactivity of transition metals catalysts with the electronic structure of the metal, 

while also including bond hybridization with the adsorbate.14–17 In the case of transition 

metals, the same concepts of bond hybridization discussed in Figure 1.2 apply (albeit they 

are more complex) due to the narrow d-band states of the metal causing hybridization with 

adsorbates states.14 

Figure 1.5a describes one way of looking at the change in the electronic structure 

of an atomic adsorbate as it comes into contact with a transition metal.14 First, the valence 
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atomic orbital is a discrete state when it is far away from the metal, or in a vacuum. A 

simple 2-step interaction can be utilized, where the atom first begins interacting with the 

sp-band, causing a broadening of the electronic state into a single resonant state (the orbital 

overlaps vary in space and therefore in energy) as well as a stabilization due to weak 

chemisorption on the surface. The broadened resonance then interacts with the narrow d-

band, causing a splitting and hybridization into bonding (below the adsorbate resonance) 

and anti-bonding (above the adsorbate resonance) orbitals. Panel (iii) also shows that 

electronic states below EF are occupied, and above EF are unoccupied. Since the Pt d-band 

is not fully occupied (there are 9 out of 10 valence d electrons in Pt), some of the high 

energy anti-bonding states also become partially unoccupied, and as in Figure 1.2, a stable 

bond is formed. In more noble metals, such as gold (with 10 d electrons), the d-band is 

completely filled, so any bond hybridization that occurs fills both bonding and antibonding 

resonances, and therefore is not stable. Hence, why gold does not break apart oxygen and 

oxidize or rust.15 On the other hand, transition metals with less filling of the d-bands, such 

as iron (7 d electrons), forms very strong bonds with oxygen and rusts easily. This concept 

can help describe periodic trends of binding energy, where less noble transition metals 

further left in the d-block of the periodic table are more reactive. Another periodic trend is 

that reactivity also decreases as you move down the periodic table, where 5d metals are 

more noble than 3d and 4d (i.e. nobility increases with Cu<Ag<Au).14,15 
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Figure 1.5. Schematic of the change in local electronic structure of the (a) atomic and (b) 

molecular adsorbate as they interact with the metal sp-band and metal d-band. The value 0 

here corresponds to the Fermi level (EF). Adapted and reprinted from ref. 14 with 

permission from Elsevier. 

Figure 1.5b shows that the same principle can apply to already hybridized 

molecular orbitals, using CO as an example, where 5σ is the highest occupied molecular 

orbital (HOMO) and 2π* is the lowest unoccupied molecular orbital (LUMO), and both 

play an important role in bonding to the surface. Figure 1.5b shows the DOS of CO in 

vacuum, followed by CO adsorbed on an Al surface, which is only has metallic s and p 

electrons. This interaction shows a broadening and small decrease in energy for both the 
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5σ and 2π* states. When the molecule is then adsorbed onto Pt, which has a narrow d-band, 

both of the broadened molecular resonances hybridize again to form bonding and 

antibonding orbitals with Pt. Figure 1.5 then represents the change in the electronic 

structure of a metal adsorbate system, after strong chemisorption, where it is clear that the 

adsorbate strongly impacts the local electronic structure. These interactions of the 

adsorbate with the metal d-band are mostly responsible for the strong bonding that is 

required for bond breaking and forming in catalysis.14–16,18  

1.2.3 Impact of Adsorbates on the Geometric Structure of Catalytic Systems 

Strong chemisorption bonds between adsorbates and metals can also play important 

roles in the structure of the metal catalyst. This was recognized by Irving Langmuir as early 

as 1916, when he discussed the tendency of atoms in the surface of a crystal to arrange and 

shift the position of themselves so that the system is at a minimum total energy. 19 It has 

been shown that the presence of molecules that strongly bind to a catalytic surface at high 

pressures can induce the roughening of the catalytic surface, or surface restructuring. This 

phenomena has been investigated using in-situ X-ray absorption spectroscopy (XAS),20–28 

environmental transmission electron microscopy (TEM),29–32 infrared (IR) 

spectroscopy,25–27,33–36 in addition to ambient pressure scanning tunneling microscopy 

(STM) and x-ray photoelectron spectroscopy (XPS).37–40 For the case of CO on Pt surfaces 

(one of the most studied examples), it has been found that CO induces the reconstruction 

of Pt single crystal and nanoparticle surfaces to form higher concentrations of UC step, 

edge and corner sites, see Figure 1.6. It is generally hypothesized that adsorbates impact 

the surface free energy of the metals, and that surface restructuring is generally driven by 
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structure sensitive bond energies, and the relaxation of repulsive adsorbate-adsorbate 

interactions.37,41 It is therefore clear that surface reconstruction is a critical point that must 

be considered because many catalytic systems have strongly bound intermediates that may 

impact the surface free energies of the catalyst. It is important to note that when performing 

structure sensitivity experiments in a dynamic catalytic system, quantitative methods of 

determining active sites in-situ is required for an accurate analysis because the 

concentration of active sites changes under reaction conditions.9  

 
Figure 1.6. Images of Pt nanoparticle (a-e) and Pt (557) single crystal (f, g) under various 

conditions of CO coverage. Figures (a-e) show time-resolved, high resolution TEM 

operated at 1 bar with a gas composition of 4.2% CO, 21% O2, in He at 727 K. Adapted by 

permission from Macmillan Publishers Ltd: ref. 32 copyright 2014. Panels (f) and (g) show 

ambient pressure STM images of a Pt (557) single crystal under UHV and 1-torr CO 

conditions at 298 K. From ref. 37. Reprinted with permission from AAAS.  

1.2.4 The Sabatier Principle & Brønsted-Evans-Polanyi (BEP) Relations 

In addition to the impact of adsorbates on the electronic and geometric structure of 

catalysts, catalytic activity trends across transition metal catalyst can be predicted because 

it is directly related to the bond strength of adsorbates. Paul Sabatier (Nobel Prize 1912) 

proposed the Sabatier principle in 1911 which says the RLS for reactive surfaces (non-

filled d-band) will be desorption of the products from the surface, and the RLS for noble 
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surface (filled d-band) will be chemisorption and dissociation on the catalyst surface.42–44 

This important principle describes the origins of the volcano curve, where a descriptor for 

the bond strength of metal adsorbate bonds directly impacts catalytic activity (Figure 1.7). 

For weakly bound adsorbates, the rate of reaction is limited by high activation barriers of 

catalyzing the reactants. For strongly bound adsorbates, barriers for activation of 

adsorbates are small, but the rate becomes limited by desorption of the products (or 

destruction of the strong metal-adsorbate bond), and the catalyst can become poisoned by 

strongly bound adsorbates. An ideal catalyst exhibits a low barrier for activation in addition 

to weak bonding of the reaction intermediates. 

 
Figure 1.7. Schematic representation of Sabatier Principle shown as a volcano plot of 

reaction rate as a function of metal adsorbate bond strength. Reprinted from ref. 44, 

Copyright (2015), with permission from Elsevier. 

The Sabatier principle helps describe universal, reaction-independent relations that 

are known to exist in surface science between the activation barriers of elementary steps 

and the binding energies of adsorbates involved in those steps, known as Brønsted-Evans-

Polanyi (BEP) relations.18,43,45–49 DFT calculations can be utilized to calculate the 
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activation energy of dissociation of various adsorbates (i.e. N2, CO, NO, O2, etc.) in 

addition to the strength of the intermediate bond energies over different transition metal 

catalysts (i.e. metal-nitrogen or metal-oxygen bond), see Figure 1.8. In addition, the same 

relation exists, albeit often with a different trend, for transition metals with different 

structures (i.e. comparing adsorption and dissociation on terraces vs. step sites). These 

relations can then be related to calculations (or measurements) of catalytic activity over 

each material, revealing the volcano-shaped dependence of the catalytic activity on the 

adsorption energy of intermediates. The power of this relation comes from the unexpected 

fact that other similar adsorbates lie on the same curve. Therefore, if one knows or can 

calculate the binding energy of a particular adsorbate, then the activation energy and 

activity relative to other transition metals can estimated.18,43  
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Figure 1.8. Figure showing the universal linear BEP relation between activation of various 

diatomic molecule adsorbed on assorted metals for (a) a flat surface and (b) a stepped 

surface. (c) Shows the calculated reaction rate of N2 dissociation shown as a normalized 

turnover frequency (TOF) for different reaction conditions, which exhibit similar positions 

of maximum rates. Reprinted from ref. 18, Copyright (2002), with permission from 

Elsevier. 

Throughout the phase space of metal and support combinations, it has been shown 

that many do not exhibit the highest predicted activity that can be achieved, and this is 

related to inherent limitations posed by BEP relations. Figure 1.9 shows the concept of 

inherent BEP relation limitations that constrict the activity of the ammonia synthesis 
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reaction. Figure 1.9a shows the predicted rate of reaction (log scale) as a function of N2 

dissociation barrier and nitrogen adsorption energy. The data points represent energetics 

for several transition metal catalysts. Figure 1.9b shows the resulting volcano plot for this 

reaction. It is clear that based on the position of the BEP relation, the maximum activity is 

given by Fe, Ru and CoMo catalysts. However, it is clear that these pale in comparison to 

the maximum predicted rate of 12-13 orders of magnitude higher. While it is unclear if the 

maximum predicted rate is possible, ways of overcoming the universal BEP relation curve 

are needed in order to further enhance catalytic activities. In order to overcome this, one 

must be able to impact either the binding energy of an adsorbate without impacting the 

activation barrier, or vice versa (i.e. move BEP curve up or down).49 Examples of this have 

been rare, but it is predicted that concepts such as bifunctional catalysts with multiple active 

sites,50 alloying,17 and photocatalysis51,52 may be able to achieve this. 
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Figure 1.9. Example of the inherent limitations of BEP relations. Rate of ammonia 

synthesis over various transition metal catalysts (a) plotted as a function of N2 dissociation 

barrier and nitrogen adsorption energy, and (b) plotted as a function of nitrogen adsorption 

energy. Adapted from ref. 49, copyright 2015, Oxford University Press. 

1.3 Optimizing Catalytic Properties 

Based on our fundamental understanding of d-band theory, the Sabatier principle, 

and BEP relations, we can begin to predict which transition metals will have the best 

performance for different reactions. However, theoretical predictions have limitations if 

we do not have a complete understanding of the mechanism of the process.  

1.3.1 The Nature of the Catalytic Active Site 

Hugh Taylor proposed in 1925 the concept of an active site on a catalyst, which is 

a site of ideal geometric and electronic arrangement to play a substantial, if not dominant 

role in the observed reaction rate.53 This has since been expanded and it has become the 

focal point of fundamental catalysis research to determine the active site of catalytic 

reactions and optimize materials to maximize the concentration of the active site. 

Researchers such as Michel Boudart,54–58 John T. Yates Jr.,59–61 Gabor Somorjai,62,63 Jens 
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Nørskov,46,64,65 and Gerhard Ertl4,66,67 have laid the groundwork for understanding and 

revealing the active sites in important catalytic reactions.  

1.3.2 Methods for Active Site Determination 

Active catalytic sites provide an ideal geometric and electronic configuration for a 

given catalytic reaction to occur. Both the geometric and electronic properties are related 

to the Sabatier principle and BEP scaling relations discussed above,46 but it has proved 

difficult to identify what type of catalytic site is active due to the complex nature of 

supported catalysts. Metal nanoparticles utilized in technical catalysts on high surface area 

supports exhibit various concentrations of different types of sites (i.e. flat terrace, 

nanoparticle edge, corner, interfacial sites with support, which exhibit different metal-

metal coordination numbers), and is highly dependent on the nanoparticle geometry and 

size.68,69 Figure 1.10 illustrates the fact that small metal nanoparticles (1-5 nm) exhibit a 

large variation of the concentration of these various sites.  
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Figure 1.10. View of a common type of catalyst as metal nanoparticles dispersed on a high 

surface area metal oxide support. The green sites represent the under-coordinated corners, 

edges and interface sites of the nanoparticles, and the blue sites represent the well-

coordinated terrace sites. 

One method of determining the type of active site is by utilizing well-defined model 

single crystals that are cut along different miller indices. Single crystals cut along different 

planes can exhibit similar concentrations of well-coordinated (WC) terrace atoms and 

under-coordinated (UC) step sites as found on various sizes of nanoparticles.4,46,70 

Therefore, these single crystals can be put into UHV chambers, where there are many types 

of surface sensitive characterization techniques available in order to elucidate the 

interactions of adsorbates on metals and catalytic sites. Some of the most widely used 

techniques include: low energy electron diffraction (LEED), IR spectroscopy, Auger 

electron spectroscopy (AES), XPS, STM, and many others. One fantastic example of the 

success of well-defined surface science approaches is Ertl’s work on the elucidation of the 

active site on promoted iron catalysts for ammonia synthesis.4,67 He found that the surface 

structure of a Fe single crystal strongly impacted the N2 dissociation reaction (the RLS of 

ammonia synthesis), where the open (111) plane was the most active over the (100) and 

(110) surface. The activity on WC (111) surface was later found to be in quantitative 
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agreement and directly responsible for the observed reaction rate at the industrial 

scale.4,64,65,67 

The approach of varying the concentration of WC and UC sites can also be applied 

to technical catalysts with metal nanoparticles dispersed on high surface area supports. 

When nanoparticle size is changed, the concentration of WC terrace, UC edge and corner, 

and interfacial sites change (Figure 1.10).4,9,46,70,71 If the reaction rate (per active surface 

area) depends significantly on the nanoparticle geometry, or single crystal facet, the 

reaction is deemed structure sensitive, where it is assumed that the structure sensitivity 

manifests from different apparent activation barriers over different types of sites.9,58 

Structure insensitive reactions also exist, where the rate does not depend on the geometry 

of the nanoparticles/single crystal, and it is assumed that the activation barrier is the same 

for all geometries. As noted above, these techniques can lead to misleading conclusions by 

complicating factors such as catalyst restructuring, adsorbate diffusion between different 

sites, and many other phenomena. This is one reason why in-situ spectroscopy is so 

powerful. In order to obtain a complete picture of the structure sensitivity of a reaction, 

there must be quantitative agreement between the concentration of active sites and catalytic 

reactivity, which therefore requires methods to quantitatively measure the concentration of 

active sites under reaction conditions.9  

1.3.3 Methods of Optimizing Catalysts 

The main catalytic properties of importance to most reactions are the reaction rate 

(number of moles of product produced per hour), the reaction selectivity (fraction of 

product that is desired compared to total product), catalyst stability (poison tolerance, 
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resistance to catalyst decomposition) and the catalyst cost. Because of the high cost of 

many transition metal catalysts, it is crucial to maximize the efficiency of a given process. 

Depending on the process, optimization of these properties can be controlled by methods 

such as increasing the utilization of the metal by increasing the dispersion (or decreasing 

the particle size) for structure sensitive reactions and to enhance metal utilization,9,72–74 

choosing a support that enhances the catalytic reaction,71,75,76 using alkali promoters such 

as potassium or sodium,77–79 illumination of an optically active catalyst such as a plasmonic 

or light absorbing metal and/or support,51,52,80,81 or manipulating the surface environment 

using poisons or ligands to selectively block active sites for an undesired reaction or modify 

the electronic and geometric bonding arrangements of reactant molecules.82 

1.4 CO Oxidation on Pt 

The main reaction that this dissertation will focus on is the transformation of CO to 

CO2 by O2. This important reaction dates back to the late 19th century, and in the 1920’s 

Irving Langmuir performed important work on the mechanism of CO oxidation on Pt.83 

This reaction has become a critical part of our society, in the areas of environmental and 

pollution control (with the most important contribution being the catalytic converter in 

automobiles), the purification of gas streams contaminated with CO (as in the production 

of H2 by the steam reforming of methane (CH4) reaction), and is an important model 

reaction that has been widely studied in the view of fundamental surface processes.4,7,84  

While Langmuir began the work to understand the mechanism of this reaction, 

detailed knowledge of the elementary steps involved in the reaction was not available until 

the 1970’s, when more advanced surface sensitive characterization techniques were able 
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to be used on well-defined systems in UHV.7 In addition, a century after Langmuir’s work, 

we still do not have a complete understanding of this chemical reaction because of its many 

concealed complexities. 

In 1964, George Blyholder published his molecular orbital view of CO 

chemisorption to a transition metal surface, which has since played a critical role in the 

interpretation of the infrared spectrum of CO adsorbed on metals.85 This model, depicted 

in Figure 1.11a, shows that bond formation between CO and a Pt metal atom involves the 

charge donation of the molecular 5σ states into Pt 6sp states, as well as back donation from 

Pt 5d states in to the molecular antibonding 2π* states.86 This can be interpreted as the metal 

carbon bond becoming stronger, and the carbon oxygen bond becoming weaker upon 

chemisorption. The strength of this bond is directly linked to the Pt coordination number, 

where the bond strength increases with decreasing metal coordination (CO-Pt bond 

strength increases on terraces<edges<corners). This is the origin of the shift in vibrational 

frequency of CO when chemisorbed to varying coordinations of Pt in IR spectroscopy, 

discussed in Chapter 4. 

Careful mechanistic studies on this reaction have found that the reaction is 

proportional to the O2 partial pressure, and inversely proportional to the CO partial 

pressure7,8,83. This is a signature of the catalyst surface being poisoned with CO, and the 

RLS being the availability of vacant sites for O2 adsorption,9 see the scheme of elementary 

steps in section 1.2.1 and Figure 1.11b. Because of the strong chemisorption bonds formed 

between Pt and CO, and the fast reaction of adsorbed O, the reaction proceeds at nearly 

saturation coverage at low temperatures (<450 K).  
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Figure 1.11. Method of CO bonding to Pt. (a) Shows the Blyholder model of charge 

donation and back donation between CO and Pt, (reprinted from ref. 86) and (b) shows a 

schematic of a CO covered Pt nanoparticle performing CO oxidation. 

1.5 Fundamentals of Photon Interactions with Catalytic Systems 

One proposed method of enhancing a single elementary step without impacting all 

others and overcome inherent BEP relations is to utilize electronically excited states from 

exciting metal adsorbate systems with photons derived from solar energy.51,52 

Photocatalysis on metals typically involves photon absorption by the metal, which creates 

an energetic electron hole pair. These charge carriers can then migrate to the catalyst 

surface, scattering energy along the way in the form of collisions with other charge carriers, 

and once at the surface, they can transiently transfer into resonant adsorbate orbitals (see 

Figure 1.12a).51,87–90 Adsorbate molecules in this excited state are propelled along a new 

potential energy surface for a short amount of time towards a new equilibrium bond 

distance, depositing vibrational energy into the adsorbate (Figure 1.12b).51,87–90 A 

longstanding goal of the photocatalysis field is the selective deposition of energy derived 

from photons into specific adsorbates on the catalytic surface, although this has proven 
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very difficult. Recent work in plasmonic metal photocatalysis has shown that photons can 

improve the overall rate of a catalytic process,80,81,91,92 but reports of controlled deposition 

of photon energy into targeted molecules and improving catalytic selectivity are rare.51,93  

 
Figure 1.12. Model of the indirect photoexcitation of adsorbates on metal surfaces. (a) 

Shows the evolution of the energy of energetic charge carriers in a metal, followed by 

transient transfer into an adsorbate state. (b) Shows the deposition of vibrational energy 

into the adsorbate through the excitation into the excited state, where the adsorbate will 

stretch to a new equilibrium bond distance before decaying back to the ground state. 

Adapted from ref. 51, copyright 2014 American Chemical Society. 
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1.6 Dissertation Summary 

The goals of this dissertation include elucidating the impact of adsorbates on 

catalytic metal surfaces (Figure 1.13) through a multi-faceted approach including careful 

kinetic measurements, many different advanced characterization techniques and coupled 

our results with the theoretical work using state-of-the-art DFT calculation and modeling. 

The main questions this dissertation seeks to address in this dissertation are: (1) can we 

quantitatively reveal the impact of the geometric rearrangement of Pt on the reaction rate 

under reaction conditions? (2) Can we exploit the local electronic structure of CO adsorbed 

on metals to enhance reaction rates and control selectivity? 

Chapter 2 discusses the details of the experimental work performed, including the 

synthesis of catalysts, details of the characterization techniques used in this dissertation, 

construction and use of our automated thermal reactor apparatus and photocatalytic reactor 

for reaction kinetic measurements and photocatalysis experiments. 

In Chapter 3, we performed a comparative reactivity study of Pt/Al2O3 and Pt/CeO2 

catalysts to the currently used hopcalite/LiOH in confined space pollution control 

applications. We show that Pt catalysts outperform the currently used hopcalite/LiOH 

catalysts in metrics important for confined space pollution control, such as high CO 

removal efficiencies, tolerance to humid environments, and low activity towards spectator 

halogenated compounds. In addition, it is found that Pt based catalysts are promoted for 

CO oxidation in the presence of H2O, the water adsorbate is expected to decrease the 

effective binding energy of CO on the surface.  
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In Chapter 4, we utilized quantitative in-situ diffuse reflection infrared Fourier 

transform spectroscopy (DRIFTS) to investigate and measure the restructuring of Pt 

catalysts in the presence of high coverages of CO during catalytic CO oxidation reaction 

conditions. The amount of restructuring for catalysts of various particle sizes was directly 

related to trends in reactivity of the same catalysts, and it was demonstrated that WC Pt 

sites are the active sites under reaction conditions, even though the fraction of WC Pt sites 

were found to decrease under reaction conditions due to restructuring. This result bridged 

discrepancies in reports exploiting theory, single crystal catalysts and supported catalysts, 

and will have large implications for elucidating active sites in structure sensitive reactions.  

Chapter 5 investigates the impact of local electronic structure on the observed 

activation of Pt-CO bonds using photons. We utilized photon wavelength and intensity 

resolved experiments on various sizes of Pt nanoparticles and revealed a resonant 

wavelength dependent activation of Pt-CO bonds on sub-5-nanometer particles, which was 

exploited to enable and enhance selectivity control in the preferential CO oxidation in H2 

streams. This novel photoexcitation mechanism opens new avenues to driving selective 

catalytic reactions that cannot be achieved using exclusively thermal energy. 

In Chapter 6, we highlight the major conclusions that can be drawn from the work 

in this dissertation. Future work and outlook is also discussed in the context of the work 

performed in this dissertation.  
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Figure 1.13. Overview of the goals of this dissertation: looking at the impact of adsorbates 

on the geometric structure and the local electronic structure of metal catalysts. 
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Chapter 2  

Materials & Experimental Methods 

2.1 Summary 

This chapter describes the details of the experimental methods utilized in this 

dissertation. Specific focus is placed on the fundamental approach used in catalyst 

synthesis, construction of the reactor apparatus, reaction kinetics measurements, and 

details of catalyst characterization. 

2.2 Catalyst Synthesis 

2.2.1 Incipient Wetness Impregnation 

Many traditional heterogeneous catalysts are synthesized by a relatively simple 

method of introducing a metal precursor in solution or a slurry of colloidal particles to a 

high surface area and thermally stable metal oxide or ceramic support material, called 

impregnation. Incipient wetness impregnation is where a certain volume of precursor 

solution, determined to be equal or lower than the pore volume of the support material, and 

at a controlled concentration (to give the desired weight loading of material) is mixed with 

the support material until it forms a homogeneous mixture.1 The active material is 

dispersed throughout the entire surface area of the support through capillary action (due to 

the low volume of solvent), and when dried, the precursor remains stabilized on the 

support. The material is then calcined at elevated temperatures in an Air/O2 environment 

for varied amounts of time to decompose residual precursor and control particle size 
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through catalyst sintering, and reduced in a stream of H2 to reduce the cationic metal ions 

into metallic particles.  

Metal dispersion, or the percentage of metal atoms that are on the surface of 

particles, can be controlled by the concentration of metal precursor used (increased weight 

loading), which impacts the distance between metal cations on the support, and calcination 

& reduction conditions (mainly temperature & time).1–3 In the case of Pt nanoparticles 

dispersed on an Al2O3 support, it has been found that calcination at high temperatures 

results in an Ostwald ripening mechanism of particle sintering.2 This occurs when metal 

particles are immobile and particle sintering occurs through the diffusion of atoms and 

clusters from small particles to large particles (see Figure 2.1).2,3  

2.2.2 Size Control through Catalyst Sintering 

In this dissertation, particle size control of Pt catalysts was controlled by performing 

incipient wetness impregnation of varying weight loading and sintered to varying degrees. 

Table 2.1 shows the calcination conditions used as well as the resulting particle size 

determined via transmission electron microscopy (TEM) and CO & H2 chemisorption. 

