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Abstract 

Gould, Troy, D. (Ph.D. Chemical and Biological Engineering) 

Preparation of Supported Metal Catalysts by Atomic and Molecular Layer Deposition for 

Improved Catalytic Performance 

Thesis directed by professors John L. Falconer, J. Will Medlin, and Alan W. Weimer 

 Creating catalysts with enhanced selectivity and activity requires precise control over 

particle shape, composition, and size.  Here we report the use of atomic layer deposition (ALD) 

to synthesize supported Ni, Pt, and Ni-Pt catalysts in the size regime (< 3 nm) where nanoscale 

properties can have a dramatic effect on reaction activity and selectivity. 

 This thesis presents the first ALD synthesis of non-noble metal nanoparticles by 

depositing Ni on Al2O3 with two half-reactions of Ni(Cp)2 and H2.  By changing the number of 

ALD cycles, Ni weight loadings were varied from 4.7 wt% to 16.7 wt% and the average particle 

sizes ranged from 2.5 to 3.3 nm, which increased the selectivity for C3H6 hydrogenolysis by an 

order of magnitude over a much larger Ni/Al2O3 catalyst.  Pt particles were deposited by varying 

the number of ALD cycles and the reaction chemistry (H2 or O2) to control the particle size from 

approximately 1 to 2 nm, which allowed lower-coordinated surface atoms to populate the particle 

surface.  These Pt ALD catalysts demonstrated some of the highest oxidative dehydrogenation of 

propane selectivities (37%) of a Pt catalyst synthesized by a scalable technique.   

 Dry reforming of methane (DRM) is a reaction of interest due to the recent increased 

recovery of natural gas, but this reaction is hindered from industrial implementation because the 

Ni catalysts are plagued by deactivation from sintering and coking. This work utilized Ni ALD 

and NiPt ALD catalysts for the DRM reaction.  These catalysts did not form destructive carbon 

whiskers and had enhanced reaction rates due to increased bimetallic interaction.  To further 
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limit sintering, the Ni and NiPt ALD catalysts were coated with a porous alumina matrix by 

molecular layer deposition (MLD).   The catalysts were evaluated for DRM at 973 K, and the 

MLD-coated Ni catalysts outperformed the uncoated Ni catalysts in either activity (with 5 MLD 

cycles) or stability (with 10 MLD cycles). 

 In summary, this thesis developed a new Ni nanoparticle ALD chemistry, explored 

possibilities for changing Pt ALD particle size, brought the two techniques together to create 

enhanced bimetallic catalysts, and stabilized the catalysts using MLD. 
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Chapter 1: Introduction 

1.1 Overview 

 The goal of this thesis is to explore and understand enhanced nanoscale effects in 

catalysis by creating supported Ni, Pt, and NiPt catalysts with particle sizes below 3 nm using 

atomic layer deposition (ALD) as the synthesis technique.  Specifically, the objectives of this 

thesis are to: 

1) Develop and explore the catalytic advantages of synthesizing Ni nanoparticles by ALD 

for the hydrogenolysis of alkenes. 

2) Explore the effect of varying Pt nanoparticle size on surface structure and selectivity for 

the oxidative dehydrogenation of propane. 

3) Synthesize bimetallic Ni-Pt catalysts by ALD to improve dry reforming of methane 

activity and coking resistance. 

4) Stabilize nanoparticles synthesized by ALD using porous coatings prepared with 

molecular layer deposition (MLD) to maximize the benefits of maintaining small particle 

size in harsh reforming conditions. 

 This introduction provides a broad background and motivation for studying the nanoscale 

catalytic enhancements found in this thesis.  An overview of nanostructure effects on catalysis is 

provided, in addition to specific information about the correlation between particle size and 

catalytic activity for two of the reactions studied in this thesis.  This introduction also provides 

information about the synthesis methodology used to create these nanoparticles (ALD) and 

modify the particles with stabilizing layers.  Finally, detailed explanations of the specific 

objectives for this thesis are given.           
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1.2 Introduction to Heterogeneous Catalysis  

 A major milestone in the field of heterogeneous catalysis was the discovery of the Haber-

Bosch process in 1905.[1, 2]  This process converts N2 and H2 gas to ammonia at an industrial 

scale, allowing for production of fertilizer that contributed substantially to population growth, 

and is estimated to provide fertilizer that sustains approximately 1/3 of the population today.[1]  

Since that time, heterogeneous catalysis has spurred the development of several crucial 

industries, and is utilized in approximately 90% of the total production in the chemical 

industry.[2, 3] Discoveries of synthetic zeolite materials and the fluid catalytic cracking (FCC) 

process led to substantial development of the petrochemical industry for fuels and plastics 

production.[4]   During the 20
th

 century, most advances in catalysis came through guess-and-

check high throughput catalyst screening.[3, 5] While high-throughput screening identified many 

useful catalysts, the discovery of better catalysts has recently been driven by fundamental 

understanding of how catalysts work and how to design specific catalysts for specific reactions.   