Incipient wetness impregnation was used to control particle size instead of colloidal based 

methods in order to avoid the potential influence of residual capping agent and polymers 

used in the synthesis, as this has been shown to interfere with kinetic rate measurements.4,5 

In addition, α-Al2O3 support (surface area = 3.9 m2/g via BET analysis) was used rather 

than the higher surface area and more common support, γ-Al2O3 (surface area ~80 m2/g) 

to enable more facile particle size control through high temperature sintering. It is also 

important to note that the harsh high temperature calcination conditions and the high weight 
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loading used in the 5.0% Pt/Al2O3 catalyst caused the metal loading to be reduced by metal 

evaporation (PtO2) and leaching of Pt into the vessel used for catalyst calcination.3  

 

Table 2.1. Synthesis conditions and resulting average particle sizes and dispersions of Pt 

catalysts of various particle sizes on α-Al2O3 support. 

    
Calcination 

conditions (in air) 
Particle Size Measurements 

Dispersion 

Measurements 

Catalyst 
Pt 

(wt.%) 
Temp Time 

H2 

Chemi 

CO 

Chemi 
TEM 

H2 

Chemi 

CO 

Chemi 

Pt  

(1.4 nm) 
0.05% 400°C 5 hrs. 

1.7 ± 

0.2 nm 

1.4 ± 

0.2 nm 

1.4 ± 

1.0 nm 

41.7 ± 

2.0% 

29.3 ± 

2.0% 

Pt  

(3.0 nm) 
0.5% 400°C 5 hrs. 

3.0 ± 

0.2 nm 

3.7 ± 

0.7 nm 

3.0 ± 

2.0 nm 

19.8 ± 

0.1% 

20.1 ± 

0.8% 

Pt  

(10 nm) 
1.0% 600°C 6 hrs. 

6.8 ± 

0.5 nm 

15.9 ± 

1.2 nm 

10.0 ± 

6.2 nm 

5.8 ± 

0.2% 

4.1 ± 

0.4% 

Pt  

(19 nm) 
5.0%a 650°C 24 hrs. 

80.1 ± 

2.0 nmb 

107.0 ± 

5.2 nmb 

18.8 ± 

13.6 nm 

1.1 ± 

0.6% 

0.6 ± 

0.1% 

aWeight loading is estimated to be lower after calcination. 
bParticle size estimates for chemisorption measurements for the Pt (19 nm) sample are 

inaccurate due to the unknown weight loading. 
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Figure 2.1 Mechanism of Ostwald ripening. Time resolved in-situ transmission electron 

microscopy images of Pt nanoparticles on Al2O3 support during exposure of 10 mbar air at 

650°C showing the growth of Pt nanoparticles through atom and cluster migration between 

particles. Reprinted with permission from ref. 2. Copyright 2010 American Chemical 

Society.  
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2.2.3 Colloidal synthesis of Pt nanoparticles 

In addition to incipient wetness impregnation of Pt onto Al2O3 supports, a colloidal 

synthesis of Pt nanoparticle ink suspension was synthesized and deposited onto γ-Al2O3 

and CeO2 supports. In this case, the differences in surface area and binding of the metal 

precursor to the support would likely cause differences in the particle size distributions 

synthesized via incipient wetness impregnation using the same weight loadings and 

calcination conditions. In order to keep the Pt nanoparticle size constant across supports, a 

colloidal synthesis approach was utilized.  

The colloidal synthesis of small Pt nanoparticles was adapted from ref 6 and 

involved the reduction of hexachloroplatinic acid by ethanol under reflux at elevated 

temperatures (~100°C). The particle growth was stabilized by also including 

polyvinylpyrrolidone (PVP) as a capping agent. Specifically, 0.25 mL of 0.205M H2PtCl6 

solution (8 wt. % in H2O) and 0.2298 g PVP was mixed with 5.0 mL of >99.5% ethanol 

and 5.0 mL deionized H2O. This mixture was heated to ~100°C under reflux and stirred at 

1000 RPM. After ~3 hours under reflux and vigorous stirring, the reaction was quenched 

by cooling to room temperature and prepared for slurry impregnation into the support. This 

involved pH adjustment of the nanoparticle solution to allow for a charged support surface 

and promote an attraction between the nanoparticles and support, and adding in the 

appropriate amount of support material to give a weight loading of 0.5% Pt. The 

nanoparticle ink/support slurry was washed via centrifugation several times, dried at 100°C 

and calcined at 500°C for 5 hours.  
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2.3 Catalyst Characterization Techniques 

2.3.1 TEM 

All TEM work was performed at the University of California, Riverside Central 

Facility for Advanced Microscopy and Microanalysis (CFAMM) either on a FEI-Philips 

CM300 TEM operating at 300kV or a FEI Tecnai12 TEM operating at 120kV. Sample 

preparation involved dispersing reduced metal catalyst powders in deionized H2O followed 

by deposition on lacey carbon coated Cu grids (300 mesh). All particle size distributions 

were determined by measuring the diameter of at least 100 particles using the image 

analysis program ImageJ. Representative TEM images and resulting particle size 

distributions for the 4 catalysts discussed in Table 2.1 are shown in Figure 2.2. 

 
Figure 2.2. Representative TEM images of four weight loadings of Pt/Al2O3 and resulting 

particle size distribution for each catalyst. Average sizes are shown in the legend (1.4 nm, 

3.0 nm, 10 nm, and 19 nm for 0.05%, 0.5%, 1.0% and 5.0% Pt/Al2O3, respectively). 
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2.3.2 BET Surface Area & Catalyst Dispersion Measurements 

Support BET surface area measurements were performed by N2 physisorption at  

-196°C using a Micromeritics ASAP 2020 BET analyzer. Catalyst dispersion 

measurements were performed using CO and H2 pulse chemisorption with an Autochem II 

2920 analyzer. In a typical experiment, approximately 500 mg of catalyst was loaded into 

a U-shaped quartz tube, and reduced under the same reduction conditions used in the study 

(230°C-300°C for 1-2 hours) in 10% H2/Ar. The catalyst was then flushed in ultra-high 

purity (UHP) He while ramping to 500°C and degassing for 30 minutes. After cooling to 

ambient conditions, CO and H2 pulse chemisorption measurements were performed using 

10% CO/He or 10% H2/Ar while monitoring the effluent with a thermal conductivity 

detector. All dispersion measurements reported in this dissertation were an average of three 

distinct measurements. For turnover frequency (TOF) measurements, reaction rates 

(molecules/g*s) were normalized to the number of catalytic sites per gram of material 

derived from pulse chemisorption data.  

2.3.3 Diffuse Reflection Spectroscopy 

Diffuse reflection spectroscopy (DRS) is a powerful tool in heterogeneous 

catalysis, because it allows for the characterization of the optical properties of a powdered 

material using IR, visible and/or ultraviolet radiation both ex-situ and under reaction 

conditions.7–9 In general, diffuse reflection occurs on non-mirror like surfaces that are 

matte and results in an angular distribution of reflected radiation, which is independent of 

the angle of incidence.7 Diffuse reflection is widely used in heterogeneous catalysis as a 

characterization technique in the IR and UV/Vis ranges, typically for highly scattering 
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supports. It should be noted that transmission cells can also be used for materials that are 

not highly scattering, or for highly scattering materials that are sufficiently diluted with 

transparent material.7 

Figure 2.3 shows a diagram of the mirror optics typically used in DRS (Harrick 

Praying Mantis Diffuse Reflection Accessory), with a coupled reaction chamber with 

transparent windows. This apparatus allows for measuring optical properties under reactant 

flow, or elevated temperatures. For UV-Vis measurements, fused SiO2 windows are used 

in the dome sealing the chamber, and for IR measurements, ZnSe or KBr windows are 

typically used in the dome. In the high temperature reaction chamber, the layer of inert 

material allows for control of the amount of catalyst used, while keeping the height of the 

catalyst constant across experiments. This is important because there is a temperature 

profile between the temperature of the heated cup (where the thermocouple is) and the 

surface of the catalyst bed, and careful calibrations of the surface temperature are needed.9  

In-situ UV-Vis measurements were performed under the same reaction conditions 

as utilized in photocatalysis experiments (1% CO, 10% O2 in He) using a Thermo Scientific 

Evolution 300 spectrophotometer with a Harrick Praying Mantis Diffuse Reflection 

Accessory and the Harrick High Temperature Reaction Chamber. Background spectra were 

obtained using highly diffusely reflective Spectralon as a reference.  

2.3.4 DRIFTS 

DRS can also be utilized in the IR spectrum, using diffuse reflection infrared 

Fourier transform spectroscopy (DRIFTS). The apparatus is the same as in Figure 2.3, with 

IR transparent windows in the reactor (ZnSe). DRIFTS measurements were performed with 
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the high temperature Harrick reactor coupled with the Praying Mantis accessory and a 

Thermo Scientific Nicolet iS10 FTIR spectrometer with a liquid nitrogen cooled HgCdTe 

(MCT) detector. All spectra were obtained in Kubelka-Munk units by using a reduced 

catalyst as a background and by averaging 128 scans at a resolution of 4 cm-1. All 

measurements were made while purging the optics and spectrometer with dry N2.  

 
Figure 2.3. Schematic for Diffuse Reflection Spectroscopy. The mirror optics consist of a 

light source and a parabolic mirror that collects scattered light and reflects it to the detector. 

Reaction chambers with transparent windows can also be placed inside of the optical 

accessory and allow for in-situ measurements of optical properties. This technique can be 

performed using UV-Vis or IR radiation.  

This technique enables the adsorption of probe molecules to the catalyst surface, 

while monitoring the vibrational absorption spectra of those adsorbed molecules. In 

addition, it also allows for catalyst characterization via quantification of site-specific bonds 

made with adsorbates. CO chemisorption was utilized in the DRIFTS apparatus because it 

has a well-documented interaction with the Pt atoms of various coordination numbers,8,10–
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12 and CO DRIFTS can be a powerful tool for the characterization of site type distributions 

in supported Pt catalysts.13  

In a typical experiment, the DRIFTS reactor was filled with the appropriate amount 

of inert material (approximately 80 mg α-Al2O3) followed by 25 mg of Pt/α-Al2O3 catalyst 

packed on the top of the heated reactor cup. The catalyst was reduced, and background 

DRIFTS spectra were taken at elevated and at ambient temperatures after cooling. CO 

chemisorption was performed by exposing the catalyst to 1% CO in He at 50 sccm and 

spectra were taken 1 minute after flushing out the gas phase CO from the reactor. This 

ensured that all measurements of CO chemisorption were at saturation coverage of CO. 

DRIFTS measurements performed under reaction conditions were performed by exposing 

the catalyst to CO oxidation reaction conditions (1% CO, 1% O2 in He) at a total flow rate 

of 100 sccm, and holding at elevated temperatures until a steady state reaction rate was 

observed. DRIFTS spectra were obtained under flow of reactants at various temperatures, 

while holding the reactor for 10 minutes at each temperature. All spectra exhibited 

saturation coverage of CO, up to the temperature in with catalytic ignition occurs.  

Quantitative site fraction analysis of DRIFTS spectra involving CO adsorbed on 

supported Pt catalysts can be complicated, as CO adsorbed on Pt can exhibit several 

signatures, such as: linearly bound CO on WC Pt (2080-2098 cm-1), linearly bound CO on 

UC Pt (2060-2075 cm-1), linearly bound CO to highly under-coordinated sites (2000-2050 

cm-1) and bridge bound CO to Pt (~1800 cm-1). The latter two are not considered in this 

dissertation due to the minimal contribution to the total number of Pt surface sites on the 

catalysts at high CO coverage. The peak shift with Pt coordination (red-shift with stronger 
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Pt-CO bonds) is a direct result of the Blyholder model of CO chemisorption discussed in 

Chapter 1. To summarize, when the Pt-CO bond forms, the 5σ bond donates charge to the 

Pt sp band (and strengthens the Pt-C bond), and the Pt d-states back-donates charge to the 

CO 2π* antibonding state, weakening the C-O bond, and decreasing the vibrational 

frequency of CO.  

 
Figure 2.4. Peak deconvolution of an example DRIFTS spectra of CO adsorbed on a 

Pt/Al2O3 catalyst. The peak areas of CO bound to WC and UC Pt sites were quantified, and 

the CO bound to highly UC Pt sites was neglected due to the minimal impact on the total 

distribution of Pt sites.  

Quantitative site fraction analysis of DRIFTS spectra involved peak deconvolution 

of CO bound to WC and UC Pt sites, according to Figure 2.4, followed by peak integration 

and normalization to the total peak area. The fraction of total CO molecules bonded to WC 

or UC Pt sites was then given through the following relation: 

𝑋𝑖 =
𝐴𝑖/𝜀𝑖

∑ [𝐴𝑖/𝜀𝑖]2
𝑖=1
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Where Xi is the fraction of total CO molecules bonded to WC or UC Pt sites, Ai is 

the area of the peak assigned to the C-O stretch associated with bonding to WC or UC Pt 

sites, and εi is the respective, relative extinction coefficient. Detailed analyses of CO on 

single crystal Pt surfaces have revealed that the IR extinction coefficient of CO on a UC Pt 

step & edge sites is a factor of 2.7 greater than on WC terrace sites.14,15 This has been 

shown using two methods at different temperatures and coverage regimes, and both reports 

gave the same relative extinction coefficient factor.14,15 This analysis yields the fraction of 

total surface Pt atoms existing as either WC or UC sites.  

2.4 Reactor Apparatus 

2.4.1 Apparatus Construction 

In this dissertation, a home built thermal reactor apparatus was used in the 

measurement of turnover frequencies (TOFs), and reaction rate measurements. This system 

consisted of UHP gases (unless otherwise noted), mass flow controllers, a gas bubbler used 

for experiments requiring humidity, a solenoid valve for catalyst bypass, a home-built 

reactor block and temperature controller, and a home-built mass spectrometer (Figure 2.5). 

The reactor block consisted of an aluminum block with ¼” and ½” holes for glass reactor 

tubes, sheaths for two 100 Watt cartridge heaters, and a k-type thermocouple, all located 

inside ½”-1” thick insulation on all sides. The high thermal conductivity of aluminum 

allows for the entire block to reach a steady temperature quickly, and it was observed that 

the catalyst bed inside of the glass reactor tubes was the approximately same temperature 

as the aluminum block. Automation of experiments was enabled by a python program that 
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controlled the flow rates of the MFCs, and an Arduino/python controlled solenoid valve 

(Figure 2.6). A quadrupole mass spectrometer probe with secondary electron multiplier 

(SEM) and faraday cup detectors and RGA head was purchased from Hiden, Inc. and 

incorporated into a vacuum chamber with a Pfeiffer turbo vacuum pump, and a custom gas 

sampling leak valve with a capillary tube that allows for fast time resolution in the mass 

spectrometer signal. The system was calibrated by separately calibrating the mass flow 

controllers to a NIST traceable bubble meter and by measuring variations in partial 

pressures of all reactant and product gases used in this dissertation. 

2.4.2 Photocatalytic apparatus 

The reactor apparatus used in photocatalysis experiments was the same as in Figure 

2.5, with the exception of the reactor. In photocatalysis experiments, a Harrick Scientific 

high temperature reaction chamber was utilized with a quartz window installed directly 

over the catalyst bed. Catalyst illumination was provided by a 1,600 Watt Xenon 

continuous wave light source (Newport corporation) coupled to a water-cooled IR filter (to 

avoid heating of optics) and monochromator to allow for control of illumination 

wavelength and intensity. A liquid light guide was attached to the output of the 

monochromator and used to illuminate the catalyst bed (Figure 2.7). Illumination intensity 

was measured using a thermopile detector (Newport), and output spectra was measured 

using a CCD (Avantes), see Figure 2.8. 
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Figure 2.5. Home-built reactor apparatus diagram allowing for fully automated control of 

reactant partial pressure, bypass, reactor temperature and analysis of effluent 

 

 
Figure 2.6. Wiring diagram of an Arduino controlled relay that allows for automated valve 

operation.  
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Figure 2.7. Photocatalysis apparatus showing catalyst illumination and an example of the 

impact of illumination on the rate of CO oxidation.  

 

 

 
Figure 2.8. Output spectra of Xe light source using a mirror (white light), and grating for 

monochromated light.  
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2.5 Catalytic Reactor Measurements 

All catalytic reaction measurements were performed in the apparatus described 

above where the effluent gas partial pressures were monitored using mass spectrometry. 

The m/z signals that were used with minimal overlap are as follows: H2 - 2 amu, He - 4 

amu, H2O - 18 amu, CO/N2 - 28 amu, O2 - 32 amu, freon 134a - 33 amu, Ar - 40 amu, CO2 

- 44 amu and methyl chloride - 50 amu. Unless otherwise noted, all catalysts were 

pretreated in-situ with a high temperature reduction (230°C – 300°C) for 1-2 hours, and 

flushed with helium prior to exposure to reactant flow to give a bare metallic surface. In 

addition, all experiments had a total flow rate of 100 standard cubic centimeters per minute 

(sccm). Prior to rate measurements, all catalysts were exposed to reaction conditions for at 

least 6 hours at elevated temperatures until the catalysts exhibited steady state reactivity. 

This was done to prevent artificially high or low reaction rates due to initial catalyst 

deactivation and to achieve kinetic measurements under steady state.  

2.5.1 Mass & Heat Transfer Limitations 

It is important to consider the impact of heat and mass transfer while performing 

kinetic measurements. If these are not carefully considered, they can corrupt kinetic data 

and provide falsified reaction kinetics that can lead to drastic consequences.6,16,17 For 

example, if a process is impacted by internal or external mass transport, measured apparent 

activation barriers (Eapp) can be significantly different from the true activation energy 

(ETrue) of the process, and as a result the temperature sensitivity of the reaction can be 

underestimated and runaway reactions can occur.16 
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Heat transfer can play a role in the reaction kinetics for very exothermic reactions, 

where heat is produced locally.18 In order to prevent this, conversion of exothermic 

reactions such as CO and H2 oxidation are kept low, and catalysts can be diluted with inert 

material.18,19 Mass transfer limitations can be described as external or internal limitations. 

External mass transfer limitations are where the rate of reaction is limited by reactant (and 

product) diffusion from the bulk fluid to (and from) the external catalyst surface, and the 

reaction rate is dependent on the total space velocity of the gas.16 When the reaction rate is 

controlled by internal mass transfer limitations, the observed rate is limited by reactant and 

product gas diffusion to and from the catalyst surface typically inside of a porous 

structure.16 In order to combat this, the catalyst must be finely ground in order to increase 

access of the gases to the large network of catalyst pores in the catalytic material. In each 

of these cases, a number of experimental tests can be performed to reveal any signatures of 

corrupted or falsified kinetic data (Figure 2.9). The expected trends in reaction rate for 

changing gas velocity, support particle size, and temperature for external mass transfer 

limited, internal mass transfer limited, or surface reaction limited kinetics are shown in 

Table 2.2, in addition to the expected activation barrier in relation to the true activation 

barrier of reaction for each case. All catalytic reactions were performed under differential 

reaction conditions (<10% conversion) and in the absence of heat and mass transfer 

limitations, unless otherwise noted. 
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Figure 2.9. Overview of external and internal mass transfer limitations in heterogeneous 

catalytic reactions. Impact on the observed reaction rate of the total space velocity of the 

gas flow (U) and diameter of the support particle (dp). Reprinted with permission from ref. 

16. Copyright 2006 Pearson Education, Inc.  

 

Table 2.2. Overview of experimental signatures of mass transfer limitations in catalytic 

reactions.16 

 Variation of Reaction Rate with:  

Type of 

Limitation 
Velocity Particle Size Temperature 

Observed 

Activation Energy 

External 

Diffusion 
U1/2 (dp)

-3/2 ~Linear 
Nonlinear 

Arrhenius Plot 

Internal 

Diffusion 
Independent (dp)

-1 Exponential EApparent ≈ ETrue/2 

Surface 

Reaction 
Independent Independent Exponential EApparent = ETrue 
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2.5.2 Temperature, Partial Pressure Dependent reaction rate and TOFs 

Thermal reactivity data utilized in this study was collected by varying the reactant 

partial pressures and temperature of various catalysts. When performing thermal ramps, 

the reactor temperature was held for 20-30 minutes until steady state was reached. 

Apparent activation energies were determined by plotting the log of the reaction rate vs. 

1/RT, where the linearized slope gives Eapp. Because the reaction rate is directly 

proportional to the rate constant, the activation barriers can be determined in this way, 

according to the following Arrhenius expressions:  

𝑟𝑎𝑡𝑒 ∝ 𝑘 = 𝐴𝑒−𝐸𝑎𝑝𝑝 𝑅𝑇⁄  

ln(𝑟𝑎𝑡𝑒) = −𝐸𝑎𝑝𝑝

1

𝑅𝑇
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

Where the constant here incorporates the pre-exponential factor, along with the 

partial pressure dependence of the reactants. In addition to operating catalysts at various 

temperatures, important catalyst mechanistic details can be elucidated by varying the 

partial pressures of reactant molecules, and revealing the overall reaction order of each 

reactant. Using CO oxidation as an example, the following rate expression can be written: 

𝑟𝑎𝑡𝑒 = 𝑘𝑃𝑂2

𝛼 𝑃𝐶𝑂
𝛽

 

Where PO2 and PCO are the partial pressures of the reactants, O2 and CO, 

respectively, and α and β are the undetermined reaction orders for the reaction over a given 

catalyst. The reaction orders can be measured by varying one reactant and measuring the 

impact on the reaction rate, then plotting the natural logarithm of the previous equation: 

ln(𝑟𝑎𝑡𝑒) = 𝛼 ln(𝑃𝑂2
) + 𝛽 ln(𝑃𝐶𝑂) + ln(𝑘) 
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In order to determine the reaction order of O2, the partial pressure of O2 is varied 

while keeping temperature and PCO constant, and ln(rate) is plotted against ln(PO2), where 

α is the slope. The same analysis was performed for CO. The determination of reaction 

order is important when justifying the mechanism of a series of elementary steps for a given 

catalytic reaction.  

The partial pressure dependent reaction rate measurements were performed using 

the automated thermal reactor apparatus where the reaction conditions of each reactant 

were varied individually by changing the partial pressure ± 50% from the operating partial 

pressure. Bypass partial pressures were collected for each condition, followed by 90 

minutes of steady state reactivity over a catalyst at a constant temperature.  

  



 

57 

 

2.6 References 

(1)  Campanati, M.; Fornasari, G.; Vaccari, A. Catal. Today 2003, 77 (4), 299. 

(2)  Simonsen, S. B.; Chorkendorff, I.; Dahl, S.; Skoglundh, M.; Sehested, J.; Helveg, 

S. J. Am. Chem. Soc. 2010, 132 (23), 7968. 

(3)  Datye, A. K.; Xu, Q.; Kharas, K. C.; McCarty, J. M. Catal. Today 2006, 111, 59. 

(4)  Park, J. Y.; Aliaga, C.; Renzas, J. R.; Lee, H.; Somorjai, G. A. Catal. Lett. 2009, 

129, 1. 

(5)  Kuhn, J. N.; Tsung, C.-K.; Huang, W.; Somorjai, G. A. J. Catal. 2009, 265, 209. 

(6)  Allian, A. D.; Takanabe, K.; Fujdala, K. L.; Hao, X.; Truex, T. J.; Cai, J.; Buda, 

C.; Neurock, M.; Iglesia, E. J. Am. Chem. Soc. 2011, 133, 4498. 

(7)  Jentoft, F. C. Charact. Solid Mater. Heterog. Catal. From Struct. to Surf. React. 

2013, 1, 89. 

(8)  Van Every, K. W.; Griffiths, P. r. Appl. Spectrosc. 1991, 45 (3), 347. 

(9)  Li, H.; Rivallan, M.; Thibault-Starzyk, F.; Travert, A.; Meunier, F. C. Phys. Chem. 

Chem. Phys. 2013, 15, 7321. 

(10)  Brandt, R. K.; Sorbello, R. S.; Greenler, R. G. Surf. Sci. 1992, 271, 605. 

(11)  Brandt, R. K.; Hughes, M. R.; Bourget, L. P.; Truszkowska, K.; Greenler, R. G. 

Surf. Sci. 1993, 286, 15. 

(12)  Greenler, R. G.; Brandt, R. K. Colloids Surf., A 1995, 105, 19. 

(13)  Kale, M. J.; Christopher, P. In Review 2016. 

(14)  Yoshinobu, J.; Tsukahara, N.; Yasui, F.; Mukai, K.; Yamashita, Y. Phys. Rev. Lett. 

2003, 90, 248301. 

(15)  Hayden, B. E.; Kretzschmar, K.; Bradshaw, A. M.; Greenler, R. G. Surf. Sci. 1985, 



 

58 

 

149, 394. 

(16)  Fogler, H. S. Elements of Chemical Reaction Engineering, 4th Editio.; Pearson 

Education, Inc., 2006. 

(17)  Venderbosch, R. H.; Prins, W.; van Swaaij, W. P. M. Chem. Eng. Sci. 1998, 53, 

3355. 

(18)  Mears, D. E. J. Catal. 1971, 20 (2), 127. 

(19)  Koros, R. M.; Nowak, E. J. Chem. Eng. Sci. 1967, 22 (3), 470. 

 



 

59 

 

Chapter 3  

Evaluation of Precious Metal Catalyst Stability for Confined Space Pollution 

Control 

3.1 Summary 

Catalytic air purification systems are required to maintain desirable levels of 

contaminants in confined space pollution control applications, such as naval submarines. 

These systems include oxygen generation, CO2 removal, and burning contaminants such 

as carbon monoxide (CO), and hydrocarbons. Crucial characteristics of the catalytic 

burners on submarines include high activity toward CO combustion, long-term stability in 

humid environments, and minimal activity towards the decomposition of trace halogenated 

compounds (often used as refrigerants) that can form toxic acid gas compounds. Here, we 

compare currently used hopcalite/LiOH catalysts to platinum based catalysts deposited on 

Al2O3 and CeO2 supports for the removal of CO, tolerance to humid environments and the 

oxidation activity towards model refrigerant spectator molecules, freon 134a and methyl 

chloride. We demonstrate that the three catalysts exhibit complete removal of CO in dry 

streams by 110°C, and no catalyst was found to activate freon 134a up to 400°C. However, 

precious metal Pt/Al2O3 and Pt/CeO2 catalysts outperformed hopcalite/LiOH by showing 

enhanced CO oxidation reactivity in the presence of humidity (hopcalite/LiOH is strongly 

deactivated when H2O is co-fed), and they are minimally active towards methyl chloride 

oxidation up to 275°C, whereas hopcalite/LiOH is active below 200°C. Pt/CeO2 exhibited 

higher reactivity for CO oxidation and lower activity for methyl chloride oxidation, as 
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compared to Pt/Al2O3.  The results strongly suggest that platinum based catalysts similar 

to those used in automotive catalysts may be an excellent replacement for currently utilized 

hopcalite/LiOH catalysts in naval submarine pollution control applications.  

3.2 Introduction 

3.2.1 Confined space pollution control 

Heterogeneous catalysts have played a critical role in pollution control applications 

such as automotive catalytic converters, and the removal of contaminants in confined 

spaces.1 Confined space pollution control is a critical component of life support systems 

on board closed-system manned vessels such as submarines, spacecraft, and mining 

operations.2,3 These pollution control systems include oxygen generation, CO2 removal, 

and burning contaminants such as carbon monoxide (CO), hydrogen (H2) and 

hydrocarbons as they are generated.4 On submarines, the air quality must be continuously 

maintained within safety standards by the constant removal of trace contaminants to enable 

extended dive times. Poor air quality control and the resulting necessity to vent the 

atmosphere can negatively impact tactical advantage in long-term missions.  

3.2.2 Overview of catalysis for removal of trace contaminants  

One of the main air contaminants on board nuclear submarines that must be 

removed by active confined space pollution control systems is CO.4 A common catalyst 

used in pollution control units (CO/H2 burners) on board nuclear submarines is hopcalite, 

which is a mixture of copper oxide and manganese dioxide, (CuMn2O4, typically ~60% 

manganese dioxide, and 15-40% copper oxide).5 This catalyst has been used for the 
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removal of CO in gas streams over the last century, and has been well characterized.6–12 

Hopcalite catalysts are active for CO removal from room temperature up to 400°C, but dry 

gas streams must be used due to the well-known deactivation of hopcalite catalysts in the 

presence of humidity.12–17 Higher operating temperatures must be used if water is present 

in the feed stream, which can increase operating costs, result in decreased catalyst lifetimes 

when operating at high temperature, and have a negative impact on halogenated spectator 

compounds, which are typically used as refrigerants.14 Trace amounts of 

hydrochlorofluorocarbons (HCFCs) such as Freon 134a (1,1,1,2-tetrafluoroethane; freon 

herein) and methyl chloride (CH3Cl; MeCl herein) can be present in submarine 

atmospheres, due to the use of refrigerants, at concentrations below harmful levels. 

However, when circulated through catalytic CO/H2 burners with the ship air, these HCFCs 

can combust to form dangerous acid gases, such as phosgene and hydrofluoric acid, as was 

observed in the first patrol of the nuclear submarine USS Tecumseh.2 To address this 

problem, adsorbent materials such as LiOH are used to remove the produced toxic acid 

gases, and prevent further contamination of the atmosphere. The requirement of LiOH 

adsorbent units to remove acid gases produced from HCFC combustion increases the 

pollution control system space utilization, which is undesired.  

3.2.3 Comparison to Automotive catalysis 

Ideal characteristics of the catalytic combustion systems for confined space 

pollution control on board submarines include high activity towards CO, H2, and 

hydrocarbon oxidation, long-term stability in humid environments, and no activity towards 

HCFC oxidation under typical operating conditions. It is clear from many years of work in 
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automotive catalysis that precious metal catalysts provide excellent reactivity, thermal 

stability, and poison tolerance for CO and hydrocarbon oxidation under a wide range of 

operating conditions.17–19 An important active component of automotive catalysis, 

dispersed Platinum (Pt) nanoparticles on oxide supports, also show promise for low 

temperature CO oxidation with high tolerance to humid environments20–24 but there have 

been few comparative studies of Pt-based catalysts with hopcalite for confined space 

pollution control applications,16,17,19 and none explore the impact of humidity, fluorinated 

and chlorinated hydrocarbons and metal oxide support composition.    

3.2.4 Summary of study 

Here, we compare hopcalite/LiOH catalysts with Pt-based catalysts supported on 

Al2O3 and CeO2 supports for combustion of CO in dry and humid air streams, and oxidation 

reactivity towards model HCFC compounds (freon and MeCl). Pt-based catalysts exhibited 

better performance for confined space pollution control systems in almost all metrics, as 

compared to hopcalite/LiOH. Pt-based catalysts exhibit complete CO removal above 

~100°C, no activity for freon activation up to 400°C, strong water tolerance, and minimal 

MeCl activation until >300oC.  Furthermore, it was found that the CeO2 supported Pt 

uniquely promotes CO oxidation rates at lower temperatures than Al2O3 supported Pt, but 

remains more passive for MeCl oxidation at higher temperatures compared to Al2O3 

supported Pt. The results strongly suggest that automotive type catalysts that exploit Pt 

deposited on dispersed CeO2 on thermally stable Al2O3 supports may be an excellent 

replacement for currently utilized hopcalite/LiOH catalysts in confined space pollution 

control applications.  
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3.3 Methods 

3.3.1 Catalyst Synthesis 

Colloidal Pt particles were synthesized following an adapted procedure as 

described previously.25 In a round bottom flask, 0.25 mL hexachloroplatinic acid solution 

(Sigma Aldrich, 8 wt. % in H2O, 0.205M) and 0.2298 g polyvinylpyrrolidone (PVP; Sigma 

Aldrich, 55,000 g/mol) was mixed with 5.0 mL of ethanol and 5.0 mL of deionized water. 

The solution was heated to 100°C and refluxed for 3 hours while stirring at 1000 RPM. 

After cooling to room temperature, the Pt ink solution was prepared for slurry impregnation 

onto γ-Al2O3 and CeO2 supports at a weight loading of 0.5% Pt. The pH of the ink solution 

was adjusted to 6 using a 0.05M NaOH, and the appropriate amount of support material 

(~2.0 g of total catalyst) was added to the Pt nanoparticle solution and stirred for 14 hours 

in ambient conditions. The solution was washed via centrifugation once with a 0.1M 

NH4NO3 solution and three times with deionized H2O. The resulting catalyst was 

transferred to an evaporation dish to dry overnight in a vacuum oven (100-110°C). After 

drying, the samples were sieved (120 mesh) and calcined (500°C) for 5 hours. Carulite 300 

(hopcalite with no LiOH), and hopcalite/LiOH (Carus Corporation) were used as received. 

3.3.2 Reactor Studies 

Experiments were conducted in a temperature controlled quartz packed bed reactor, 

where the effluent gas concentrations were measured with online mass spectrometry 

(HALO 201, Hiden Analytical Inc.). Catalysts were sieved to < 75 µm and diluted 10:1 

with inert silica gel (Sigma Aldrich, high purity grade 150Å) in order to prevent the 
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influence of local heating and internal or external mass transfer limitations during low 

temperature experiments.26,27 This is shown in Figure 3.1 where no change in reaction rate 

is observed with catalyst bed dilution with inert SiO2 or total flow rate, as described in 

Chapter 2. 50 mg of Pt/CeO2 and Pt/Al2O3 and 100 mg of hopcalite/LiOH were used in all 

experiments.  

 
Figure 3.1. Variation of catalyst dilution with inert SiO2 and total flow rate, showing no 

mass or heat transfer limitations under the operating conditions of 30:1 dilution and 100 

sccm.  

Pt/Al2O3 and Pt/CeO2 catalysts were pretreated in-situ by heating to 230°C and 

reducing in H2 (99.999%, Airgas) for 60 minutes. The reactor was flushed with He 

(99.999%, Airgas) and cooled to 200°C, where the catalyst was exposed to CO oxidation 

reaction conditions (100 ppm CO, 20% O2, 10% Ar and balance He) for 6 hours. The Pt 
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catalysts were then cooled to 30°C, where a temperature ramp from 30°C to 150°C, holding 

every 10°C 30 minutes, was performed to verify that the catalytic activity was consistent 

with previous measurements. Hopcalite/LiOH samples were heated to 230°C and calcined 

in-situ in O2 (99.999%, Airgas) for 60 minutes.10 The reactor was flushed with He, cooled 

to 200°C, and exposed to reaction conditions. All further experiments with H2O, Freon, 

and MeCl contaminants were performed using identical protocols. 

For the exposure and low temperature CO oxidation experiments performed in a 

humid environment, the temperature at which each catalyst exhibited ~30-80% conversion 

(hopcalite/LiOH = 50°C, Pt/CeO2 = 65°C, Pt/Al2O3 = 95°C) was held while 70% of the 

reactant flow was diverted through a water bubbler at 25°C prior to delivery to the reactor, 

which resulted in ~2% H2O in the reactant gas stream prior to the catalyst bed. The impact 

of water at a constant temperature was then monitored for at least 60 min or until the 

catalyst was stable. The catalyst was then cooled to ambient conditions and a 30°C-150°C 

temperature ramp was performed in humid reaction conditions (100 ppm CO, 2% H2O, 

20% O2, 10% Ar and balance He).  

Freon oxidation experiments were performed using a fresh catalyst (dry 

pretreatment) and exposing the catalyst to 10 ppm freon with CO oxidation reaction 

conditions (10 ppm Freon 134a, 100 ppm CO, 20% O2, 20% Ar and balance He) at 200°C 

for 30 minutes, followed by a temperature ramp from 200°C to 400°C, holding for 30 

minutes every 25°C. Freon 134a concentrations were calibrated and measured by online 

mass spectroscopy using m/z of 33 amu. MeCl oxidation experiments were performed 

identically to the freon oxidation experiments using 10 ppm MeCl, 100 ppm CO, 20% O2, 
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20% Ar and balance He. MeCl partial pressures were calibrated and measured by online 

mass spectroscopy using m/z of 50 amu. 

3.3.3 Catalyst Characterization 

3.3.3.1TEM 

Transmission electron microscopy (TEM) images were obtained using a FEI 

Tecnai12 TEM operating at 120kV. Powdered catalysts were dispersed in deionized H2O 

and deposited on lacey carbon Cu grids (Ted Pella, Inc.). Particle size distributions were 

determined by measuring at least 50 nanoparticle diameters for each material using ImageJ 

software. 

3.3.3.2Diffuse Reflectance Fourier Transform Infrared Spectroscopy 

Diffuse Reflectance Fourier Transform Infrared Spectroscopy (DRIFTS) 

measurements of CO chemisorbed on Pt catalysts were performed as described 

previously.28 Briefly, each catalyst was loaded into a high temperature reaction chamber 

(Harrick Scientific) which was mounted inside a Thermo Scientific Nicolet iS10 FTIR 

spectrometer with a MCT detector and equipped with a Praying Mantis diffuse reflectance 

adapter (Harrick Scientific). All spectra were measured in Kubelka-Munk (KM) units by 

using a reduced catalyst as a background and averaging 128 scans at a resolution of 4 cm-

1. Each catalyst was reduced as stated above (1 hour at 230°C in flowing H2), followed by 

flushing the cell out with He while cooling to ambient conditions. The catalysts were then 

exposed to saturation coverages of CO for 10 minutes, and spectra were taken 1 minute 

after flushing the gas phase and physisorbed CO out of the reaction cell.  
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3.3.3.3Autochem/Chemisorption/Physisorption 

Support surface area measurements were performed by N2 physisorption using a 

Micromeritics ASAP 2020 BET analyzer at -196°C. Pt metal dispersions were measured 

via CO pulse chemisorption using a Micromeritics Autochem II 2920 gas analyzer. A 

typical procedure for measuring Pt dispersion involved loading ~500 mg of calcined 

catalyst into a U-shaped sample tube, and reduced at 230°C for 1 hour in 10% H2/Ar 

(Airgas). The catalyst was then flushed with He while ramping to 500°C and holding for 

30 min to degas the sample. After cooling to ambient conditions, pulse chemisorption 

measurements were performed with 10% CO/He (Airgas) and measuring the effluent using 

a thermal conductivity detector. Dispersion measurements were an average of 3 distinct 

measurements.  

3.4 Results 

3.4.1 Oxidation of carbon monoxide  

The dispersions of the two Pt catalysts determined from CO chemisorption were 

23.3% ± 4.1% and 27.5% ± 10.6% and particle sizes determined from chemisorption 

measurements assuming a hemispherical particle were 5.01 ± 0.82 nm and 4.89 ± 2.09 nm 

for Pt/Al2O3 and Pt/CeO2 respectively. This is in reasonable agreement with the resulting 

particle size distributions from TEM analysis, which gave particle sizes of 6.40 ± 3.02 nm 

and 6.53 ± 1.57 nm for Pt/Al2O3 and Pt/CeO2, respectively (Figure 3.2). The relative 

similarity of the two Pt species was expected as both were synthesized as colloidal inks 

through identical approaches before deposition onto the supports. This was further 
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confirmed by performing DRIFTS analysis of CO chemisorbed on Pt/Al2O3 and Pt/CeO2 

catalysts (Figure 3.2d). Both catalysts exhibit a similar distribution of CO bound to well-

coordinated (WC) Pt and CO bound to under-coordinated (UC) Pt sites, as evidenced by 

the intensities of the peaks ~ 2085 cm-1 and 2065-2070 cm-1, respectively.28 In addition, 

the Pt/CeO2 catalyst also had a small peak at a frequency of ~2105-2110 cm-1 which is 

likely due to the partially oxidized interfacial sites at the Pt/CeO2 interface.29,30 Therefore, 

it was assumed that any particle size effect between Pt/Al2O3 and Pt/CeO2 is negligible, 

and any differences in the catalytic behavior of the two Pt catalysts is due to differences in 

support effects.28 The surface area of the γ-Al2O3 and CeO2 supports were 80 m2/g and 60 

m2/g, compared to hopcalite/LiOH which was 220 m2/g, consistent with previous 

reports.31,32  
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Figure 3.2. TEM images of colloidally synthesized (a) 0.5% Pt/Al2O3, (b) 0.5% Pt/CeO2 

and (c) a commercial hopcalite/LiOH catalyst. (d) DRIFTS spectra of CO chemisorbed on 

Pt/Al2O3 and Pt/CeO2 catalysts at saturation coverage and room temperature.  

Figure 3.3 shows the influence of reaction temperature on the CO conversion in a 

dry air stream and in the absence of any trace halogenated species over the three catalysts 

investigated in this report (100 ppm CO, 20% O2).  All catalysts exhibited complete 

removal of 100 ppm CO by 110°C, with hopcalite/LiOH exhibiting the highest activity at 
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low temperatures, followed by Pt/CeO2 with complete CO removal by 80°C and Pt/Al2O3 

showing the lowest activity with complete CO removal at <110°C. Apparent activation 

barriers for Pt/CeO2 and Pt/Al2O3 derived from low temperature CO oxidation data under 

differential conditions were found to be ~78 kJ/mol and ~59 kJ/mol for Pt/Al2O3 and 

Pt/CeO2, respectively, which are consistent with previous reports.25,28,32 Apparent 

activation barriers of CO oxidation on hopcalite barriers have been found to be somewhat 

lower than Pt based catalysts. Although differential reaction conditions could not be 

achieved above 30°C in our study, the results are consistent with previous reports which 

show apparent activation barriers of ~45 kJ/mol for CO oxidation over CuMn2O4 catalysts 

and has been attributed to a concerted spillover mechanism where Mn and Cu sites both 

act as active sites for O2 and CO, respectively.33 
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Figure 3.3. Conversion of CO to CO2 by O2 as a function of temperature for Pt/Al2O3, 

Pt/CeO2, and hopcalite/LiOH in dry CO oxidation reaction conditions (100 ppm CO, 20% 

O2). 

3.4.2 Influence of humidity on CO oxidation reactivity 

In order to determine how each of the catalysts operated under humid environments 

that are typical of submarine atmospheres, isothermal experiments were performed where 

each catalyst was operated in a dry CO contaminated air stream at a temperature where 30-

80% CO conversion was achieved. The catalysts were then exposed to ~2% H2O in the gas 

stream (~70% relative humidity at 25°C, achieved by flowing 70% of the gas stream 

through a water bubbler) at constant temperature and reactivity was monitored over time. 

Figure 3.4 shows the change in CO conversion as a function of time for the three catalysts. 

Hopcalite/LiOH exhibits a complete loss of activity to <5% CO conversion within 10 

minutes, in agreement with previous results,12,13 whereas both Pt/Al2O3 and Pt/CeO2 both 
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exhibit a strong promotion of the CO oxidation reaction in upon exposure to 2% H2O. It 

should be noted that the initial spike in the CO conversion is due to changing partial 

pressures from switching the flow to the H2O bubbler.  

 
Figure 3.4. Impact of water exposure on the CO oxidation activity of hopcalite/LiOH 

(50°C), Pt/CeO2 (65°C), and Pt/Al2O3 (95°C) in a stream of 100 ppm CO, 20% O2 and 2% 

H2O. The initial spikes in CO conversion are due to changing CO2 partial pressures upon 

switching gas flow to the H2O bubbler. 

After 6 hours of flowing the reactants (100 ppm CO, 2% H2O, 20% O2) at constant 

temperatures, the catalysts were cooled and run at the same temperatures as the dry reactant 

stream (Figure 3.2), while still under H2O flow (Figure 3.5). The results show a large 

negative impact on the hopcalite/LiOH catalyst, where CO is not fully removed until 

temperatures >150°C. This fast deactivation is well documented and has been attributed to 

H2O adsorption blocking O2 activation sites and the change of Cu2+ and Mn3+ oxidation 
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states.12,15 In contrast, both Pt/Al2O3 and Pt/CeO2 exhibit higher CO conversions as a 

function of temperature, as compared to a dry stream, with complete CO conversion at 

similar temperatures (by 40°C and 60°C, respectively). This is consistent with reports in 

literature showing CO oxidation activities increase in the presence of water over Pt-based 

and three-way catalysts, and is most likely due to H2O decreasing the binding strength of 

CO to the noble metal surface.20–24 

 
Figure 3.5. CO conversion as a function of temperature for hopcalite/LiOH, Pt/CeO2 and 

Pt/Al2O3 in a humid gas stream (100 ppm CO, 2% H2O, 20% O2) after operating for 6 hours 

at conditions shown in Figure 3.4.  

3.4.3 Catalytic oxidation of Freon in a CO contaminated stream 

The oxidation of 1,1,1,2 trifluoroethane (Freon 134a) as a model freon compound 

was investigated in a CO contaminated dry air stream over each catalyst at high 

temperatures (200-400°C). Figure 3.6 shows the impact of temperature on the consumption 
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of freon in a gas stream consisting of 10 ppm Freon 134a, 100 ppm CO, 20% O2, 20% Ar 

and balance He. All catalysts exhibited minimal activation of freon in the temperature 

range studied, indicating that fluorinated hydrocarbons are fairly stable over the catalysts 

at these temperatures, consistent with previous reports.34,35 All catalysts exhibited 100% 

CO conversion at all temperatures (data not shown). These results show that freon 

oxidation is not a significant concern on any of the tested catalysts at reasonable operating 

conditions. 

 
Figure 3.6. Oxidation of Freon 134a over hopcalite/LiOH, Pt/CeO2, and Pt/Al2O3 catalysts 

in a stream of 10 ppm Freon 134a, 100 ppm CO, 20% O2. All catalysts exhibited 100% CO 

conversion at all temperatures shown. 

3.4.4 Catalytic oxidation of methyl chloride in a CO contaminated stream  

Methyl chloride (also known as R-40) is a compound that has been widely used as 

a refrigerant, has been found in submarine atmospheres and is a model compound to 
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investigate the cleavage of C-Cl bonds. Figure 3.7 shows the conversion of MeCl as a 

function of temperature in a gas stream consisting of 10 ppm MeCl, 100 ppm CO, 20% O2, 

20% Ar and balance He. It should be noted that we only measured the consumption of 

MeCl and did not attempt to identify which products were formed due to the trace amounts 

of products, but it has been shown that several harmful products can be produced, such as 

HCl, Cl2, and in some instances phosgene.36–38 All catalysts also exhibited complete 

removal of CO at the temperatures investigated (200-400°C, data not shown). 

The MeCl consumption data shows at least 40% conversion of MeCl over the 

hopcalite/LiOH catalyst at 200°C, which increases to ~100% by 350°C. Chlorinated 

hydrocarbons have exhibited instability when passed over hopcalite based catalysts below 

300°C.35,38,39 Both Pt based catalysts show no loss of MeCl below 275°C, with Pt/Al2O3 

exhibiting higher activity at 400°C (~80% conversion) than Pt/CeO2 (~20% conversion). 

Chlorine is a well-known poison for Pt based catalysts, however it was observed here that 

MeCl was stable under reaction conditions at temperatures <275°C, suggesting minimal 

interaction with the Pt surfaces.40–43 
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Figure 3.7. Oxidation of methyl chloride over hopcalite/LiOH, Pt/CeO2, and Pt/Al2O3 

catalysts in a stream of 10 ppm methyl chloride, 100 ppm CO, 20% O2. All catalysts 

exhibited 100% CO conversion at all temperatures shown. 

3.5 Discussion 

3.5.1 Comparison of CO oxidation activity in dry stream 

CO oxidation on irreducible oxide supported-Pt surfaces has been thoroughly 

studied, and has been shown to follow Langmuir Hinshelwood kinetics at low 

temperatures, where the surface is poisoned by CO, and the rate limiting step (RLS) is CO 

desorption to allow for CO-assisted O2 activation.25,28,44 In addition, the Pt-CeO2 interface 

has been shown to enhance the rate of CO oxidation (as compared to Al2O3 supported Pt), 

due to the reducibility of the CeO2 support and participation of lattice oxygen.32 However, 

the comparatively lower activation energies and reaction kinetics observed on hopcalite 
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based catalysts at low temperatures has been related to a concerted spillover mechanism, 

where the RLS is related to CO chemisorption to Cu active sites, followed by the 

dissociation and spillover of adsorbed oxygen from the Mn site to the CO adsorbed on the 

Cu site.8,9,33 In a dry stream free of trace halogenated compounds, all catalysts exhibit high 

activity towards CO above 110°C, where the activity trends in the order 

hopcalite/LiOH>Pt/CeO2>Pt/Al2O3 below 110°C. 

3.5.2 Impact of H2O on CO oxidation rates 

It has been proposed that the deactivation of copper and manganese mixed oxide 

catalysts in the presence of H2O is related to the change in surface concentration of the 

active phase Cu2+/Mn3+ to Cu+/Mn4+, as determined by X-ray photoelectron spectroscopy 

(XPS).12,13,15 In addition, the blocking of active sites by H2O molecules12 and phase 

segregation15 have also been proposed to play roles in the deactivation of copper and 

manganese mixed oxides. In contrast, since CO oxidation over Pt-based catalysts at low 

temperatures typically operate under CO poisoned conditions, any enhancements in rate 

can be attributed to an enhancement in the RLS, which is directly related to the Pt-CO 

binding energy.25,45 Therefore, promotion of CO oxidation at low temperatures in the 

presence of H2O has been attributed to the weakening of the CO-Pt binding energy.20–24 In 

addition, the water gas shift reaction has been shown to play a minimal role at temperatures 

<200°C, suggesting that H2O is not directly acting as a reactant under our reaction 

conditions.20  These results highlight that Pt catalysts are much more robust than 

hopcalite/LiOH catalysts in potentially humid environments, due to the promotion of CO 

oxidation on Pt catalysts as compared to the strong deactivation of hopcalite/LiOH in the 
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presence of H2O. Operationally this would mean that Pt based catalysts could be operated 

at lower temperatures in CO burners, yielding higher efficiency of the pollution control 

unit, likely also resulting in longer lifetimes for the catalysts. 

3.5.3 Discussion of MeCl activity 

Hopcalite catalysts have been shown to be active for the destruction of several 

chlorinated compounds in the temperature range of 250°C to 350°C, including the 

decomposition of methyl chloroform, vinylidene chloride, trichloroethylene, and 

tetrachloroethylene to primarily hydrochloric acid.38,39 To combat the production of these 

dangerous compounds, up to 10% LiOH has been added to the hopcalite catalyst beds to 

act as a sorbent to reduce and neutralize the acid gases in the exhaust stream.4,38 However, 

we observed no observable differences between hopcalite/LiOH and Carulite 300 

(hopcalite with no LiOH added) during low temperature (30°C – 150°C) CO oxidation 

experiments in a dry stream or for high temperature (200°C – 400°C) MeCl consumption 

activity (data not shown). LiOH is likely acting as a sorbent for acid gases produced during 

MeCl consumption while having little to no impact for adsorbing MeCl, hence the reason 

we see no difference between the hopcalite materials for MeCl consumption.  

The impact of chlorine on the catalytic activity of Pt catalysts has been widely 

studied and is known to exhibit poisoning of the Pt catalyst by chlorine.40–43  However, we 

observed that the Pt/CeO2 catalysts was less reactive towards MeCl conversion as 

compared to Pt/Al2O3 and much less reactive than hopcalite/LiOH. This suggests that 

Pt/CeO2 is less reactive than Pt/Al2O3 for activation of C-Cl bonds in CO contaminated 

environments, as this is likely the RLS for MeCl combustion.46 We hypothesize that the 
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Pt-Cl bond (Cl is highly electronegative) on the Pt/CeO2 catalyst (which exhibits δ+ charged 

interfacial Pt atoms after charge donation to the CeO2 support caused by Pt-O bond 

formation; see Figure 3.2d) is weaker than on the more neutral Pt/Al2O3 catalyst.29,30,47 The 

weaker Pt-Cl interaction on the Pt/CeO2 system would be expected to result in a higher 

barrier for C-Cl bond activation on the Pt surface and thus lower reactivity. The slightly 

higher activity of Pt/Al2O3 is also consistent with recent results of hydrodechlorination of 

trichloroethylene over Pt/CeO2 and Pt/Al2O3 catalysts, which also showed a higher 

conversion of trichloroethylene over Pt/Al2O3, as compared to Pt/CeO2.
46 The results of 

Figure 3.7 clearly show that hopcalite/LiOH catalysts exhibit a much higher tendency 

towards the destruction of C-Cl bonds than Pt catalysts at short time scales in CO 

contaminated air. 

3.6 Conclusions 

In a comparison of hopcalite/LiOH and Pt based catalysts, CO Oxidation activity 

in a dry air stream contaminated with 100 ppm CO, was observed to be slightly different 

at low temperatures, with hopcalite/LiOH being the most active, followed by Pt/CeO2, and 

Pt/Al2O3. All catalysts exhibit complete CO removal by 110°C. A complete deactivation 

of the hopcalite/LiOH catalyst and promotion of CO oxidation over Pt/CeO2 and Al2O3 

catalysts in the presence of 2% H2O indicate that Pt based catalysts are more robust and 

are more active for CO removal at temperatures below 60°C in humid environments, which 

are typically found onboard submarines. All catalysts exhibited minimal activity towards 

oxidation of the model fluorinated hydrocarbon, freon 134a, indicating that C-F bonds are 

relatively stable under the explored conditions. However, hopcalite/LiOH exhibited high 
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activity towards cleaving C-Cl bonds in MeCl at temperatures as low as 200°C, whereas 

both Pt/CeO2 and Pt/Al2O3 exhibited a small amount of activity above 275°C. Pt/CeO2 

uniquely exhibited high CO oxidation reactivity and the lowest MeCl oxidation reactivity.   

In the context of the ideal catalyst characteristics for naval submarine pollution 

control, Pt based catalysts showed clear beneficial behaviors as compared to currently used 

hopcalite/LiOH catalysts. Notably, Pt-based catalysts were shown to be more robust in the 

presence of humidity and have a lower activity towards breaking C-Cl bonds into 

potentially dangerous and toxic compounds. Currently used hopcalite/LiOH catalysts 

require increased operating temperatures over time in order to combat deactivation by H2O, 

which in turn increases operating costs, as well as increases the amount of potentially 

dangerous and toxic compounds formed from the decomposition of chlorinated refrigerant 

molecules. Pt-based catalysts exhibit behavior that combats these negative characteristics 

of hopcalite/LiOH and thus, it is proposed that Pt based catalysts would provide significant 

advantages over hopcalite catalysts for confined space pollution control applications.  
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Chapter 4  

Utilizing quantitative in-situ FTIR spectroscopy to identify well-coordinated Pt 

atoms as the active site for CO oxidation on Al2O3 supported Pt catalysts 

4.1 Summary 

Relationships between geometric structures of active metallic sites and areal rates 

of reaction (structure sensitivity) are extensively studied for supported metal catalysts. For 

CO oxidation on irreducible oxide supported Pt catalysts there still exists a discrepancy 

regarding structure sensitivity. Theoretical and single crystal analyses suggest the CO 

oxidation reaction rate should be highly structure sensitive, whereas measurements on 

supported Pt catalysts show only minimal structure sensitivity. Here, we used quantitative 

in-situ diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS) to investigate 

the influence of CO oxidation reaction conditions on the fraction of well- and under-

coordinated (WC and UC) Pt active sites on a series of four α-Al2O3 supported Pt catalysts 

with average Pt sizes ranging from ~1.4-19 nm. Pt nanoparticle surfaces were observed to 

restructure under CO oxidation reaction conditions, increasing the fraction of UC Pt sites. 

Reconstruction rendered the fraction of WC and UC sites less dependent on Pt particle size 

than expected from geometric models. A model, coupling the DRIFTS measurements with 

previous theoretical calculations, was quantitatively correlated to the measured slight 

structure sensitivity on the same series of catalysts. Our results bridge the gap between 

previous studies exploiting theory, single crystals, and supported Pt catalysts, by 

demonstrating that WC Pt atoms are the active site for CO oxidation, but that CO-induced 
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restructuring of Pt nanoparticle surfaces masks the inherent structure sensitivity in particle 

size dependent rate measurements. 

 
Figure 4.1. Overview of Pt nanoparticle restructuring in the presence of high coverages of 

CO. 

4.2 Introduction 

Relating characteristics of active sites on heterogeneous oxide-supported metal 

catalysts to performance in facilitating chemical transformations is crucial for 

understanding catalytic processes, and for optimizing catalyst performance in pollution 

mitigation, chemical synthesis, and energy production.1–5 Relationships between geometric 

structures of active metallic sites and areal rates of reaction (rate on a per active surface 

area basis) are perhaps the most deeply analyzed in the field of supported metal catalysts.5–

7 On technical catalysts, consisting of nanometer-sized metal nanoparticles dispersed on 

oxide supports, exposed metal active sites exist in various geometries characterized by their 

location on the nanoparticle surface (i.e. terrace, step, edge and corner sites), or 

quantitatively by their metal coordination number. As nanoparticle size is increased, it is 
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assumed the fraction of total exposed metal sites existing as well-coordinated (WC, 

terraces) sites increases, and the fraction of under-coordinated (UC, steps, edges and 

corner) sites decreases.8 Similarly, the concentration and structure of WC and UC sites on 

single metal crystals can be varied by cutting the crystal along different miller planes. Thus, 

if an areal reaction rate significantly depends on particle size, or single crystal facet, a 

reaction is deemed structure sensitive, where it is assumed that the structure sensitivity is 

manifested from different apparent activation barriers (Eapp) for the reaction on different 

active site geometries. In contrast, if the areal reaction rate minimally depends on particle 

size, the reaction is regarded as structure insensitive and it is considered that the Eapp is 

essentially identical at all active site geometries. Examples exist where there is excellent 

agreement between analysis of structure sensitivity on single crystals, high surface area 

catalysts and in theoretical models, providing a complete description of the active site 

under reaction conditions. This includes structure sensitive reactions such as ammonia 

synthesis over Ru catalysts,9 or structure insensitive reactions such as ethylene 

hydrogenation over Pt catalysts.10  

The catalytic oxidation of CO on Pt catalysts has practical importance in 

automotive catalysis, and serves as an ideal catalytic system for fundamental surface 

processes.11,12 Under the most commonly studied reaction conditions, where the Pt surface 

is poisoned by monolayer coverage of CO, the accepted mechanism for CO oxidation on 

irreducible oxide-supported Pt nanoparticles is a modified Langmuir-Hinshelwood type 

mechanism, where the rate-limiting step (RLS) is an O2-assisted CO desorption step.13 This 

RLS requires an adjacent vacant Pt site, necessitating that a CO desorption event occurs to 
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initiate the catalytic cycle, and therefore the CO adsorption energy is implicitly included 

in the Eapp. It has been suggested from theory13–17 and ultra-high vacuum (UHV) studies on 

single crystals18–21 that the reaction is expected to be structure sensitive under these 

conditions, because of the highly structure-sensitive adsorption energy of CO. The ~0.5-1 

eV stronger adsorption energy for CO on UC Pt atoms compared to WC Pt sites is expected 

to hinder reactions occurring at the UC sites, and cause the WC Pt atoms to be the active 

site and exhibit the highest reactivity.13,14 However, numerous experiments under 

conditions of high CO coverage on supported Pt nanoparticles of various sizes, specifically 

on irreducible supports, have shown minimal dependences of areal reaction rates on 

nanoparticle size, consistent with structure insensitive behavior,13,22–28 and incongruous 

with theoretical predictions. In a recent detailed report analyzing the active site of CO 

oxidation on irreducible oxide supported Pt catalysts using infrared (IR) spectroscopy, the 

most definitive conclusion that could be reached is that metallic Pt is the active site, with 

no further description of the geometry of the metallic Pt site.29 It should also be noted that 

the materials and pressure gap between UHV studies on single crystals and high pressures 

on technical catalysts has largely been bridged, and it has been shown that all exhibit 

Langmuir-Hinshelwood reaction kinetics with similar rates.30
  However, discrepancies still 

exist between conclusions of mechanistic analyses on single crystals and nanoparticles. 

There have been several proposed mechanisms to rationalize the discrepancy 

between expected structure sensitivity from theoretical and single crystal studies, and 

observed structure insensitivity from analysis of irreducible oxide supported nanoparticle 

catalysts under steady state conditions. These mechanisms include a compensation effect 
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between CO binding energy and activation energy (Ea) of the CO assisted O2 dissociation 

step,13 CO diffusion from steps to terraces at high coverages,18,31 and catalyst restructuring 

under high coverage of CO and high temperature.32–34 Importantly, the surface structure of 

metal catalysts has been shown to be modified during catalytic processes in the presence 

of strongly bound adsorbates.8,32–41 Recent work, coupling ambient pressure Scanning 

Tunneling Microscopy (STM) and X-Ray Photoelectron Spectroscopy (XPS), has directly 

demonstrated that at high CO coverage on Pt single crystals, significant reconstruction 

occurs that increases the relative concentration of UC Pt sites.33,34 To account for the 

potential of surface reconstruction affecting particle size dependent reaction rate 

measurements in CO oxidation on Pt nanoparticles, quantitative measurements of active 

site distributions under reaction conditions are required.  

Characterization of adsorbate-induced reconstruction of metal nanoparticle surface 

structures under reaction conditions has been performed by in-situ Transmission Electron 

Microscopy (TEM),36–39 X-ray absorption spectroscopy (XAS),42–48 X-ray Diffraction 

(XRD),21 and IR spectroscopy.41,49–51 Combinatorial approaches combining these 

complementary techniques are ideal, and provide important contributions to fundamental 

understanding of catalytic processes and structure-function relationships.46,52–54
  Using in-

situ XAS and in-situ TEM, it has been established that CO can induce reconstruction of Pt 

nanoparticle surfaces under reaction conditions, in agreement with reports on single 

crystals. In-situ TEM is a powerful tool for observing particle morphology and in-situ XAS 

primarily provides insights into changes in average metal coordination number, oxidation 

state, and electronic structure. However, neither of these techniques provide a sample-
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averaged quantitative measure of the number of total metal active sites existing in different 

coordinations (WC or UC), and have not been utilized to quantitatively correlate this to the 

areal reaction rate. This is required to understand how restructuring influences properties 

of the catalyst, for example the particle size dependent reaction rate.40  

Here, we utilized quantitative in-situ Diffuse Reflectance Fourier Transform 

Infrared Spectroscopy (DRIFTS) to investigate the influence of high CO coverage (under 

CO oxidation reaction conditions) on the concentration of WC and UC Pt active sites on 

α-Al2O3 supported Pt nanoparticle catalysts with average Pt sizes ranging from ~1.4-19 nm 

diameter. Pt nanoparticles were observed to exhibit significant and reversible restructuring 

under commonly employed CO oxidation reaction conditions, increasing the fraction of 

UC Pt sites. It is shown that the largest relative amount of Pt nanoparticle surface 

reconstruction occurs for the largest studied Pt particles (~19 nm), yielding a ~380% 

increase in the relative fraction of UC sites on the catalyst surface, compared to 

measurements made at room temperature. The relative amount of reaction condition 

induced surface reconstruction decreases with decreasing Pt nanoparticle size, effectively 

rendering the fraction of WC and UC sites less dependent on particle size than expected 

from geometric models. A definitive correlation between the areal reaction rate and the 

measured fraction of WC sites under reaction conditions strongly suggests that the active 

site of CO oxidation on Pt nanoparticles is the WC Pt site. The results demonstrate that CO 

oxidation on Pt nanoparticle surfaces is structure sensitive, but that this effect is masked 

by CO-induced restructuring of Pt nanoparticle surfaces. Our results bridge the gap 

between theoretical and single crystal reports predicting structure sensitivity and 
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experimental measurements on technical catalysts exhibiting minimal structure sensitivity, 

and provide a complete description of the observed trends in the structure sensitivity of CO 

oxidation on irreducible oxide supported Pt nanoparticles of various sizes. 

4.3 Experimental Details 

4.3.1 Synthesis of Pt/α-Al2O3 Catalysts  

Four platinum catalysts were synthesized via incipient wetness impregnation of 

aqueous H2PtCl6 (Sigma Aldrich, 37.50% Pt) solutions onto α-Al2O3 supports (Alfa Aesar, 

>99.98%) at varying weight loadings (0.05%, 0.5%, 1.0% and 5.0%). For each catalyst, 

the desired amount of Pt precursor was diluted to 1.50 mL with deionized H2O, and mixed 

with α-Al2O3 to give a final catalyst mass of 2 grams. The catalysts were dried in an 

evaporation dish at 373 K overnight, and calcined in air according to Table 4.1.55 It is 

important to note, that in the case of the 5.0% weight loading catalyst the actual loading is 

likely much lower as there was loss of Pt due to evaporation of PtO2 and leaching of Pt into 

the boat used to hold the catalyst during calcination.56 
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Table 4.1. Description of catalyst pretreatment conditions, number of surface atoms per 

gram (measured by CO chemisorption), and reaction orders. 

Catalyst 
Calcination Conditions  

(in air) 

# Surface Pt 

Atoms/gcat 

(CO Chemi) 

*1018 

α
CO

 α
O2

 

Pt (1.4 nm) 400°C, 5 hrs 1.11 -0.79 0.70 

Pt (3.0 nm) 400°C, 5 hrs 3.11 -0.71 0.98 

Pt (10 nm) 600°C, 6 hrs 1.28 -0.75 0.98 

Pt (19 nm) 650°C, 24 hrs 0.92 -0.68 0.96 

Average - - -0.73 0.90 

4.3.2 Characterization 

4.3.2.1 H2 and CO Chemisorption Measurements 

H2 and CO pulse chemisorption dispersion measurements were performed using a 

Micromeritics Autochem II 2920 gas analyzer. In a typical measurement, approximately 

500 mg of calcined catalyst was loaded into a U-shaped sample tube, and reduced at 573 

K for 2 hours in 10% H2/Ar (Airgas). The catalyst was then flushed with He (99.999%, 

Airgas) while ramping to 798 K, and holding at that temperature for 30 min. After cooling 

to ambient conditions, pulse chemisorption measurements were performed with either 10% 

H2/Ar or 10% CO/He (Airgas), while monitoring the effluent with a thermal conductivity 

detector. The total flow rate for each experiment was 50 sccm, and all dispersion values 

were an average of 3 distinct measurements. Dispersion was calculated assuming 
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hemispherical clusters. The volume of active gas adsorbed on the surface of each catalyst 

per gram of material was used in calculation of TOFs and is displayed in Table 4.1. 

4.3.2.2DRIFTS 

DRIFTS experiments were carried out in a high temperature reaction chamber 

(Harrick Scientific) equipped with ZnSe windows, mounted inside a Praying Mantis 

diffuse reflectance adapter (Harrick Scientific), and coupled to a Thermo Scientific Nicolet 

iS10 FTIR spectrometer with a liquid nitrogen-cooled HgCdTe (MCT) detector. All spectra 

were obtained in Kubelka-Munk (KM) units by using a reduced catalyst as a background, 

and by averaging 128 scans at a resolution of 4 cm-1. All measurements were made while 

purging the FTIR and Praying mantis diffuse reflection accessory with dry N2. It should be 

noted that care must be taken regarding the thermal profile for in-situ DRIFTS reactors.57 

All temperatures used in this study were calibrated using an optical pyrometer to represent 

the temperature of the catalyst surface being observed by the spectrometer. 

In a typical experiment, the DRIFTS reactor was loaded with approximately 80 mg 

of pure α-Al2O3 support, followed by 25 mg of Pt/α-Al2O3 catalyst packed on top of the 

inert support. The catalyst was reduced at 573 K for 2 hours in pure H2 (99.999%, Airgas), 

then flushed with He at 300 sccm. Background spectra were taken at 450 K for the spectra 

measured under reaction conditions, and 298 K for pre and post reaction spectra. Room 

temperature chemisorption measurements were made by flowing 10% CO/He at 100 sccm 

over the catalyst for 10 minutes (to ensure saturation coverage), followed by flushing with 

He at 300 sccm and taking pre and post-reaction spectra approximately 1 minute after 

flushing out the gas phase CO. DRIFTS spectra under reaction conditions were taken after 
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the catalyst had been at reaction conditions (1% CO, 1% O2, 98% He, 100 sccm total) for 

6 hours (to ensure steady state reactivity), and holding the reactor at each temperature for 

10 minutes prior to taking a DRIFTS measurement. CO coverage dependent DRIFTS 

spectra were obtained using a reduced catalyst at 298 K under 100 sccm He flow, and 

dosing the catalyst with designated aliquots of CO. Spectra were measured after 30 minutes 

of purging the catalyst bed with He to avoid diffusional effects within the catalyst bed, 

followed by subsequent pulses of CO and purging until saturation was observed. It is 

critical to note that the assumption of saturation coverage of CO under all conditions 

utilized in this study is justified from the observed negative dependence of the reaction rate 

on CO partial pressure,13 and the previously measured heats of adsorption and saturation 

coverages at elevated temperatures up to 525 K.58 

4.3.2.3Quantitative Site Fraction Analysis 

Quantitative site fraction analysis was performed in a similar fashion to our 

previous work, where we demonstrated rigorous structure-function relationships in CO2 

reduction over Rh based catalysts.59 Quantification of DRIFTS spectra were performed by 

peak deconvolution, integration and normalization by extinction coefficients according to 

Equation 4.1, where Xi is the fraction of total CO molecules bonded to WC or UC Pt sites, 

Ai is the area of the peak assigned to the C-O stretch associated with bonding to WC or UC 

Pt sites, and εi is the respective, relative extinction coefficient.  

𝑋𝑖 =
𝐴𝑖/𝜀𝑖

∑ [𝐴𝑖/𝜀𝑖]2
𝑖=1

  (4.1) 
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Detailed analyses of CO adsorbed at single crystal Pt terrace and step sites have 

shown that the IR extinction coefficient is a factor of 2.7 greater on edge than terrace sites, 

which was measured using two methods, at 11 K and 85 K, and at the limit of low coverage 

and high coverage which each showed the same extinction coefficient factor.60,61 Through 

this methodology the fraction of total CO bound to WC and UC sites is deduced. By 

assuming complete and relatively consistent coverage of CO on the Pt surfaces, this 

measurement yields the fraction of total surface Pt atoms existing either as WC or UC. 

4.3.2.4Transmission Electron Microscopy 

Transmission electron microscope (TEM) images were obtained using a FEI-

Philips CM300 TEM equipped with a LaB6 filament operating at an accelerating voltage 

of 300kV, in addition to a FEI Tecnai12 TEM operating at 120kV. Powdered catalysts 

were dispersed in distilled water and deposited on lacey carbon Cu grids (Ted Pella, Inc.). 

Particle size distributions were determined by measuring at least 100 particles for each 

material, and analyzed using ImageJ software. TEM dispersion (DTEM) measurements were 

estimated according to Equation 4.2, where d is the average particle diameter, determined 

via TEM.13,62  

𝐷𝑇𝐸𝑀 = 1.483
〈𝑑2〉

〈𝑑3〉
− 0.733

〈𝑑〉

〈𝑑3〉
+

0.121

〈𝑑3〉
 (4.2) 

4.3.3 Kinetic Measurements 

Kinetic and TOF measurements were performed under differential reactor 

conditions in a quartz tubular packed bed reactor and effluent gases were measured using 

on-line mass spectrometry (HALO 201, Hiden Analytical Inc.). In order to ensure we were 
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monitoring surface reaction kinetics and not internal or external diffusion kinetics, all 

catalysts were sieved to <75 µm and diluted 5:1 with inert Silica gel (high purity grade, 

pore size 150Å, Sigma-Aldrich).63,64 Each sample was reduced at 573 K in pure H2 for 2 

hours, then cooled in a He stream to 403 K, followed by exposure to reactants (1% CO, 

10% O2, 98% He) for 6 hours to ensure steady state TOF measurements. Reaction rate 

orders of CO and O2 were determined by varying partial pressures of CO and O2, by at 

least 50%, respectively. CO oxidation was executed under reaction conditions that have 

been extensively demonstrated to exhibit Langmuir-Hinshelwood kinetics, with saturation 

coverage of CO.11,13 TOFs were measured by normalizing the molecular reaction rate 

(molecules/gcat*s) to the number of metal sites measured by CO pulse chemisorption (# 

sites/gcat), Table 4.1. 

4.3.4 Geometric Model for Site Fractions of Nanoparticles 

A geometric model was utilized to determine expected fractions of WC and UC site 

fractions on cuboctahedron, icosahedron, and cube nanoparticle geometries as a function 

of particle size.65 Corner and edge atoms (6- and 7- fold coordination) were combined to 

represent UC sites, and (100) and (111) terrace atoms (8- and 9-fold coordination) were 

combined to represent WC sites. Because of the minimal impact of particle geometry on 

the concentration of WC and UC sites, the three models were averaged and used as a 

comparison to measurements of site fractions via quantitative DRIFTS (Figure 4.2). 
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Figure 4.2. Geometric models of the fraction of well-coordinated (WC) and 

undercoordinated (UC) sites as a function of particle diameter for cuboctahedron, 

icosohedron and cube nanoparticle shapes. The average of the 3 geometric models was 

used in the calculation for effective particle size in Figure 4.13b in the main text. 

4.3.5 Model TOF Calculations 

A simple model was used to describe the expected trend in particle size dependent 

TOF using previous Density Functional Theory (DFT) calculated Eapp values for CO 

oxidation on WC Pt sites (94.0 kJ/mol), and UC Pt sites (131.0 kJ/mol).13 A weighted 

average of the UC and WC site fractions was used to calculate the TOF (Equation 4.2), 

which was normalized to 1 for the catalyst with the largest particle size, to enable 

comparison to experimental TOF (also normalized to 1 for the TOF measured on the 19 

nm Pt catalyst).  

𝑀𝑜𝑑𝑒𝑙 𝑇𝑂𝐹 = 𝑋𝑈𝐶𝑒
(

𝐸𝑎,𝑈𝐶
𝑅𝑇

)
+ 𝑋𝑊𝐶𝑒

(
𝐸𝑎,𝑊𝐶

𝑅𝑇
)
 (4.3) 
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Here, XUC and XWC represent the fraction of total Pt sites existing as UC and WC 

sites (quantified by DRITFS), respectively, and Ea, UC and Ea, WC represent the Eapp for each 

site, listed above. It was assumed that the pre-exponential factor was identical on both sites. 

This assumption is justified, because the only differences in the pre-exponential factor 

between  the two sites stems from differences in the CO vibrational frequencies on UC and 

WC sites, and the two pre-exponential factors can be calculated to be within <0.5%.66–69 

The normalized experimental TOF values were calculated by averaging the relative TOF 

measured at 10 different conditions for all catalysts, at temperatures ranging from 413K 

and 453K, CO partial pressure between 0.25 - 1% and constant O2 partial pressure of 10%. 

The constant Eapp and partial pressure dependences for all catalysts measured in this range 

justify the use of an averaged, normalized TOF to develop the rigorous particle size 

dependent TOF. 
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Table 4.2. Catalyst dispersions and particle sizes inferred from H2 and CO pulse 

chemisorption, TEM analysis and effective particle size determined from in-situ 

quantitative DRIFTS. 

  Dispersion Measurements Particle Size Measurements 

Effective Particle 

Sizes from 

DRIFTS 

Catalyst 
Pt 

(wt.%) 

H
2
 

Chemi 

CO 

Chemi 
TEMb 

H
2
 

Chemi 

CO 

Chemi 
TEM 

Pre/ 

Post 
Reaction 

Pt  

(1.4 nm) 
0.05% 

58.3 ± 

6.9% 

69.3 ± 

9.9% 
72.9% 

1.7 ± 

0.2 nm 

1.4 ± 

0.2 nm 

1.4 ± 

1.0 nm 
1.4 nm 1.1 nm 

Pt  

(3.0 nm) 
0.5% 

35.1 ± 

2.3% 

29.1 ± 

5.5% 
41.7% 

3.0 ± 

0.2 nm 

3.7 ± 

0.7 nm 

3.0 ± 

2.0 nm 
1.6 nm 1.3 nm 

Pt  

(10 nm) 
1.0% 

8.8 ± 

0.3% 

7.9 ± 

0.6% 
14.1% 

6.8 ± 

0.5 nm 

15.9 ± 

1.2 nm 

10.0 ± 

6.2 nm 
3.7 nm 2.5 nm 

Pt  

(19 nm) 
5.0%a 

1.9 ± 

0.1% 

1.4 ± 

0.1% 
7.7% 

80.1 ± 

2.0 nmc 

107.0 ± 

5.2 nmc 

18.8 ± 

13.6 nm 

12.2 

nm 
3.0 nm 

aWeight loading is estimated to be lower after calcination (see experimental details). 

bTEM dispersion calculated by equation 4.2.  

cParticle size estimates for chemisorption measurements for the Pt (19 nm) sample are 

inaccurate due to the unknown weight loading. 
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Figure 4.3. Surface area weighted particle size distribution for the four catalysts. Each 

distribution is based on TEM images of more than 100 particles.  

4.4 Results 

The four Pt catalysts studied in this work were characterized by TEM to obtain 

particle size distributions, which were 1.4 ± 1.0, 3.0 ± 2.0, 10 ± 6, to 19 ± 14 nm for the 

0.05%, 0.5%, 1.0% and 5.0% weight loading Pt/α-Al2O3 catalysts, respectively (Figure 4.3 

and Table 4.2). These catalysts will be denoted Pt (1.4 nm), Pt (3.0 nm), Pt (10 nm) and Pt 

(19 nm), respectively, for simplicity. Impregnation-based synthesis methods with 

controlled weight loadings and pre-treatments were exploited to vary particle size over a 

large size range, in order to avoid the potential influence of residual polymeric capping 

agents used in colloidal catalyst synthesis interfering with the quantification of active site 

concentrations and measurements of reaction rate.70,71 The α-Al2O3 support (surface area 

= 3.9 m2/g via BET analysis) was chosen, rather than the higher surface area γ-Al2O3, to 
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enable more facile particle size control through high temperature sintering. Pt dispersions 

estimated using geometric models coupled to TEM measured particle size distributions, 

agree reasonably well with dispersion measurements made using CO and H2 volumetric 

chemisorption, Table 4.2. Differences between dispersions measured by chemisorption and 

TEM are due to deviations from theoretical Pt weight loadings (see experimental details). 

Throughout the manuscript, TOF data is presented based on volumetric CO chemisorption 

measurements, without explicitly using the Pt weight loadings. Particle size is only used as 

a label for the different catalysts and for data presentation. We will show that quantitative 

DRIFTS can be used to measure the fraction of total Pt sites existing as WC and UC sites 

on each catalyst, which in this system represents a more rigorous approach for relating 

catalyst characteristics to catalytic rates, in comparison to particle size. 

In Figure 4.4, the influence of reaction temperature and reactant partial pressure on 

the rate of CO oxidation over the four catalysts is shown, where several conclusions can 

be drawn. First, Figure 4.4a shows the effect of CO and O2 partial pressure on the rates 

over the four catalysts, indicating an identical rate law with an average order of -0.73 in 

CO and 0.90 in O2, See Table 4.1 for reaction orders. Second, the Arrhenius plots in Figure 

4.4b show a constant Eapp for all particle sizes (Eapp = 85.6 ± 1.8 kJ/mol). The kinetic 

parameters and measured TOF’s in Figure 4.4 are in quantitative agreement with previous 

reports showing a CO-poisoned surface and Langmuir Hinshelwood kinetics for all tested 

catalysts.11,13,22,55,72 Finally, in Figure 4.4b, it can be seen that TOF increases slightly with 

increasing average particle size (about 5 fold comparing the largest and smallest rates), 
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indicating a slight structure sensitivity, which is also consistent with previous reports, 

where TOFs vary by 2.5 to 10 over similar particle size ranges.13,23,26–28  

 

 
Figure 4.4. (a) Measured rate (moles/s*gcat) as a function of PCO and PO2 over the four 

catalysts at 403 K. Reaction orders were determined from the slope of each line. (b) 

Arrhenius plots showing the temperature dependence of TOF for each catalyst (1% CO, 

10% O2, balance He).  
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The four Pt catalysts were characterized with quantitative in-situ DRIFTS by using 

previously assigned site-specific CO vibrational frequencies and relative extinction 

coefficients. Figure 4.5a depicts a typical DRIFT spectrum of CO chemisorbed at room 

temperature and saturation coverage on a freshly reduced Pt (19 nm) catalyst. The lower 

frequency vibrational stretch (2060-2075 cm-1) was assigned to the collective oscillation 

of CO molecules linearly adsorbed on UC (6- and 7-fold Pt coordination) Pt sites and the 

high frequency stretch (2080-2098 cm-1) was assigned to the collective oscillation of CO 

linearly adsorbed on WC (8- and 9-fold Pt coordination) Pt sites.49,60,61,73 The CO stretch 

assigned to adsorption on UC Pt atoms has been shown to exhibit an extinction coefficient 

that is ~2.7-fold larger than for the stretch associated with CO adsorption on WC sites.60,61 

This can be understood in terms of the larger charge transfer to CO when adsorbed on UC 

sites, compared to WC sites,14 which increases the static dipole moment of the stretch and 

the IR extinction coefficient. While the relative extinction coefficients could be slightly 

different on supported catalysts compared to single crystals (where extinction coefficients 

were determined), the very similar CO stretching frequencies for both adsorption sites on 

single crystal Pt60,61,74 and in our measurements, suggest that this effect should be minimal. 

No attempt was made to include highly under-coordinated Pt sites (CO stretches 2000-

2055cm-1) or bridge sites (~1800 cm-1) in the analysis, as these sites minimally contribute 

to the total number of Pt surface sites on the catalysts at high CO coverage.  It is also 

important to note that small (~1 nm) Pt nanoparticles have been observed to be partially 

oxidized by in situ XAS studies and XPS measurements,46,53,54,75–77 however all DRIFTS 

spectra measured pre reaction, post reaction and in situ here show no signature of CO bound 
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to oxidized cationic Pt, characterized a CO stretching frequency of 2120 cm-1.78 

Furthermore, XPS analysis showed no detectable residual chlorine on the catalyst surfaces 

after calcination which is consistent with the IR spectra as CO adsorbed near Cl atoms on 

a Pt surface exhibit a similar spectral blue shift in stretching frequency as CO bound to 

oxidized Pt,79 due to the strong electronegative behavior of both oxygen and chlorine. 

The high-fidelity spectrum shown in Figure 4.5a allows for a sample averaged 

quantification of the fraction of CO molecules bound to each type of Pt site (WC or UC) 

by peak deconvolution, integration, and normalization by extinction coefficients according 

to Equation 1.59 This approach allows quantification of the fraction of UC and WC sites, 

rather than an absolute number of each site type, because relative extinction coefficients 

are used rather than absolute coefficients, and the number of sites probed in diffuse 

reflectance measurements is difficult to determine. KM units were utilized in all spectra. 

A comparison of absorbance and KM units showed similar results throughout the analysis, 

so we chose KM units which has been shown to scale proportionally with adsorbate surface 

concentration when dealing with strongly absorbing surface species.80 Thus, quantified 

DRIFTS measurements are reported in terms of the fraction of total Pt sites existing as UC 

or WC. 
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Figure 4.5. (a) DRIFT spectrum of a saturation coverage of CO adsorbed to the Pt (19 nm) 

catalyst at 298K. The high frequency vibrational mode was assigned to CO linearly bound 

to WC sites, and the low frequency mode was assigned to CO linearly bound to UC sites, 

as shown in the inset. (b) DRIFT spectra of CO chemisorbed at saturation coverage to the 

four Pt catalysts at 298K prior to exposure to reaction conditions. All spectra are 

normalized to the low frequency CO adsorbed on UC Pt stretch. (c) Comparison of non-

normalized DRIFT spectra of the Pt (19 nm) catalyst pre reaction, under steady state 

reaction conditions at increasing temperatures, and post reaction. 

Pre-reaction (freshly reduced Pt catalysts) DRIFT spectra of CO chemisorbed on 

all four catalysts are shown in Figure 4.5b. An increase in the fraction of total CO molecules 

bound to WC sites (higher frequency stretch), compared to UC sites, with increasing 

average particle size was observed. This trend is consistent with typical geometries that Pt 

nanoparticles adopt on oxide supports, where the fraction of total surface sites existing as 

WC sites increases with particle size (Figure 4.2); comparison of the measured fraction of 

WC and UC sites to geometric model predictions will be discussed below).49,65,81 Following 

collection of pre-reaction spectra, catalysts were exposed to CO oxidation reaction 

conditions (1% CO, 1% O2 in 98% He) at 423 K, and allowed to reach steady state 

reactivity (measured by mass spectrometry, usually about 6 hours to ensure that the 

reaction was under steady state). DRIFT spectra were then collected at increasing 

temperatures until catalytic ignition (typically >500 K), which corresponds to complete CO 
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desorption from Pt. The catalysts were then cooled to room temperature in a He stream, 

and CO was re-adsorbed for collection of post-reaction DRIFT spectra.  

The results from a complete experiment, measuring the DRIFT spectra of Pt (19 

nm) catalyst pre-reaction, under reaction conditions at increasing temperature, and post-

reaction are shown in Figure 4.5c; identical experiments for the other catalysts are shown 

in Figure 4.6, Figure 4.7, and Figure 4.8. Three observations can be drawn from the results 

in Figure 4.5c and Figure 4.6, Figure 4.7, and Figure 4.8: (1) There is minimal change in 

the total CO coverage comparing the spectra pre, post, and under reaction conditions (until 

catalytic ignition at high temperatures), suggesting essentially consistent saturation 

coverage in all spectra, which is consistent with previous reports.13,58 (2) At high 

temperatures, catalytic ignition corresponds to CO desorption from the surface and 

significantly increased CO2 production (as observed by the doublet peak at 2300 – 2380 

cm-1), in agreement with other reports.11,13 (3) All spectra collected under reaction 

conditions show an increased intensity of the peak assigned to CO bound to UC sites 

relative to spectra collected pre- or post-reaction at 298 K. 
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Figure 4.6. Non-normalized DRIFT spectra of the Pt (1.4 nm) catalyst pre reaction, under 

steady state reaction conditions at increasing temperatures, and post reaction. 

 
Figure 4.7. Non-normalized DRIFT spectra of the Pt (3.0 nm) catalyst pre reaction, under 

steady state reaction conditions at increasing temperatures, and post reaction. 
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Figure 4.8. Non-normalized DRIFT spectra of the Pt (10 nm) catalyst pre reaction, under 

steady state reaction conditions at increasing temperatures, and post reaction. 

 
Figure 4.9. Non-normalized DRIFT spectra of the Pt (19nm) catalyst with a saturation 

coverage of CO before, after (298 K), and under CO oxidation reaction conditions (442 K). 
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Figure 4.10. Time evolution of restructuring. (a) Waterfall plot of normalized DRIFT 

spectra (to high frequency, WC peak) of the Pt (19nm) catalyst with a saturation coverage 

of CO adsorbed at 298K pre and under reaction conditions (1% CO, 1% O2) as a function 

of time and temperature. (b) Evolution of the corresponding site fractions of WC and UC 

sites as a function of time and temperature. The catalyst was at 298 K for the first 20 

minutes (under reaction conditions) followed by a rapid thermal ramp to 413 K at 20 

minutes. The last data point represents the post reaction site fraction, highlighting the 

reversibility of the reconstruction.  

Figure 4.9 highlights the observed increase in the intensity of the stretch assigned 

to CO bound to the UC Pt site for the Pt (19 nm) catalyst under reaction conditions (at 442 

K), as compared to pre and post reaction spectra. We note that the total intensity of the CO 

stretching bands slightly increases under reaction conditions, which may be related to 

monolayer densification82,83 or an increase in the overall site density caused by roughening 
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of the catalyst surface exposing new catalytic sites. The significant increase in intensity of 

the stretch associated with CO bound to UC adsorption sites under reaction conditions 

directly demonstrates that CO oxidation reaction conditions at elevated temperatures (<500 

K) induce nanoparticle reconstruction that can be described as surface roughening. We rule 

out the possibility that high CO coverage induces reversible Pt re-dispersion, due to 

agreement of our results with previous in-situ TEM analysis and DFT calculations.38,39,84 

The spectra in Figure 4.9 also highlights the reversibility of the surface reconstruction, 

where the post-reaction spectrum returns to a similar shape as the pre-reaction spectrum 

after catalytic ignition, flushing with Helium at high temperature, and cooling to ambient 

conditions. The reversible restructuring is consistent with a recent report of reversible Pt 

single crystal restructuring induced by CO observed by STM,34 in addition to high 

resolution TEM images of Pt nanoparticles under oscillatory CO oxidation conditions 

showing spherical particles (with high concentrations of UC sites) at low rates (CO 

poisoned surface), and facetted particles (high concentrations of WC sites) at high rates 

(catalytic ignition, empty surface).38 It is worth mentioning that when the catalyst was 

cooled to room temperature without allowing catalytic ignition, the DRIFT spectrum still 

resembled the in-situ measurements, demonstrating that surface cleaning is required to 

reverse the reconstruction. 

The transient evolution of WC and UC Pt site fractions was measured as the Pt (19 

nm) catalyst was rapidly brought from room temperature to 413K under CO oxidation 

reaction conditions, see Figure 4.10. Exposure to reaction conditions at room temperature 

(< 20 minutes) did not induce a significant increase in the UC site fraction stretch. 
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However, as soon as the catalyst was heated to 413 K, the fraction of CO bound to UC Pt 

sites increased (Figure 4.9), and the WC CO-Pt site fraction decreased from 89% to 69% 

within 20 minutes, where it was relatively stable for the duration of the experiment (Figure 

4.10). This demonstrates that restructuring occurs quickly; well before steady state catalytic 

measurements would be made. Thus, Pt surfaces exist in the reconstructed state under 

reaction conditions where structure sensitivity is studied. It was also observed that a similar 

amount of catalyst restructuring occurred for the Pt(19 nm) catalyst under CO flow at 

elevated temperature (no O2 present), indicating that it is likely CO, and not catalytic 

turnovers, that primarily drives restructuring (Figure 4.11). 
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Figure 4.11. Non-normalized DRIFT spectrum of a Pt (19 nm) catalyst with a saturation 

coverage of CO adsorbed at 298K pre reaction conditions and under 1% CO flow (no O2) 

at 442 K. Here, CO gave a pre reaction WC site fraction of 91.7% (compared to 89.5% 

during the CO oxidation experiments shown in Figure 4.10a) and the WC site fraction 

under reaction conditions was 74.7% (compared to 65.7% for CO oxidation). 

Before exploiting the DRIFT spectra to quantify the fraction of UC and WC sites 

on the Pt catalysts at room temperature and under reaction conditions and relate this to the 

measured reactivity, it is critical to consider phenomena that could potentially influence 

the IR spectrum of CO adsorbed to Pt. Two main factors are known to influence the 

frequency and intensity of CO stretching modes when adsorbed to metal surfaces: (1) metal 

coordination number, which can modify the extinction coefficient and frequency of the CO 

stretch, and (2) CO coverage, which can induce frequency shifts due to dipole-dipole 

coupling and intensity changes due to vibrational energy transfer from lower energy to 
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higher energy modes. The metal coordination number has a direct relationship with the 

adsorbed CO vibrational frequency at low coverage;73 however this simple relation can 

potentially become complicated when operating at high coverage. These complications 

have been demonstrated in IR measurements of CO bound to stepped Pt single crystals at 

increasing coverage, where at high coverage vibrational energy transfer between CO bound 

to UC and WC sites can be significant, resulting in a decrease in the intensity of the CO 

stretch associated with adsorption on UC sites at high CO coverage.60,61,85 

To examine whether vibrational coupling between CO molecules bound at different 

sites influenced our analysis, CO coverage dependent DRIFT spectra of Pt (19 nm) were 

collected (Figure 4.12). UC adsorption sites were preferentially populated at low coverage, 

followed by population of WC sites at increasing coverage, in agreement with previous 

reports on supported Pt catalysts49,73 and single crystals.60,61,85 At low coverage three CO 

stretching modes were present, and near saturation coverage, the three CO stretches 

collapse into the two CO stretches observed in Figure 4.5 and Figure 4.10. The highest and 

lowest frequency stretching modes are respectively assigned to CO adsorbed at WC and 

UC Pt sites, as shown previously and discussed above.86 The middle frequency CO 

stretching mode observed at low coverage is assigned to the collective oscillation of CO 

on WC and UC sites, and has been observed previously.86  
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Figure 4.12. Coverage dependent, non-normalized DRIFT spectra of the Pt (19 nm), where 

the cumulative volume of CO dosed is shown in µL’s. The inset shows the peak position 

for the three main vibrational modes deconvoluted from the DRIFTS spectra as a function 

of CO dose volume. 

An important difference between our measurements on supported Pt nanoparticles 

and previous work of CO adsorption on stepped Pt single crystals is that we do not observe 

a decrease in the intensity of the CO stretch associated with adsorption on UC sites as total 

coverage increased.60,61,85 This is likely because there is a higher radius of curvature on 

metal nanoparticles than stepped single crystals, which allows for adsorbed molecules to 

fan out, and due to the cubic dependence of dipole interactions on distance and decreased 

consistency between the direction of the dipoles, dipole-dipole interactions between CO 



 

115 

 

bound at WC and UC sites are minimized.33,34,41 The inset of Figure 4.12 shows the shift 

in vibrational frequency of the three peaks as a function of coverage, with minimal 

observed shift for the high frequency peak, 7 cm-1 increase for the middle peak and 2 cm-1 

increase for the low frequency peak.49 The small shifts with coverage indicate minimal 

dipole-dipole coupling effects only between adsorbed CO in very close proximity with 

each other, likely at the same types of Pt sites. Thus, we conclude that there is minimal 

intensity transfer between the vibrational modes of CO molecules at WC and UC sites at 

saturation coverage.  

At this point, it has been demonstrated that DRIFTS measurements were executed 

at consistent saturation coverage, vibrational energy transfer does not influence the 

intensity of CO stretches on the different Pt adsorption sites and that reconstruction at 

elevated temperature occurs on a very rapid time scale. These observations allow the use 

of DRIFT spectra to quantify the fraction of total Pt surface atoms existing as UC and WC 

sites on the catalysts at room temperature and under reaction conditions via peak 

deconvolution, integration and normalization by extinction coefficients. 
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Figure 4.13. (a) Variation of the fraction of WC and UC sites as a function of average TEM 

particle size, measured under reaction conditions and at room temperature (an average of 

the pre and post reaction spectra). The fitted lines serve to guide the eye. (b) Comparison 

of the average TEM particle size to the effective particle size from DRIFTS measurements 

made at room temperature (pre/post reaction) and under reaction conditions at 442 K. 

Effective particle size was calculated by correlating the measured WC and UC site fractions 

(via quantitative DRIFTS) to the geometric model for site fraction as a function of particle 

size.  

 



 

117 

 

The fraction of total Pt sites existing as WC or UC measured at room temperature 

(average of pre and post reaction spectra) as a function of average particle diameter is 

shown in Figure 4.13a. The measured fraction of CO adsorbed to UC Pt sites at room 

temperature decreases from 66% to 9%, comparing Pt (1.4 nm) to Pt (19 nm). The trend in 

measured fraction of CO adsorbed to UC Pt atoms agrees with predictions based on a 

geometric model for the same change in particle diameter, which gives a decrease from 

63% to 5% (using composite of cubic, icosahedron and cuboctahedron, see Figure 4.2 and 

the experimental section). In the pre and post reaction measurements, we cannot remove 

the influence of room temperature CO-induced restructuring,33 and this, coupled with the 

experimental catalysts containing a range of particle size, likely cause small differences 

between the measured site fractions at room temperature and those expected from 

geometric models.49 Regardless, agreement between measurements at room temperature 

and geometric model predictions provide good evidence that the DRIFTS analysis is 

quantitative. Also shown in Figure 4.13a is the fraction of WC and UC Pt atoms observed 

under CO oxidation reaction conditions at 442 K. The fraction of CO bound to UC Pt 

decreases from 90% to 34% comparing Pt (1.4 nm) and Pt (19 nm). The reaction condition 

induced reconstruction of the Pt nanoparticle has the largest magnitude for Pt (19 nm) with 

a ~380% increase in the relative fraction of UC sites (from 9 to 34%).  

To visualize the influence of reconstruction, WC and UC site fractions measured at 

room temperature and under reaction conditions were converted to effective particle 

diameter by using a composite geometric model that relates UC and WC site fractions to 

predicted particle diameter, see Figure 4.2. The TEM measured average particle diameter, 
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effective particle diameter predicted from UC and WC site fractions measured at room 

temperature, and effective particle diameter predicted from UC and WC site fractions 

measured under reaction conditions are shown in Figure 4.13b and in Table 4.2. The TEM 

measured average particle diameters (from 1.4 to 19 nm diameter) and the room 

temperature DRIFTS predicted particle diameters (from 1.4 to 12 nm) agree well, albeit 

with the DRIFTS predicted size being consistently lower, which as mentioned above is 

attributed to a range of particle sizes in the catalyst samples, and room temperature 

reconstruction. However, given the highly non-linear nature of the function relating particle 

size to UC/WC site ratio, the agreement is quite good. The effective particle sizes predicted 

from reaction conditions DRIFTS measurements are significantly decreased in range 

compared to room temperature DRIFTS measurements, ranging only from 1.1 to 3.0 nm 

for the Pt (1.4 nm) and Pt (19 nm). This result highlights the influence of reaction condition 

induced reconstruction, where under reaction conditions the in-situ DRIFTS measurements 

show that the Pt (19 nm) catalyst exhibits a UC/WC site ratio consistent with a geometric 

model prediction of 3.0 nm particles. Figure 4.13b directly shows that the CO induced 

reconstruction of Pt particles significantly decreases the effective particle diameter range 

for the four tested catalysts, compared to TEM or room temperature analysis, and as a result 

the expected influence of particle size on reactivity.  

To demonstrate that UC and WC site fractions measured under reaction conditions 

can quantitatively account for the observed slight structure sensitivity for CO oxidation, a 

simple structure sensitivity model was developed. The model uses the measured fraction 

of Pt sites existing as UC or WC (via DRIFTS), coupled with previously calculated Eapp 
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for CO oxidation on WC Pt sites (94.0 kJ/mol), and UC Pt sites (131.0 kJ/mol),13 to 

calculate a relative TOF and Eapp, as a function of average particle size, Equation 4.3. The 

previous DFT calculated Eapp were executed at high coverage on realistic particle model 

systems, enabling direct use in our model. The relative TOF for each catalyst was 

normalized to the TOF calculated for the catalyst with the largest fraction of Pt sites being 

WC, the Pt (19 nm) catalyst. We stress that average TEM measured particle size only is 

used as a label for each catalyst to allow comparison of the model predicted relative TOF 

and Ea to the experimentally measured values. The in-situ measured fraction of Pt sites, 

existing as WC and UC atoms under reaction conditions, are the experimental inputs into 

the model.  

  



 

120 

 

  
Figure 4.14. Comparison of the measured TOF (normalized to 1 for the Pt (19 nm) catalyst) 

and the calculated TOF from the structure sensitivity model (also normalized to 1 for the 

Pt (19 nm) catalyst predictions), as a function of TEM measured average catalyst particle 

size. The normalized experimental TOFs are an average of 10 measurements for various 

conditions (see experimental details). Also shown is the measured and calculated Eapp for 

each of the four catalysts as a function of TEM measured average particle size.  

The model calculated Eapp and relative TOF as a function of average particle size 

are compared to the measured Eapp and TOF in Figure 4.14. As explained in the 

experimental section, the measured TOFs represent the average normalized TOFs 

measured at 10 different reaction conditions. The constant Eapp and partial pressure 

dependences on all catalysts allow us to average the normalized TOFs over a range of 

conditions, enabling the use of a composite of many measurements to compare to model 

predictions. Both the model predicted and measured Eapp are constant for all catalysts. The 

small difference in absolute values of Eapp (85.6 kJ/mol for experimental and 94.0 kJ/mol 

for model) is likely due to the known overestimation of CO adsorption energies on Pt 

surfaces calculated by DFT.87,88 The constant Eapp predicted for all catalysts is identical to 

the Eapp used in the model for WC Pt sites, demonstrating that WC Pt site are the only sites 
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contributing to the model predicted reactivity. The measured TOF decreased by 5.1-fold, 

moving from the Pt (19 nm) to Pt (1.4 nm) catalyst. Similarly, the model predicted a 6.8-

fold decrease in TOF for the same catalysts, showing close to quantitative agreement with 

the measured values across all four catalysts. The excellent agreement between the 

measured and model predicted TOF dependence on particle size, and the fact that only WC 

sites contributed model predicted TOFs, strongly suggests that CO oxidation on Pt is 

structure sensitive, with WC Pt sites being the active site. However, this effect is largely 

masked in particle size dependent rate measurements by CO induced Pt surface 

reconstruction under reaction conditions that renders larger Pt particles to have roughened 

surface structures that are consistent with much smaller Pt particles. 

4.5 Discussion 

To summarize the proposed mechanism, we hypothesize that CO oxidation 

proceeds on irreducible oxide supported Pt via the mechanism previously proposed, where 

O2 assisted CO desorption is the RLS that requires a kinetically relevant CO desorption 

step to occur to free a vacant site.13 Our results indicate that on irreducible oxide supported 

Pt catalysts, the active site predominantly contributing to catalytic reactivity is WC Pt 

atoms, where the kinetically relevant CO desorption step has the lowest Ea compared to 

less coordinated Pt sites. By quantitatively accounting for the fraction of total Pt sites 

existing as WC and UC Pt sites under reaction conditions, via in-situ DRIFTS 

measurements, it is shown that the minimal change in TOF as a function of Pt particle size 

occurs due to reaction condition driven surface reconstruction. Further, we propose that 

CO molecules adsorbed to UC Pt sites are essentially unreactive, although the rapid 
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diffusion of CO molecules between UC and WC sites suggests they act as reservoirs for 

the oxidation reaction to occur on WC sites by equilibrated CO diffusion between UC and 

WC sites.18,31  

Our conclusion based on in-situ DRIFTS measurements that CO modifies the Pt 

surface structure and increases the fraction of UC sites is consistent with previously 

observed increases in Pt-Pt bond distances and the apparent disorder in the structure 

induced by CO adsorption on very small (1-3 nm) Pt particles measured by XAS.43,45,89 In 

addition, TEM analysis has shown that Pt nanoparticles under CO oxidation conditions 

shows rounding of Pt facets after exposure to CO (corresponding to a CO covered surface 

and low reaction rates), which is also consistent with our observations.38,39 It has been 

proposed that CO induced reconstruction is driven by either charge transfer into Pt from 

CO, or a reduction of the total surface energy due to decreased adsorbate-adsorbate dipolar 

repulsion and increased CO-Pt binding energy on UC sites.33 While these two mechanisms 

are not mutually exclusive, we favor the argument that reduced adsorbate-adsorbate 

repulsion and increased Pt-CO binding energy on UC sites predominantly drives the 

reconstruction process through a simple change in the surface free energy of Pt surfaces 

upon adsorption of CO. If surface reconstruction was instead driven mostly by charge 

transfer to Pt, it would be expected that this effect would be minimized on larger Pt particles 

because any charge donation into Pt would be effectively accommodated by the massive 

reservoir of bulk Pt atoms that could accommodate charge. Thus, because reconstruction 

on the Pt (19 nm) was still significant, it is suggested that charge donation into Pt plays 

only a small roll in driving the surface reconstruction. 
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It is critical to discuss our results in the context of how structure sensitivity is 

typically measured via particle size dependent reaction rate measurements. In the typical 

approach, it is assumed that with changing metal particle size there is a predictable change 

in the fraction of total sites existing with various coordination numbers. However, 

geometric models capturing this dependent are highly non-linear and show significant 

deviations for different particle shapes in the critical 1-5 nm diameter size range. Thus, the 

use of geometric models and particle size dependent rate measurements to quantitatively 

account for structure sensitivity require catalyst synthesis with essentially perfect control 

over particle size and shape, and the lack of any reconstruction under reaction conditions.90 

These requirements are extremely stringent.  By using particle size alone to characterize 

catalysts, the structure sensitivity of CO oxidation on irreducible oxide supported Pt 

nanoparticles has been hidden due to surface reconstruction that occurs under reaction 

conditions. Instead, we introduce an approach where even with catalysts that contain 

relatively broad particle size distributions, in-situ DRIFTS can be used to quantify the 

fraction of metal surface sites existing as WC or UC sites and quantitatively describe 

structure sensitivity. It is expected that this approach may be critical for analyzing structure 

sensitivity in the myriad of reactions executed over supported metal catalysts that are 

operated at high coverage of strongly bound adsorbates, for example Fisher Tropsch on 

Ru82 and methanol synthesis on Cu.91 

4.6 Conclusions & Outlook 

In conclusion, we demonstrated a versatile approach for making quantitative 

measurements of the fraction of total Pt sites existing as WC and UC active sites on Pt 
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nanoparticles pre, post, and under CO oxidation reaction conditions, and related these 

measurements to TOF measurements. At room temperature, the concentration of WC Pt 

sites was shown to increase with particle size in close to quantitative agreement with 

geometric models. However, a significant and reversible increase in the fraction of UC Pt 

sites was observed under flowing CO, as well as CO oxidation conditions at elevated 

temperatures (386 – 498 K). Changes in the fraction of CO bound to WC and UC sites 

under reaction conditions were attributed to roughening of the Pt nanoparticle surfaces. 

The fractions of WC sites existing under reaction conditions for the series of analyzed 

catalysts were quantitatively related to the measured TOFs, demonstrating that WC Pt 

atoms are the active site for CO oxidation on irreducible oxide supported Pt. We conclude 

that, in agreement with theoretical predications and UHV analysis, CO oxidation on Pt 

surfaces is structure sensitive, although restructuring of Pt nanoparticle surfaces under 

reaction conditions minimizes the manifestation of structure sensitive behavior in particle 

size dependent rate measurements. This work demonstrates the critical importance of 

having quantitative measurements of concentrations of various active site geometries under 

reaction conditions, to draw quantitative conclusions of structure sensitivity. In addition, 

the combination of complementary kinetic and in-situ spectroscopic measurements 

provides a powerful approach to provide fundamental insight into catalytic processes under 

reaction conditions.  
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Chapter 5  

Controlling Catalytic Selectivity on Metal Nanoparticles by  

Direct Photoexcitation of Adsorbate-Metal Bonds 

5.1 Summary 

Engineering heterogeneous metal catalysts for high selectivity in thermal driven reactions 

typically involves the synthesis of nanostructures with well-controlled geometries and 

compositions. However, inherent relationships between the energetics of elementary steps 

limit the control of catalytic selectivity through these approaches. Photon excitation of 

metal catalysts can induce chemical reactivity channels that cannot be accessed using 

thermal energy, although the potential for targeted activation of adsorbate-metal bonds is 

limited because the processes of photon absorption and adsorbate-metal bond 

photoexcitation are typically separated spatially. Here, we show that the use of sub-5-

nanometer metal particles as photocatalysts enables direct photoexcitation of hybridized 

adsorbate-metal states as the dominant mechanism driving chemistry. Activation of 

targeted adsorbate-metal bonds through direct photoexcitation of hybridized electronic 

states enabled selectivity control in preferential CO oxidation in H2 rich streams. This 

mechanism opens new avenues to drive selective catalytic reactions that cannot be 

achieved using thermal energy. 
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5.2 Introduction 

Controlling branching ratios of parallel chemical reaction pathways on metal 

surfaces is paramount to achieving high selectivity in heterogeneous catalysis.1–3 

Branching ratios of reaction channels in thermal driven heterogeneous catalysis on metal 

surfaces are determined by inherent linear scaling relationships between reaction energies 

and activation barriers of competing reaction pathways, limiting control of reaction 

selectivity.4,5 Visible photon excitation of adsorbate covered metal surfaces has been 

shown to enable reactivity channels that cannot be achieved using solely thermal 

excitations, through ultrafast non-equilibrium energy transfer.6,7 

These photon driven reactions typically occur through a substrate mediated 

photoexcitation process, where photons absorbed by inter- and intraband excitations 

between metal electronic states create hot electrons that inelastically scatter through 

unpopulated adsorbate orbitals, thereby depositing vibrational energy into adsorbates or 

adsorbate-metal bonds (Figure 5.1a).8,9 Because photon absorption is dominated by 

electronic transitions between bulk metal electronic states in the substrate mediated 

photoexcitation mechanism, wavelength dependent cross-sections for all reaction channels 

follow absorption spectra of the metal substrates. Similarity between the wavelength 

dependences of competing reaction channels dictates that control of reaction selectivity 

cannot be achieved by varying photon excitation wavelength, as typically done in gas and 

condensed phase molecular photochemistry.10,11  



 

133 

 

 
Figure 5.1. Schematic of adsorbate or adsorbate-metal bond photoexcitation on metal 

surfaces. (a) Substrate mediated photoexcitation of adsorbates or adsorbate-metal bonds 

occurs through photon absorption in the transition metal bulk, creating a distribution of 

energetic electrons and holes that undergo carrier-carrier scattering while migrating 

towards the surface, where they transiently transfer into unoccupied adsorbate resonances. 

The figure shows an energetic electron originating from the metal interacting with an 

adsorbate resonance; however, it is worth noting that energetic holes can also interact with 

occupied adsorbate resonances in a similar fashion. (b) Direct photoexcitation of 

intramolecular HOMO-LUMO transitions in weakly chemisorbed systems resembles 

photoexcitation of their gas phase counterparts, although electronic states are typically 

broadened, stabilized and exhibit reduced band gaps. (c) Direct photoexcitation of bonds 

formed between metal surfaces and strongly chemisorbed adsorbates involves resonant 

electronic transitions between hybridized metal and adsorbate states. Hybridization 

between metal d-states and molecular states forms bonding and antibonding states through 

either charge donation from the adsorbate or back donation from the metal. We note that 

substrate mediated photoexcitation can occur for weakly and strongly chemisorbed 

adsorbates. Ef denotes the system Fermi level and DOS is defined as Density of States. 
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There is also evidence of chemical reactions on metal surfaces driven by resonant 

photon absorption localized at the adsorbate-metal surface complex.9,12–14 These studies 

identified direct UV photoexcitation of intramolecular HOMO-LUMO electronic 

transitions, localized within weakly chemisorbed adsorbates (Figure 5.1b), as the primary 

mechanism driving chemistry. Chemical reactions driven by this mechanism exhibit 

wavelength dependent reaction cross-sections that mimic the absorption spectra of the 

same molecules in the gas phase, with slightly decreased excitation energies due to metal-

induced perturbation of the molecular electronic states.9,15 The resonant, adsorbate specific, 

reaction cross-sections suggest a potential route to control reaction selectivity. However, 

optimal heterogeneous catalysts for broadly important classes of chemical reactions, such 

as those involving diatomic molecules, require strong chemisorption (ΔEadsorption ~ -100 

kJ/mol) of reactive intermediates.16 In these cases photon mediated control of 

heterogeneous catalytic selectivity must involve the targeted activation of bonds formed 

between metal surfaces and strongly chemisorbed species. 

Strong chemisorption of molecules on metal surfaces occurs through hybridization 

of metal and adsorbate orbitals to form bonding and antibonding states.15 Targeted 

activation of metal-adsorbate bonds involving strongly chemisorbed species requires direct 

resonant photoexcitation of electronic transitions between hybridized bonding and anti-

bonding states (Figure 5.1c). This photoexcitation process has been referred to as metal to 

molecule electron transfer based on the predominant metal and molecular character of 

bonding and antibonding states, respectively.11,17–20 Direct photoexcitation of hybridized 

metal and adsorbate states in strong chemisorption systems has only been convincingly 
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demonstrated through spectroscopic analysis for a few adsorbates including Cs and CO on 

noble metals surfaces, where electron transfer often originates from 2D surface states that 

only exist in single crystal metals.21,22 However, this mechanism has been scarcely 

demonstrated for the execution of catalytically relevant chemistry on metal surfaces. 

Here, we show that strong chemisorption bonds formed between CO and Pt metal 

surfaces can be activated with visible photons to drive catalysis through direct, resonant 

photoexcitation of hybridized Pt-CO states. This is enabled as the dominant 

photoexcitation mechanism (over substrate mediated photoexcitation) driving catalysis by 

using sub-5-nanometer Pt nanoparticle catalysts, where high surface area to volume ratios 

force photon absorption predominantly onto surface metal atoms. It is also demonstrated 

that resonant photoexcitation of Pt-CO bonds on sub-5-nm Pt nanoparticles by visible light 

significantly enhances selectivity towards CO2, over H2O production, in the selective 

oxidation of CO by O2 in an H2 rich stream (also known as preferential CO oxidation). 

These results open new avenues to control catalytic reaction selectivity on sub 5-nm 

catalytic particles by resonant photoexcitation of adsorbate-specific electronic transitions 

involving hybridized metal and adsorbate states. 

5.3 Experimental Methods 

5.3.1 Catalyst Synthesis & Pretreatment 

Catalyst synthesis was performed through incipient wetness impregnation of 

chloroplatinic acid hexahydrate (H2PtCl6*6H2O, 37.50% Pt, Sigma-Aldrich) onto α-Al2O3 

(99.99%, Alfa Aesar) support. The desired amount of H2PtCl6*6H2O was dissolved in 1.0 
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mL deionized H2O and mixed with ~1.0 g α-Al2O3. Weight loadings of the four catalysts 

used in these studies are detailed in Table 5.1. The catalysts were dried at 100°C overnight 

to remove excess water. Dried catalysts were calcined according to the conditions in Table 

5.1 to control particle size.  

Table 5.1. Parameters used in Pt/α-Al2O3 catalyst synthesis 

Weight 

Loading 

(% Pt) 

Calcination 

Temp. 

(°C) 

Calcinatio

n Time 

(hrs.) 

Particle Size 

(nm) 

CO ox. 

Temp. 

(°C) 

H2 ox. 

Temp. 

(°C) 

0.3% 300°C 2.5 hours 2.3 ± 0.4 nm 205-210°C 43-45°C 

0.5% 300°C 2.5 hours 5.0 ± 1.5 nm 200-203°C  

3.0% 600°C 24 hours 14 ± 6 nm 221-246°C  

5.0% 700°C 78 hours 35 ± 11 nm 245-273°C 25-35°C 

 

Ar (99.995%), O2 (99.50%), H2 (99.999%), 10% CO/Ar, and 5% H2/N2 were 

purchased from Airgas and used as received. All experiments were performed in a Harrick 

High Temperature Reaction Chamber (which was equipped with a quartz window for 

catalyst bed illumination) and operated under differential reactor conditions.23 25.0 mg 

catalyst was loaded on top of 45.0 mg SiO2 beads (100-200 mesh, Sigma Aldrich) which 

was inert and used to raise the bed height and give an approximate catalyst bed depth of ~2 

mm. Prior to use, all catalysts were pretreated in situ at atmospheric pressure by flowing 

78 standard cubic centimeters per minute (sccm) Ar and 22 sccm O2 at 230°C for 1 hour. 

The catalyst bed was flushed with 100 sccm Ar for 10 minutes before in situ reduction at 

230°C for 1 hour using 100 sccm H2. After flushing the bed once more for 10 minutes with 
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100 sccm Ar, the catalysts were exposed to reaction conditions and left overnight (typically 

~12 hours) to reach steady state.   

5.3.2 Catalytic and Photocatalytic Activity Measurements 

Photocatalytic CO oxidation was executed in an atmosphere consisting of 1% CO, 

10% O2 and balance Ar. Photocatalytic H2 oxidation was executed in an atmosphere 

consisting of 0.5% H2, 9.5% N2 (as an internal standard), 10% O2, and balance Ar. The 

preferential CO oxidation (PROX) reactions were operated with a reactant composition of 

1.5% CO, 1.0% O2, 75% H2, and balance Ar. All reactions were run with a total flow rate 

of 100 sccm and the composition of effluent gases was monitored on-line with a Hiden 

quadrupole mass spectrometer (MS, model HALO 201) equipped with a secondary 

electron multiplier detector. Both CO and H2 oxidation reactions were tuned to a constant 

thermal rate of ~1.60E+16 molecules CO2 produced/s or ~1.60E+16 molecules H2 

consumed/s for CO and H2 oxidation, respectively by controlling reaction temperature 

(Table 5.1). This corresponds to ~5% conversion in H2 oxidation and ~2.5% conversion 

for CO oxidation, which place the reaction in the differential regime. The selectivity 

towards CO2 in PROX experiments was calculated according to Eq. 5.1,24,25 and the 

selectivity towards H2O was calculated as . 
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Figure 5.2. Spectral output of the light source used for catalyst illumination in PROX 

experiments. Illumination intensity was held constant at 1340 mW/cm2. 

Catalysts were illuminated by a 1,600 W continuous wave Xenon light source 

(Newport Corporation model 66870) coupled to a water-cooled IR filter (model 6123NS) 

and monochromator (model 74100) with optical filters for light intensity control. A liquid 

light guide attached to the output of the monochromator was used to illuminate the catalyst 

bed.  Source wavelength and intensity were calibrated before each measurement using a 

CCD (Avantes AvaSpec-EDU) and thermopile (Newport 818P-010-12). Intensity of a 

specific wavelength of light (ex. 475 ± 19.2 nm) did not exceed 240 mW/cm2 in the 

wavelength and intensity dependence experiments. Illumination of the catalysts under 

PROX conditions were provided with relatively broadband illumination with a peak 

centered at 470 nm and a constant intensity of ~1340 mW/cm2 (Figure 5.2).  
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Figure 5.3. Representative plot of the CO

2
 formation rate (CO oxidation) at a constant 

thermal rate (~1.60E+16 molecules/s), with and without illumination. The photocatalytic 

rate was calculated as the difference between the steady state rate under illumination and 

the baseline thermal rate. 

Wavelength and intensity dependent reaction rate measurements were performed at 

steady state, constant temperature and reactant composition. The system responded 

immediately to the introduction and removal of light with no change in the thermal rate, 

showing that no structural or chemical changes to the catalysts were induced by 

illumination (Figure 5.3). The photocatalytic rates were calculated as the difference 

between the reaction rate under illumination and thermal reaction rates in the dark, and the 

quantum yields (QY, molecules produced due to photon illumination/number of photons) 

were calculated as the photocatalytic rate (molecules/s) divided by the photon flux 
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(photons/s). In all cases, the system was operated in the light-limited regime, where Pt was 

directly involved for all photon absorption events such that dilution of the catalyst bed 

allowed for further penetration of photons while keeping the photocatalytic rate constant 

(Figure 5.4). All wavelength dependent measurements of the QY were calculated as the 

average of three unique measurements and were normalized to the same thermal rate 

(1.60E+16 molecules/s) to reduce inconsistencies in QY due to small fluctuations in the 

thermal rates. The normalization was calculated assuming the QY is linearly proportional 

to the thermal rate,26 or exponential with reaction temperature (Figure 5.5). 

 

 
Figure 5.4. Measured wavelength dependent QY for CO oxidation on the 35 nm Pt/α-Al2O3 

sample using a sample with the as-prepared weight loading (blue) and a sample diluted by 

1/2 with α-Al2O3. The scaled absorption spectrum of the as-prepared catalyst is shown on 

the right axis. The consistency is evidence that the system is operated in the light limited 

regime and that all photons are absorbed by the sample. 
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Figure 5.5. Photocatalytic quantum yield (QY) of CO oxidation measured as a function of 

reaction temperature for the 5.0 nm Pt/α-Al2O3 catalyst. Catalyst illumination was provided 

by broadband illumination (Figure 5.2) using an intensity of 360 mW/cm2. The y-error bars 

represent the standard deviation of 5 minutes of the steady state reaction rate, and the 

trendline represents an exponential fit of the data. 

To determine the reaction orders of CO and O2 in thermal CO oxidation, the partial 

pressures of CO and O2 were varied by ± 25 and 50%, respectively, from the conditions 

used in the photocatalytic studies. The reaction order of CO was found to be negative in all 

cases (with an average of -0.67 ± 0.18), and the reaction order of O2 was positive in all 

cases (with an average of 0.72 ± 0.04). Similarly for H2 oxidation, the partial pressure of 

H2 and O2 were varied by ± 50% from the conditions stated above and the reaction rate was 

found to be proportional to H2 partial pressure with an average reaction order of 0.78 ± 

0.07, and inversely proportional to O2 partial pressure with an average reaction order of -

0.66 ± 0.30 (Figure 5.6 and Table 5.2). These kinetics experiments are in line with previous 

results, which suggest complete monolayer coverage of CO and O on the Pt surface for 

both CO and H2 oxidation conditions, respectively.27–29 
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Figure 5.6. Results from CO and H2 oxidation kinetics experiments. (a) Measured rates of 

CO oxidation as the partial pressures of CO and O
2 

were varied. The average reaction 

orders (from slopes) were -0.68 ± 0.18 for CO and 0.72 ± 0.04 for O
2
. (b) Measured rates 

of H
2

 
oxidation as the partial pressures of H

2
 and O

2 
were varied. The average reaction 

orders were 0.78 ± 0.07 for H
2
, and -0.66 ± 0.30 for O

2
 (see Table 5.2 for slopes). 

 

Table 5.2. Reaction orders of each reactant in the CO and H2 oxidation reactions for various 

particle sizes.  

 
CO Oxidation Reaction Orders 

(Slopes) 

H2 Oxidation Reaction Orders 

(Slopes) 

Particle Size 

(nm) 
𝐕𝐚𝐫𝐲 𝐏𝐂𝐎 𝐕𝐚𝐫𝐲 𝐏𝐎𝟐

 𝐕𝐚𝐫𝐲 𝐏𝐇𝟐
 𝐕𝐚𝐫𝐲 𝐏𝐎𝟐

 

2.3 nm -0.50 0.67 0.85 -0.97 

14 nm -0.61 0.72   

35 nm -0.92 0.78 0.70 -0.36 

Average -0.68 ± 0.18 0.72 ± 0.04 0.78 ± 0.07 -0.66 ± 0.30 
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Figure 5.7. Results from PROX kinetics experiments in the dark over 2.3 nm Pt/α-Al2O3 

catalysts while holding the temperature constant at 200°C. (a) Rates of CO consumption 

under PROX conditions measured as a function of the partial pressures of CO and O
2
. The 

reaction orders (from slopes) were -0.53 for CO and 0.52 for O
2
. The error bars represent 

the standard deviation of 5 minutes under steady state reaction conditions. (b) Rates of H
2
O 

formation (calculated as the rate of O2 consumption times the selectivity towards H2O) 

under PROX conditions measured as a function of the partial pressures of CO and O
2
. The 

reaction orders were -0.41 for CO, and -0.28 for O
2
. The error bars represent the relative 

error in the rate of O2 consumption based on the relative error in the selectivity towards 

H2O, calculated as described in the text. 
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The rates of CO and H2 oxidation under PROX conditions were also measured 

while varying the partial pressures of CO and O2 and holding the temperature constant at 

200°C. This resulted in the rate of CO consumption that is proportional to O2 partial 

pressure, with a reaction order of 0.52, and inversely proportional to CO partial pressure 

with a reaction order of -0.53 (Figure 5.7a). The rate of H2O production (measured as the 

rate of O2 consumption times the selectivity towards H2O) was found to be inversely 

proportional to both CO and O2 partial pressures, with reaction orders of -0.41 and -0.28, 

respectively (Figure 5.7b). The PROX reaction experiments are also in line with previous 

results,24,25 which suggests that under relevant reaction conditions the kinetics of both CO 

and H2 oxidation are hindered by the strong bond formed between Pt and CO, although the 

rate of CO oxidation has a larger negative dependence on CO partial pressure, than H2 

oxidation. 

5.3.3 Catalyst Characterization 

Transmission electron microscope (TEM) images were taken with a FEI-Philips 

CM300 TEM equipped with a LaB6 filament operating at an accelerating voltage of 300kV. 

Particle size distributions from TEM images were measured using the image analysis 

program ImageJ with an average of ~100 particles. Representative TEM images and 

particle size distributions are shown in Figure 5.8. It is worth noting that the particle size 

distributions show little overlap of sizes between the three main samples utilized in this 

study (2.3, 14 and 35 nm). 
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Figure 5.8. Representative TEM images of (a) 2.3 ± 0.4 nm (b) 5.0 ± 1.5 nm (c) 14 ± 6 nm 

and (d) 35 ± 11 nm Pt nanoparticles on α-Al2O3 supports. (e) Particle size distributions of 

the Pt/α-Al2O3 samples from measuring ~100 particles. 
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In-situ and ex-situ UV-Vis diffuse reflectance measurements were performed using 

a ThermoScientific Evolution 300 spectrophotometer coupled with a Harrick Praying 

Mantis Diffuse Reflectance Accessory and the Harrick High Temperature Reaction 

Chamber. Spectra were obtained using Spectralon (Harrick Scientific) as a reference. In-

situ measurements were obtained during pretreatment (for reduced catalyst spectra) and 

after 10 hours of steady state reaction conditions. % Absorption was calculated by 100 - % 

Reflectance to give a fraction of photons absorbed in the sample to be consistent with QY 

measurements on a per photon basis. The spectra in Figure 5.9a were normalized at the 

minimum and maximum values to a transmission UV-Vis measurement of a solution of 

colloidal Pt nanoparticles at 300 and 700 nm.  
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Figure 5.9. (a) In situ UV-Vis diffuse reflectance measurements of the 2.3 ± 0.4 nm Pt/α-

Al2O3 catalyst after reduction (black), under steady state CO oxidation conditions (blue) 

and under steady state H2 oxidation conditions (gold). The spectra are normalized at the 

minimum and maximum values to the absorption spectrum of colloidal Pt nanoparticles at 

300 and 700 nm in solution measured via transmission methods. (b) Calculated difference 

between the absorption spectrum measured under steady state CO oxidation and the 

absorption spectrum after reduction is shown in blue. The difference between the 

absorption spectrum under steady state H2 oxidation conditions and the absorption 

spectrum after reduction is shown in gold.  
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Figure 5.10. Density of states projected on the (a) CO molecule on the Pt(111) slab, and 

(b) O atom adsorbed on the Pt(111) slab. 

5.4 Theoretical Methods 

5.4.1 DFT Calculations 

The densities of states (DOS) of adsorbates on metal nanoparticles were calculated 

using Density Functional Theory (DFT) calculations. DFT calculations were performed 

using the real-space grid-based projector augmented wave (GPAW) code.30 The Pt surface 

is modeled by a 2×2×4 unit cell with 10 Å vacuum space, 441 k-point sampling and a 

grid spacing of 0.2 Å. The DOS calculation was performed for 0.25 ML CO and O on the 

Pt slab. CO is adsorbed at the top position of the surface Pt atom, and O is adsorbed on an 

fcc hollow site on Pt surface. The adsorbates and top two layers are fully relaxed until 

forces on atoms are smaller than 0.05 eV/Å. The calculations were performed using the 
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revised Perdew-Burke-Ernzerhof (RPBE) exchange-correlation functional.31 DOS were 

projected onto molecular orbitals of gas phase CO (Figure 5.10a) and atomic orbitals of O 

(Figure 5.10b).  

5.4.2 Model of Substrate Mediated Photocatalysis 

To describe reactions induced by energetic electrons in the substrate-mediated 

mechanism, we employed the dynamics induced by electronic transitions (DIET) model 

that involves explicitly the transient negative ion (TNI) states. Photocatalytic QY was 

calculated based on the interaction of photoexcited electrons in a bulk metal with 

unpopulated adsorbate states. We employed an extended version of the Two Temperature 

Model (ETTM) developed by E. Carpene, to describe the temporally evolving energetic 

electron distribution.32 A first-principles based inelastic electron scattering model, 

developed recently by Schiøtz et al., was used to calculate the probability that an electron 

scattering through an unpopulated adsorbate orbital will induce a chemical reaction.26,33 

The reaction probability was calculated for electron energies from the Fermi level, Ef, to 

Ef + hv. The ETTM and calculated reaction probabilities were coupled and integrated over 

time (3 ps) to produce the QY. A brief description of the above mentioned models and the 

details of QY calculations are presented in the following sections.  

5.4.2.1Extended Two Temperature Model 

The dynamics of photoexcited energetic electrons in the metal bulk was modeled 

using two coupled heat transfer equations (Eqs. 5.2 and 5.3); taking into account the initial 

non-thermal electron distribution and consequent thermalization of electrons through 
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electron-electron and electron-phonon scattering. This approach calculates the electronic 

temperature, Te and lattice temperature, Tl, using the electron and lattice heat capacities (Ce 

and Cl) and the electron-phonon coupling constant, gep as a function of time during and 

following a laser pulse. In addition, the thermalization of nascent energetic electrons and 

the coupling of nascent electrons with phonons are accounted for through the Uee (rate of 

energy density transferred into the thermalized electron distribution) and Uep (rate of energy 

density transferred into the lattice), respectively. The non-thermal electron distribution (ΔNT 

(ε, t)) is defined at the initial time as a step-like change in Pt electron distribution and the 

thermalization of nascent electrons was calculated using the Fermi Liquid theory. The 

metal density of states, which defines the initial electron energy distribution, is assumed to 

be constant near Ef. To employ ETTM for a metal catalyst particle, the conduction term in 

Eq. 5.2 was assumed to be zero because the mean free path of electrons in Pt is similar to 

the size of the particles. Further details of the model can be found in ref 32. 

 (5.2) 

 (5.3) 

The temporally evolving electron temperature (Te) was used in a Fermi Dirac 

relation to calculate the photon-induced thermalized energetic electron distribution as a 

function of time, ∆𝑓𝐹𝐷(𝜀, 𝑡), Eq. 5.4. In the Fermi Dirac distribution, εF is the Fermi energy 

of the metal catalyst and T0 is the operating temperature. The thermalized electron 

distributions were evaluated for a duration of 3 ps after irradiation of the surface of a Pt 
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slab with a laser pulse of photon energies in the range of 1.5-4 eV. After 3 ps the system 

reached equilibrium. 
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To calculate wavelength dependent QY (molecules/number of photons), temporally 

evolving electron energy distributions were calculated for a constant number of photons 

while photon energy was varied. This was achieved by scaling the absorbed fluence by the 

energy of the photon, Eq. 5.5. In this expression, W is the absorbed fluence, 𝜙 is the laser 

pulse fluence per 1 eV photon, hν is the photon energy in eV and α is the absorption 

coefficient. The laser pulse fluence per 1 eV photon was defined such that multiplication 

by hv effectively scaled the absorbed laser fluence to allow QY calculation. In addition, 

the magnitude of 𝜙 was defined such that each pulse resulted in the absorption of 1 photon 

in a 5 nm diameter particle. The values of α used in the model were calculated based on 

experimentally measured % absorption spectra for CO-Pt and O-Pt systems and scaled to 

match previously measured values of the Pt absorption coefficient. The value of α varies 

in the range 0.31-0.79106 1/cm for the CO-Pt system when photon energy is increased 

from 1.5 to 4 eV. All the relevant parameters used in the model are listed in Table 5.3. 

                                   (5.5) 

  

W h    
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Table 5.3. Parameters used in the ETTM modeling of the electron dynamics. 

Parameters Description Quantity Units 

𝜙 
Laser fluence per 1 

eV photon 
2*10-6 J/eV/cm2 

s Pulse duration 10 fs 

εF Fermi Level 6 eV 

τ0 
Nascent electron 

cooling constant 
6 fs 

Cl Lattice Heat capacity 2.8 J/cm3/K 

gep 
Electron-phonon 

coupling constant 
5.60*1011 W/cm3/K 

γ 
Summerfield 

entCoeffici  
7.50*10-4 J/cm3/K2 

θD Debye Temperature 240 K 

 

5.4.2.2Inelastic Electron Scattering Model 

The probability that an electron scattering through an unpopulated adsorbate orbital 

will induce a chemical reaction was evaluated using a first principles based inelastic 

scattering model.26,33 In this approach the inelastic scattering of excited electrons through 

an adsorbate resonant state is modeled using a Newns-Anderson type Hamiltonian. The 

approach revolves around the Menzel-Redhead-Gomer model of vibronic energy exchange 

into the adsorbate, where an electron is transiently transferred to the adsorbate inducing a 

transition from the adsorbates ground to negative ion potential energy surface.34 A 

difference in the equilibrium bond distance between the ground and TNI potential energy 

surfaces induces adsorbate nuclear motion. When the electron decays back into the metal 

and the adsorbate transitions back to the ground state potential energy surface, it does so 

in a vibrationally excited state. If the adsorbate gains sufficient energy to overcome an 
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activation barrier a reaction is assumed to occur. The probability is calculated through a 

self-consistent approach, which includes continued electronic excitation of the adsorbate 

and excited adsorbate vibrational energy decay back into the metal. 

The ground state and TNI potential energy surfaces were calculated using the 

GPAW code. The exchange-correlation interaction was approximated using the RPBE 

functional. The Pt(111) surface was modeled by a 224 slab with 10 Å of vacuum space 

using 18 irreducible k-points and a grid spacing of 0.2 Å. Spin-polarization was included 

in all the calculations. For O/Pt(111), the oxygen was adsorbed at an fcc hollow site. For 

CO/Pt(111), CO was adsorbed at an atop site. The adsorbate and top two layers of the slab 

were allowed to relax until the force on all atoms was converged to less than 0.05 eV/Å. A 

finite temperature Fermi function (kBT=0.1 eV) was utilized to facilitate the Self-Consistent 

Field (SCF) convergence by smearing the band occupation around the Fermi level, and the 

total energy of the system is extrapolated back to kBT=0 eV.  

The ground state and the transient negative ion (TNI) potential energy surfaces 

(PES) of O on Pt(111) were obtained by calculating the energy as a function of the O 

distance to the surface plane. The coupling of electrons with the translational mode of 

oxygen in x-y plane is neglected in this study. The ground state PES was computed using 

DFT as described above. The linear-expansion Delta SCF (ΔSCF-DFT) method was used 

to calculate the energetics of the electron excitation from the Fermi level to the O 2p orbital 

and the PES for the TNI state.35 The ground state potential energy surface of CO desorption 

coordinate was obtained as a function of the center of mass of CO above the Pt(111) 

surface. The transient negative ion state was obtained by exciting an electron from the 
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Fermi level into the CO 2π* anti-bonding orbitals. All the relevant parameters of the model 

for electron coupling with the desorption coordinate of O and CO from Pt(111) are 

tabulated in Table 5.4.  

Table 5.4. Parameters used in the inelastic scattering calculations for CO and H2 oxidation. 

Parameter Description CO-Pt O-Pt Units 

ε0 Resonance energy 3.89 1.37 eV 

τ=ħ/Γ TNI lifetime 1-3 0.1-0.5 fs 

ħω 
Vibrational frequency associated 

with the bond being activated 
255 39.1 meV 

λ Coupling Constant -145 -38.4 meV 

g=(λ/ħω)2 Dimensionless coupling constant 0.323 0.965  

Ea Reaction activation barrier 0.7 0.8 eV 

Tvib Excited vibrational lifetime 1 1 ps 

 

Reaction probabilities were calculated as a function of incident electron energy, 

Probability(ε), in the range of 1.5-4 eV. Calculations were performed with an electron flux 

of, F = 0.5 /ps/site, which is in the linear rate dependence on intensity regime (DIET). It 

was assumed that the rate of CO oxidation was controlled completely by the rate of CO 

desorption from the Pt surface at saturation coverage. The activation barrier for this step 

has been previously determined experimentally and theoretically.27 In the case of H2 

oxidation the rate-limiting step was assumed to be OH formation from adsorbed O and H.  

The rate of reaction was assumed to be controlled by the activation of the Pt-O bond, using 

a previously calculated activation barrier.28,29 The parameters used in the calculations of 
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the reaction probability are listed in Table 5.4 and were obtained from first principle 

calculations (except Tvib) as described above.  

5.4.2.3Quantum Yield Calculations 

QYs were calculated for the interaction of thermalized and nonthermalized 

electrons with adsorbate unpopulated orbitals based on the availability of photoexcited 

electrons at each energy level and their probability of inducing a reaction, Eqs. 5.6 and 5.7, 

respectively. 

               (5.6) 

                (5.7) 

QYs were calculated for photon energy range of 1.5-4 eV (wavelengths 827-310 

nm), for the activation of the CO-Pt and O-Pt bonds. The impact of background thermal 

rates, due to the finite temperatures used in the systems, was subtracted from the rates under 

illumination to give the photocatalytic rates. The photocatalytic rates due to exclusively 

thermalized electrons were normalized to QY values at 310 nm (Figure 5.14b). The shaded 

areas in the plot show the range of change in calculated QYs where the values of electron-

electron and electron-phonon energy relaxation times, τee and τep respectively, were varied 

±50% around an average value. These parameters are known to depend on particle size and 

were varied to assess the impact of their uncertainty on the trend of QY with wavelength.  

The results show that although these parameters impact the magnitude of the QY, the trend 

of QY with wavelength was not significantly impacted by variations in these parameters. 

     ' '
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The impact of nonthermalized electrons on the photocatalytic QYs is shown in Figure 5.16 

as the QY due to the total electron distribution (thermalized + nonthermalized). It should 

be noted that the rates for each reaction are normalized to the maximum values predicted 

when using the total electron distribution in Figure 5.16 to provide a qualitative and 

quantitative comparison of the wavelength dependent trends of the QY.  

5.4.3 Linear response Time Dependent DFT Calculation of Optical Properties 

The optical properties of adsorbates on metal nanoparticles were studied using the 

real-space code-package GPAW (Grid-based projector-augmented wave method).30 For 

Pt13 cluster model, structure optimization was performed using RPBE functional with 0.2 Å 

grid spacing and 0.05 eV/Å convergence criterion for the maximum forces acting on atoms 

in clusters. The absorption spectrum was calculated based on linear response TDDFT by 

solving Casida’s equation in the particle-hole basis (Figure 5.18).36 For Pt(111) slab model 

(1x1x4), the geometry optimization was performed using the RPBE exchange-correlation 

functional with 0.2 Å grid spacing, 12121 k-points sampling and 0.05 eV/Å maximum 

forces. The Kohn-Sham wave functions and band energies were calculated for the relaxed 

surface using the GLLBSC functional37 that has recently been shown to be critical to 

describe absorption spectra correctly.38 The absorption spectrum was then calculated using 

the linear density response function39 in the adiabatic local-density approximation. A dense 

k-point of 40×401 for sampling the surface Brillouin zone and a finite broadening 

parameter of 0.1 eV were used to avoid superficial oscillations in the spectrum. Empty 

bands up to 20 eV above the Fermi level were included.  
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5.5 Experimental Results 

We investigated photocatalytic CO and H2 oxidation by O2 on Pt nanoparticles of 

various sizes, supported on chemically and optically inert α-Al2O3 (Figure 5.8). Particles 

sizes larger than 2 nm were chosen to avoid bulk Pt oxide formation under reaction 

conditions.40 Reactions were performed in a continuous flow isothermal packed bed 

reactor, which allowed for specular catalyst illumination and temperature control. 

Continuous wave (CW) illumination was used to drive photocatalysis and was 

monochromated to ~45 nm FWHM with a maximum photon flux of ~240 mW/cm2 for 

wavelength dependent measurements. Photocatalytic activity was quantified by subtracting 

the background thermal reaction rate from the reaction rate under illumination. Quantum 

yields (QY, molecules produced due to photon illumination/number of photons) were 

calculated by normalizing the photocatalytic rate to the photon flux (Figure 5.3). The 

catalyst bed was thick enough for Pt nanoparticles to absorb all incoming photons, allowing 

quantitative comparisons of QY for all particle sizes, regardless of catalyst weight loading 

(Figure 5.4).  

CO oxidation operating conditions were chosen such that CO poisoned the catalyst 

surface and the rate-limiting step (RLS) was CO desorption.27 H2 oxidation conditions were 

chosen such that the surface was poisoned by atomic O, and the RLS was the formation of 

OH from adsorbed O and H.28 Based on the stronger adsorption energy of O, compared to 

H on Pt surfaces, activation of the Pt-O bond is the primary energetic demand in the RLS.29 

Thermally executed kinetic studies were consistent with the proposed mechanisms (Figure 

5.6 and Table 5.2), such that rate of photocatalytic CO and H2 oxidation were controlled 
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by the rate of photon energy channeling into the activation of Pt-CO and Pt-O bonds, 

respectively. The low energy visible photons used in this study (1.75-4.0 eV) precluded 

direct photoexcitation of intramolecular HOMO-LUMO electronic transitions localized in 

the adsorbates (Figure 5.1b). In addition, the lack of significant surface plasmon resonance 

for Pt nanoparticles in the studied size and photon energy regimes suggests that 

dependences of the surface electromagnetic fields on particle size or photon excitation 

wavelength should not be significant or exhibit resonant behavior.41 
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Figure 5.11. Dependence of photocatalytic activity on Pt nanoparticle size. (a) Quantum 

Yield (QY, left axis) as a function of photon wavelength for CO oxidation on 2.3, 14 and 

35 nm Pt/α-Al
2
O

3
 catalysts. Error bars associated with wavelength (x-direction) represent 

the full width at half maximum of the monochromator spectral output. Error bars associated 

with QY (y-direction) are the standard error of three sets of unique measurements. The 

absorption spectra (% Absorption) obtained by UV-Vis diffuse reflectance measurements 

are scaled to the best fit of QY data at the highest and lowest tested wavelengths. (b) QY 

as a function of photon wavelength for H
2
 oxidation on 2.3 and 35 nm Pt/α-Al

2
O

3
 catalysts 

(left axis) with the scaled absorption spectra on the right axis. (c) Efficiency ratio (defined 

as the ratio of CO oxidation QY over H
2
 oxidation QY) dependence on photon excitation 

wavelength for 2.3 and 35 nm Pt/α-Al
2
O

3
 catalysts. CO and H2 oxidation were operated at 

200-273°C and 25-45°C respectively. 
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Figure 5.12. Measured wavelength dependence of the CO oxidation QY (left axis) over the 

5.0 ± 1.5 nm Pt/α-Al
2
O

3
 catalyst with the overlaid scaled absorption spectrum (right axis) 

from UV-Vis diffuse reflectance measurements. Error bars in the y-direction are the 

standard error of three sets of unique measurements, and error bars associated with the x-

direction represent the full width at half maximum of the monochromator spectral output. 

Figure 5.11a shows wavelength dependent QYs for photocatalytic CO oxidation 

(rate controlled by the activation of Pt-CO bonds) on 2.3, 14, and 35 nm Pt particles; data 

for the 5.0 nm particles is shown in Figure 5.12. Absorption spectra of the catalysts are also 

shown in Figure 5.11a and are scaled to the best fit of each QY data set at the highest and 

lowest tested wavelengths. CO oxidation QYs on 35 nm Pt particles decreased from 3.6% 

to 1.5% as photon excitation wavelength was increased from 300 to 700 nm and followed 

the trend of the Pt absorption spectrum. CO oxidation QYs on 2.3 nm Pt particles were 
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greater than on the 35 nm particles at all photon wavelengths, with QYs of 6.5% and 2.3% 

at 300 and 700 nm respectively, and exhibited a resonant deviation from the Pt absorption 

spectrum, with a significant increase to 8.6% at 450 nm. Wavelength dependent CO 

oxidation QY for the 5.0 and 14 nm particles resemble a superposition of the wavelength 

dependent QYs of the 2.3 and 35 nm particles, both in shape and magnitude. Although the 

absorption spectra were scaled to show qualitative agreement to the wavelength 

dependence of measured QYs, the magnitudes of change in the absorption spectra and 

measured QY, as a function of photon wavelength, quantitatively agree. 

Photocatalytic H2 oxidation (rate controlled by the activation of Pt-O bonds) was 

executed on the 2.3 and 35 nm Pt particles at identical background thermal rates as the CO 

oxidation experiments (Figure 5.11b). Wavelength dependent QYs for H2 oxidation on 

both particle sizes decreased from about ~5.1% to ~1.6% as the photon excitation 

wavelength was increased from 325 to 700 nm and tracked the trend of the measured 

absorption spectra. These results show that the photon energy transfer efficiency into 

activation of the Pt-O bond was constant as a function of particle size and that no resonant 

deviation of the QY trend from the Pt absorption spectrum was observed for small particles. 

To compare the photon-induced activation of Pt-CO and Pt-O bonds, an efficiency 

ratio was defined as the ratio of CO oxidation QY over H2 oxidation QY, for a constant 

particle size (Figure 5.11c). The efficiency ratio for the 35 nm particles has a relatively 

constant value of ~1. Slight deviations of the efficiency ratio from unity in the case of the 

35 nm particles arise due to small differences in the steady-state absorption spectra of the 

35 nm particles under CO and H2 oxidation conditions. In opposition to the 35 nm 
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nanoparticle case, the efficiency ratio for the 2.3 nm particles shows a significant deviation 

from constant behavior to a value of ~4 in the range of 425-475 nm photon excitation. The 

resonant deviation of the efficiency ratio from unity suggests that a more effective, 

adsorbate-specific, channel of transferring 450 nm photon energy (2.75 eV) into the 

activation of Pt-CO bond exists uniquely on small Pt particles. 

To determine whether the adsorbate specific, resonant photon induced activation of 

Pt-CO bonds on small particles could be exploited to control reaction selectivity, the 

preferential oxidation of CO in H2 rich streams (PROX) was explored. PROX is important 

for processing H2 fuel sources used in proton exchange membrane fuel cells, where it is 

desired to selectively oxidize CO with O2, without oxidizing H2.
25,24 Under typical 

operating conditions, the rate of CO oxidation is limited by strong Pt-CO bonds. The H2 

oxidation rate is also limited by strong Pt-CO bonds (although not as significantly as CO 

oxidation), in addition to strong Pt-O bonds (Figure 5.7). This suggests that selective 

photon induced activation of Pt-CO bonds, while impacting Pt-O activation to a lesser 

extent, will enhance CO2 selectivity. PROX experiments were performed on 2.3 nm and 

35 nm Pt/Al2O3 catalysts in the dark (using exclusively thermal energy) and under 

illumination by a CW excitation source with an intensity of 1340 mW/cm2 and spectrally 

centered at 470 nm, see Figure 5.2. 
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Figure 5.13. Impact of photon excitation on PROX selectivity. (a) CO2 selectivity 

(calculated as 0.5 ∗ (𝑃𝐶𝑂2,𝐸𝑥𝑖𝑡)/(𝑃𝑂2,𝐼𝑛𝑙𝑒𝑡 − 𝑃𝑂2,𝐸𝑥𝑖𝑡 ); see equation 5.1) measured as a 

function of temperature for 2.3 nm and 35 nm Pt/α-Al2O3 catalysts in the dark (blue) and 

under photon illumination (gold). (b) Photocatalytic CO2 and H2O production rates 

calculated as the difference between the thermal rates and the rates under catalyst 

illumination, measured as a function of temperature for 2.3 nm and 35 nm Pt/α-Al2O3 

catalysts. All experiments were executed with a reactant stream consisting of (1.5% CO, 

1.0% O2, 75% H2, and balance Ar) and a total flow rate of 100 standard cm3 per minute. 

Error bars in both plots represent the standard error of 3 sets of unique measurements. 
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The PROX selectivity to CO2, using purely thermal energy (no light), was greater 

on 2.3 nm particles than 35 nm particles, as shown previously (Figure 5.13a).25 Upon 

catalyst illumination at 170°C, CO2 selectivity increased from ~12 to 19% on large 

particles and 44 to 81% on small particles. As temperature was increased, the selectivity in 

the dark and under illumination converged due to thermodynamic control. Photon induced 

selectivity enhancement on the 35 nm particles was caused by an increase in the CO2 

production rate and a decrease in the H2O production rate (Figure 5.13b). It was observed 

that on 2.3 nm particles, illumination induced a quantitatively similar decrease in H2O 

production as compared to 35 nm particles, but a much larger enhancement in the CO2 

production rate. These results show that adsorbate-specific activation of Pt-CO bonds by 

resonant photoexcitation, unique to small particles, allowed control of catalytic reaction 

selectivity through selective enhancement in the rate of CO2 production. 
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Figure 5.14. Mechanistic description of the substrate mediated photoexcitation process. (a) 

Schematic of the deposition of vibrational energy into adsorbates or adsorbate-metal bonds 

through photoexcitation. Photoexcitation promotes the system onto an excited state 

potential energy surface, where different equilibrium bond distances between the excited 

and ground state potential energy surfaces induce nuclear motion, depositing vibrational 

energy into the system and driving reactions. (b) Calculated normalized QYs for CO and 

H
2
 oxidation driven by hot electrons after excitation of Pt states with a low intensity laser 

pulse. The shaded regions represent variations in calculated QY due to uncertainty in 

physical parameters used in the model (see Supplementary Information).  Insets show the 

model systems, 1 monolayer of CO and O adsorbed on Pt(111), used in the calculations. 
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Figure 5.15. (a) Photocatalytic rate of CO oxidation measured as a function of intensity on 

the 2.3 nm Pt/α-Al
2
O

3
 catalyst. (b) Photocatalytic rate of H

2
 oxidation measured as a 

function of intensity on the 2.3 nm Pt/α-Al
2
O

3
 catalyst. Broadband light illumination was 

used for these experiments (Figure 5.2).  

Regardless of photoexcitation mechanism (Figure 5.1), photon induced reactions 

on metal surfaces driven by a low intensity visible photon flux typically occur via transient 

electron localization in normally unoccupied antibonding orbitals associated with 

adsorbate or adsorbate-metal bonds.23,42 In this process, adsorbates, or adsorbate-metal 

complexes, undergo Franck-Condon transitions to electronically excited state potential 

energy surfaces, which induce nuclear motion through altered equilibrium bond distances 

of excited state adsorbates, or adsorbate-metal bonds (Figure 5.14a).8,34 Evidence for this 

mechanism in our studies is provided by the linear dependence of photocatalytic CO and 

H2 oxidation rates on photon flux (Figure 5.15). The linear dependences suggest that 

transient energetic electron localization in adsorbate antibonding states, derived from 
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single photon absorption events, were responsible for vibrational energy deposition into 

adsorbate-metal bonds that facilitated the RLSs.26 This intensity dependence suggests that 

the photon driven chemistry was electronic in nature, but provides no evidence whether Pt-

O and Pt-CO bonds were activated through substrate mediated photoexcitation (Figure 

5.1a), or direct photoexcitation of hybridized adsorbate-metal orbitals (Figure 5.1c).11 

The main impact of particle size on photon absorption by Pt nanoparticles is that 

with decreasing size, surface Pt atoms absorb a larger fraction of photons. Photon 

absorption by the large Pt particles (14 and 35 nm) occurs mostly at bulk Pt sites because 

a large fraction of the Pt atoms in the system are bulk atoms (90% and 97% bulk atoms, 

respectively). This means that the bulk Pt density of states will govern the initial energetic 

electron distribution in most of the photon absorption events for large particles. In addition, 

a majority of photon energy absorbed through photoexcitation of purely Pt states is stored 

in hot holes due to the high transition probability to unpopulated d-states just above the 

metal Fermi Level, Ef (Figure 5.1a).18 This suggests that photon-driven chemistry on the 

large Pt nanoparticles occurs through substrate mediated photoexcitation of adsorbate-

metal bonds where the small initial population of high-energy electrons and fast 

thermalization limit the rate of electron scattering into unpopulated adsorbate states and 

thus photocatalysis. 

5.6 Theoretical Results 

To test this hypothesis, wavelength dependent QYs for CO desorption and OH 

formation (RLSs for CO and H2 oxidation, respectively) were calculated for the substrate 

mediated photoexcitation mechanism, in the limit of a thermalized electron energy 
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distribution using a first-principles based approach; see Supplementary Information for 

details.26,33,35,32 The calculated wavelength dependent QYs for the two RLSs describe the 

experimental behavior very well for CO oxidation on large particles and H2 oxidation on 

small and large particles (Figure 5.14b). This agrees with previous studies that identified 

congruence between wavelength dependent QY and metal absorption coefficient as a 

signature of substrate mediated photoexcitation of adsorbate-metal bonds by thermalized 

charge carriers.8,9,11,43 The impact of non-thermalized electrons on the activation of Pt-CO 

and Pt-O bonds was also analyzed using Fermi Liquid theory, showing wavelength 

dependences that deviate from the metal absorption spectra and the experimental 

observations on larger particles, see Figure 5.16. Although it may be expected that non-

thermalized electrons should play a role in driving chemistry in the linear regime, we 

hypothesize that the unusually fast thermalization rate of high energy electrons (>1 eV) in 

Pt and nanosize induced increase in thermalization rate limited the impact of non-thermal 

electrons in our studies.44,45 Agreement between the experimental and calculated CO 

oxidation (large particles) and H2 oxidation (small and large particles) QY wavelength 

dependences provide strong evidence that in these cases substrate mediated photoexcitation 

of adsorbate-metal bonds was the dominant mechanism driving photocatalysis. 

Furthermore, the experimentally observed resonant behavior of CO oxidation QY and 

significant PROX selectivity enhancement on small Pt particles cannot be captured by the 

substrate mediated photoexcitation mechanism.46 
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Figure 5.16. Comparison of the contribution of the thermalized and total (non-thermalized 

+ thermalized) electron distributions in the substrate mediated photoexcitation calculations. 

(a) Normalized QY for the activation of the Pt-CO bond at 500K plotted on a log scale. (b) 

Normalized QY for the activation of the Pt-O bond at 300K plotted on a linear scale. 

 



 

170 

 

 
 

Figure 5.17. Mechanistic description of the direct photoexcitation of metal-adsorbate 

bonds. (a) lr-TDDFT calculated change in the optical absorption spectrum of Pt(111) slab 

upon adsorption of 1 ML of CO and O. The magnitude of cross-sections for photoexcitation 

of electronic transitions between hybridized metal-adsorbate states were normalized to 

allow quantitative comparison of the oscillator strength for the two adsorbates. The inset 

shows the energies of states involved in electronic transitions responsible for the CO 

induced change in the Pt absorption spectrum. (b) In situ measured change in the reduced 

2.3 nm Pt absorption spectrum due to the introduction of steady state CO oxidation 

operation using diffuse reflectance UV-Vis spectroscopy, left axis. Overlaid is the 

measured QY for CO oxidation on the 2.3 nm Pt/α-Al
2
O

3
 catalyst, right axis, from Figure 

5.11a. 
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The small Pt particles (2.3 and 5.0 nm) have large fractions of surface atoms (50 

and 33%, respectively), making photon absorption likely to occur at surface atoms that are 

directly bonded to adsorbates. Strong hybridization and spatial overlap of adsorbate and 

metal states that occur due to chemical bond formation may allow direct photoexcitation 

of metal-adsorbate bonds through dipole electronic transitions involving hybridized metal 

surface atom-adsorbate states (Figure 5.1c).17 To analyze the impact of adsorbates on 

photon absorption by small Pt nanoparticles, the change in optical absorption of a 4-layer 

thick Pt(111) slab due to the addition of 1 monolayer of adsorbates was calculated using 

linear-response time dependent density functional theory (lr-TDDFT).39,38,30,36 The 

addition of atomic O to Pt(111) results in small increases and decreases in the Pt absorption 

spectrum, owing to the diffuse antibonding states of O adsorbed on Pt (Figure 5.17a and 

Figure 5.10). The weak relative dipole strength and diffuse nature of O adsorption induced 

photon absorption suggests that if direct photoexcitation of Pt-O bonds does occur on small 

Pt particles, it should not dominate Pt-O bond activation, which governs the rate of 

photocatalytic H2 oxidation. 

Similar calculations for the adsorption of CO on Pt(111) show the existence of an 

adsorbate induced resonant photon absorption at 605 nm. In addition, the change in the 

absorption spectrum of a 13-atom Pt cluster (Pt13) cluster due to the addition of a single 

CO atom was calculated, showing resonant photon absorption at 435 nm (Figure 5.18). The 

low energy (<3 eV) of the CO induced resonant photon absorption on both model systems 

provides convincing evidence that resonant electronic transitions localized at hybridized 

Pt-CO states (Figure 5.1c) exist in the visible regime and that the observed optical 
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absorption is not due to adsorbate localized HOMO-LUMO excitations, which has been 

found at ~5eV for CO on Pt (Figure 5.1b).47 We hypothesize that the calculated difference 

in the energy of electronic transitions for the two model systems is due to differences in 

the bonding of CO to the fully developed (Pt(111) metal slab) and molecular-like (Pt13 

cluster) metal electronic structures. Furthermore, it is suggested that the electronic structure 

of the CO-Pt(111) slab system is a better comparison to our experimental system (2.3 nm 

Pt particles, ~400 atoms) based on the fully developed electronic structure of metal 

particles of this size.48 

 
Figure 5.18. Calculated change in the optical absorption spectrum of a 13 atom Pt cluster 

upon adsorption of a CO molecule. The inset shows a diagram of the model system used 

in the calculations. 
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Analysis of the orbitals involved in the calculated CO induced visible photon 

absorption on the Pt(111) model system shows that electrons are excited from orbitals 

about 0.5 eV below Ef to states 2 eV above Ef (Figure 5.17a inset). The energies suggest a 

transition from hybridized Pt-CO bonding orbitals with predominantly metal character 

(formed due to back donation from Pt 5d states into CO 2π* states) into hybridized 

antibonding Pt-CO orbitals of mostly molecule character (formed through donation of CO 

5σ states into Pt 6sp states),49,50 see Figure 5.1c. Direct photoexcitation of the identified 

transition could destabilize the Pt-CO bond and is consistent with facilitating photocatalytic 

CO oxidation and increasing selectivity in PROX. 

The in-situ, experimentally measured change in the 2.3 nm Pt nanoparticle catalyst 

UV-Vis absorption spectrum under CO oxidation conditions shows resonant photon 

absorption centered at 450 nm (Figure 5.17b). Quantitative differences in the calculated 

and measured CO induced resonant photon absorption peak wavelength (605nm for the 

Pt(111) slab vs. 435 nm for the Pt13 cluster and 450 nm experimentally) are most likely due 

to well-known issues with generalized gradient approximation based exchange-correlation 

functionals quantitatively describing the CO-Pt(111) slab system.51 Regardless, the 

experimental and theoretical results identify resonant CO induced electronic transitions 

within ~0.7 eV of each other, suggesting that the experimentally observed resonant photon 

induced Pt-CO bond activation on small particles occurred through direct photoexcitation 

of hybridized Pt and CO states. Further evidence that direct photoexcitation of the Pt-CO 

bond is responsible for the resonant wavelength dependence of CO oxidation and the 

significant enhancement in PROX selectivity on small Pt particles is provided by the 
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excellent agreement between the measured wavelength dependent CO oxidation QY for 

the 2.3 nm particles and the change in the Pt absorption spectrum due to CO oxidation 

conditions (Figure 5.17b).  

5.7 Discussion 

Analysis of the modified Pt UV-Vis absorption spectrum under CO oxidation 

conditions suggests approximately 25% of 450 nm photons absorbed by the 2.3 nm 

particles were directly exciting electronic transitions localized in the Pt-CO bond (Figure 

5.9). The remainder of photon absorption at 450 nm was assumed to occur exclusively by 

metal states. The relatively low fraction of photon absorption events involving hybridized 

Pt-CO states is magnified in the wavelength dependent QY, resulting in strong resonant 

behavior. Comparison of the CO oxidation QY on large and small particles at 450 nm 

indicates direct photoexcitation is 6-fold more efficient than substrate mediated 

photoexcitation for activation of the Pt-CO bond. While the resonant, direct 

photoexcitation mechanism is shown to be more efficient at driving Pt-CO bond activation, 

further analysis of the relative contribution of direct and substrate mediated Pt-CO 

photoexcitation should be executed to substantiate quantitative comparison of the 

efficiency of the processes. The enhanced efficiency of the direct photoexcitation process 

is not surprising since the direct photoexcitation mechanism localizes an electron in Pt-CO 

antibonding states during photon absorption, whereas substrate mediated photoexcitation 

has multiple possible energy loss channels (thermalization and localization of photon 

energy in hot holes) occurring in parallel with electron transfer into Pt-CO antibonding 

states. In addition, potential energy surfaces associated with the electronically excited 
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adsorbate states are expected to be different for the two photoexcitation processes. The 

direct photoexcitation process produces excited states with locally correlated electron/hole 

pairs in the adsorbate-substrate complex. Transient negative ion adsorbates formed during 

substrate mediated photoexcitation have no correlation with the original holes produced in 

the metal, but instead interact with induced image charges in the metal surface.52 

Differences in the electrostatic interactions between the locally correlated electron-hole 

pair (direct photoexcitation) and the negative ion-image charge pair (substrate mediated 

photoexcitation) may significantly impact the efficiency of the photoexcitation processes 

for driving chemistry. 

There are several other particle size dependent phenomena, besides the size 

dependent photon absorption localization at Pt surface atoms discussed above, which may 

impact the photoexcitation of Pt-CO bonds. It has recently been shown that small supported 

Pt nanoparticles undergo restructuring towards a more discorded geometry due to the 

presence of CO,53 which impacts the energy of bonding and anti-bonding levels in CO-Pt 

bonds. In addition, the ratio of undercoordinated sites to well-coordinated sites is known 

to increase with decreasing particle size. Pt-CO bonds formed at undercoordinated sites on 

small or disordered Pt particles are expected to exhibit larger resonance energies for direct 

photoexcitation, as compared to the bond formation at well-coordinated sites, due to the 

increased d-band energy of the undercoordinated sites.15 The resonant energy observed for 

CO oxidation on small Pt nanoparticles in this study agrees well with previous results, 

which investigated charge transfer processes in CO adsorbed on Pt(111) surfaces with two-

dimensional sum frequency generation spectroscopy.49 This suggests that the observed 
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resonant photon driven Pt-CO bond activation occurred on (111) type Pt sites and also 

substantiates our computational model systems, although further studies are required to 

conclusively demonstrate this. 

It is important to mention the impact of temperature on the direct photoexcitation 

driven chemistry we observed. Increasing system temperature increases the population of 

adsorbates in vibrationally excited states, as dictated by the Bose-Einstein distribution,26,33 

which is manifested as an exponential dependence of the CO and H2 oxidation QYs on 

temperature, thereby enhancing the efficiency of the photon driven reactions (Figure 5.5). 

Although external temperature input is not requisite, the exponential relationship between 

QY and temperature enables significant, measurable catalytic reactivity. However, 

increased temperature in selective catalytic process often favors production of the 

thermodynamically most stable product. This suggests that selectivity control in 

heterogeneous catalysis by direct photoexcitation of adsorbate-metal bonds requires a 

balance between having high enough temperatures for low intensity photon fluxes to 

exhibit significant impact on reactivity while keeping the temperature low enough to 

maintain kinetic control of selectivity. 

It is also worth discussing our results in the context of the photochemistry of metal 

carbonyl molecules.9 The direct photoexcitation mechanism proposed here resembles 

photon driven activation of metal atom-CO bonds in metal carbonyl molecules mediated 

by the metal-to-ligand charge transfer (MLCT) mechanism. The resonant nature of the 

MLCT mechanism in metal carbonyl photochemistry is expected, based on the discrete 

molecular electronic structure of these systems. However, the resonant electronic 
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transitions (and resulting photocatalysis) observed between hybridized orbitals of CO and 

fully developed continuum electronic structure of 2.3 nm Pt particles is much more 

unexpected. This resonant behavior requires electronic transitions that originate from and 

terminate at well-defined localized states that exist within the background of an 

energetically diffuse metal continuum of electronic states. Comparisons of chemistry 

driven by direct photoexcitation of adsorbate-metal bonds on metal nanoparticles and 

MLCT in metal carbonyl molecules must consider the impact of significant differences in 

the metal electronic structures on the potential energy landscapes created for catalytic 

processes and nature of resonant electronic transitions, suggesting metal nanoparticles may 

exhibit unique photocatalytic functionality that metal carbonyl molecules do not. 

5.8 Conclusions 

In summary, our results show evidence that catalytic processes on metal surfaces 

can be driven and controlled through the resonant photoexcitation of hybridized electronic 

states formed due to strong chemisorption of adsorbates on metal surfaces. Pt nanoparticle 

size dependent studies showed that activation of Pt-CO bonds by direct photoexcitation 

becomes the dominant mechanism driving chemistry on nanoparticle catalysts under 5 nm 

in diameter. By exploiting the resonant, adsorbate specific, nature of electronic transitions 

formed between adsorbates and metal surfaces we showed that selectivity in catalysis could 

be rationally controlled. In the context of recent research into photocatalysis on metal 

nanoparticles, the direct photoexcitation of metal-adsorbate bonds could be a significant 

driver of chemistry in systems with strong interactions between photons and nanoparticle 

surfaces, such as in plasmonic photocatalysis.43,46,54,55 It is expected that the development 
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of insights into resonant electronic transitions between hybridized metal-adsorbate states 

will enable control of heterogeneous catalytic selectivity that cannot be achieved 

exclusively with thermal energy input.  
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Chapter 6  

Conclusions & Outlook 

6.1 Summary 

This dissertation has focused on the impact of adsorbates on catalytic metal 

surfaces. The major goals included developing improvements in enclosed space pollution 

control systems using precious metal catalysts, elucidating new structure-function 

relationships by quantifying the amount of geometric rearrangements of a catalyst surface 

while operating under reaction conditions and relating this to catalytic reactivity 

measurements, and exploiting changes in the local electronic structure at the catalytic 

interface to activate targeted adsorbate-metal bonds via direct photoexcitation of 

hybridized electronic states.  

6.2 General Conclusions 

In this dissertation we have utilized many techniques in order to address the 

questions posed in this dissertation. We have performed careful kinetic measurements, a 

battery of advanced characterization techniques, and coupled our experimental results with 

theoretical work using state-of-the-art density functional theory calculations and modeling. 

The major conclusions of this dissertation are as follows: 

For confined space pollution control applications, we performed comparative 

catalytic reactivity studies of an atmosphere contaminated with trace amounts of CO, H2O, 

and refrigerants such as Freon 134a and methyl chloride.1 The currently used catalyst, 
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hopcalite/LiOH was compared to Pt/Al2O3, and Pt/CeO2 for the removal of CO and 

tolerance of reactivity to the presence of H2O, Freon and methyl chloride without reacting 

to form toxic acid gas compounds. It was found that both Pt based catalysts competed with 

hopcalite/LiOH in the oxidation of CO at low temperatures, showing complete CO removal 

at temperatures <110°C. However, hopcalite/LiOH was shown to readily deactivation in 

humid environments, whereas both Pt catalysts were promoted by H2O for CO oxidation 

activity. In addition, hopcalite/LiOH showed high activity for C-Cl bond destruction as low 

as 200°C, where Pt/Al2O3 and Pt/CeO2 exhibited only a small amount of activity above 

275°C. It is found that Pt based catalysts either met or outperformed the currently used 

hopcalite/LiOH in every metric studied for confined space pollution control applications, 

and are expected to provide significant advantages in safety, operating costs, and tactical 

positions.  

Quantitative in-situ DRIFTS was used to investigate the influence of CO oxidation 

reaction conditions of the geometric structure of Pt catalysts, specifically the fraction of 

well-coordinated (WC) and under-coordinated (UC) Pt active sites on a series of 4 catalysts 

consisting of Pt nanoparticles with sizes ranging from 1.4 to 19 nm.2 Pt nanoparticle 

surfaces were observed to restructure under CO oxidation conditions, increasing the 

relative fraction of UC Pt sites compared to WC Pt sites. The amount of restructuring was 

measured and quantitatively compared to CO oxidation activity over the same catalysts. 

This work demonstrated that the reduced concentration of WC active sites under reaction 

conditions were still the active sites responsible for the reactivity, and these results bridge 

the discrepancies observed between previous studies exploiting theory, single crystals, and 
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supported Pt catalysts. The methods developed in this work have large implications for 

elucidating active sites in structure sensitive reactions. 

We demonstrate not only that various sizes of Pt catalysts on optically and 

catalytically inert Al2O3 support can be used as photocatalysts in the oxidation of CO, but 

that sub-5-nanometer metal particles enables the direct photoexcitation of hybridized 

adsorbate-metal states as the dominant mechanism driving chemistry.3 Photon wavelength 

and intensity resolved measurements on small Pt nanoparticles revealed a resonant 

wavelength dependent activation of Pt-CO bonds, which was exploited to enable and 

enhance selectivity control in the preferential CO oxidation in H2 streams. This novel 

photoexcitation mechanism opens new avenues to driving selective catalytic reactions that 

cannot be achieved using exclusively thermal energy.  

6.3 Future Research & Outlook 

In chapter 4, we showed how quantitative in-situ DRIFTS can be used to correlate 

reactivity with dynamic surface structures of catalysts and gain insight into the active site 

of the process. This technique however depends on site specific vibrational frequencies 

that can be distinguished using DRIFTS techniques for reactions that operate at near 

saturation coverages on the catalytic metal. In addition, site-specific adsorption energies 

typically have different extinction coefficients, depending on how strongly the adsorbates 

at each site type absorbs IR radiation. The measurement of relative extinction coefficients 

requires careful measurements of the IR intensity of each band as a function of a known 

amount of adsorbate is added (absolute extinction coefficients would require prior 

knowledge of the number of sites).  
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Previous methods of measuring relative extinction coefficients of adsorbates on 

various types of sites on catalyst surfaces involve adding known amounts of adsorbate to 

the catalyst surface while under a static vacuum,4–6 or the use of single crystals, extremely 

low temperatures and a known surface coverage of adsorbate.7 It is hypothesized that 

relative site specific extinction coefficients can be obtained for important adsorbates in 

catalysis, such as CO and NO, on a variety of catalysts such as Co (important for Fischer-

Tropsch synthesis)8 and Cu (important for water gas shift).9 Each of these examples would 

have important impacts on the determination of the active site under reaction conditions. 

In addition, it has also been shown that Cu readily restructures under high coverages of 

CO,9 and quantitative in-situ DRIFTS would be a powerful tool to investigate this further. 

In chapter 5, we determined that sub-5-nm Pt catalysts can enable the direct 

photoexcitation of hybridized Pt-CO states by controlling the photon wavelength. A 

shortcoming of utilizing Pt as a photocatalyst is that the extinction cross section is relatively 

small in the visible range compared to more optically active plasmonic metals, such as Au 

and Ag.10,11 However, the noble metals that have plasmon resonances in the visible light 

range are typically not catalytically active. It is hypothesized that optically active 

plasmonic Ag nanoparticles can be coupled to catalytically active Pt nanoparticles, 

separated by a thin layer of SiO2, and that these bifunctional catalysts would exhibit a 

plasmon-enhanced light absorption by Pt and enable a strong enhancement in the direct 

photoexcitation of Pt-CO bonds, further enhancing targeted metal-adsorbate bond 

activation.11–14    
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