 Advances in computational power have allowed for significant development of catalyst 

modeling for surfaces, and more recently, nanoparticles.[6-9]  More sophisticated synthesis 

techniques have been developed to allow for spatial control over catalyst morphology and 

composition.  Additionally, advanced experimental techniques have been developed to study 

catalysts at varying levels: fundamental studies in ultra-high vacuum (UHV) on single 

crystals,[10] advanced spectroscopic techniques for structure and composition of the 

catalysts,[11-14] in-situ monitoring of catalyst syntheses,[15, 16] and in-operando monitoring of 

catalytic materials during realistic reaction conditions.[6, 17]  The collective knowledge gained 

from modeling and experimentation provide insight into fundamental broad-reaching principles 

in catalysis, such as the d-band theory for relating electronic structure to metal-adsorbate 
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interactions.[18, 19] More recently, researches have attempted to develop models, or investigate 

key parameters (such as CO and O binding energies) that will have predictive power for 

identifying the best catalyst for a given reaction.[20, 21]  The prediction of ideal catalysts based 

on fundamental principles is called rational catalyst design, and is the future of metal catalyst 

discovery in terms of advancing catalyst activity and selectivity, in addition to designing 

catalysts for reactions that are currently extremely difficult to perform. [22-24] 

 Heterogeneous catalysis has grown to encompass a wide range of materials such as 

zeolites, metal oxides, transition metals, metal salts, organic materials, or a combination of any 

of these materials.[3] The most widely used form of heterogeneous catalysts are transition metals 

supported on metal oxides, which began significant development with the discovery of the 

Fischer-Tropsch (F-T) process in 1913.[2]  A large proportion of supported metal catalysts used 

in fuel and chemical production are supported on Al2O3, SiO2, ZrO2, or carbon, and these 

supports often affect the catalytic behavior of the metals or the catalytic properties of a bi-

functional metal/metal oxide catalyst.[3]  The work in this thesis used Al2O3 supports only, and 

focused on Ni and Pt transition metal catalysts.  These two metals catalyze many reactions 

industrially, but exist at the opposite ends of the price spectrum, with current December 2013 

market prices of Ni around $0.43 per troy-ounce and Pt priced around $1400 U.S. dollars per 

troy-ounce.[25] Although Pt is the superior catalyst for many reactions, economic incentives to 

offset the catalyst cost motivate the need for greater selectivity (to reduce costs of purification 

and separation), or greater activity and stability (to reduce the amount of Pt required).  Many 

catalysts, especially those with the highest cost, are supported as nanoparticles with diameters 

less than 10 nm.  These small sizes increase the surface to volume ratio of the catalysts, thereby 

maximizing the amount of active surface area exposed to reaction conditions and wasting less of 
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these precious metals on the interior.  Catalysts also have other advantages when their particles 

are smaller than 5 nm.[6, 26, 27] When catalyst nanoparticles become sufficiently small, the 

fraction of atoms on (111) terraces diminishes, and other lower-coordinated atoms start to 

become the dominant type of surface atom.[28, 29]   Changing the coordination and type of 

catalytic site can have dramatic effects on catalytic activity and selectivity. Depending on the 

type of reaction, decreasing the particle size can shut down a reaction completely, have no 

change in catalytic behavior with particle size, or enhance catalytic properties.[26, 27, 30]   

1.3 Advantages of nanostructure control in transition metal heterogeneous catalysis       

Heterogeneous catalysis was once considered a “black art” due to uncertainties of how 

catalysts worked at the fundamental level.  However, with the advance of more fundamental 

techniques such as ultra-high vacuum (UHV) single crystal studies or density functional theory 

(DFT) computations, a more rational approach to understanding and designing catalysts tailored 

to specific reactions has been widely successful.[8, 10, 17, 19, 31, 32] The catalysis field has 

been advancing towards precise control of nanometer and sub-nanometer features in catalytic 

materials.  These advances were made possible by new synthesis methods, better analytical 

techniques to probe ultra-small features, and by the greater understanding of fundamental 

catalytic principles at the nanoscale through theoretical investigations.[6, 17, 33]   

Metal nanoparticles can exhibit catalytic properties that differ greatly from bulk materials 

due to geometric and electronic effects that arise when the particles become smaller than 10 

nm.[26, 30] Additionally, a clear advantage in catalyst activity and utilization is achieved with 

nanoparticles because as the size decreases, the fraction of surface atoms increases.  More 

interestingly, selectivity and/or activity increase for some reactions when the particle diameters 

drop below 10 nm, or even further as the diameters approach 2 nm.[26, 27]  
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When catalyst behavior changes with particle diameter, the reaction is known as structure 

sensitive.  The different types of structure sensitivity are outlined in Figure 1, where a reaction’s  

turnover frequency (TOF), defined as moles reacted per site per time, can increase, decrease, or 

pass through a maximum with decreasing particle size.  The differences in catalytic behavior are 

due to the type of site on which the reaction occurs.  Different catalytic sites (such as step edges, 

corners, etc.) change in population as particle size decreases.  For example, if a catalytic reaction 

requires terrace sites to proceed (such as selective hydrogenation of cinnamaldehyde to cinnamyl 

alcohol)[34, 35], as the catalyst particle size becomes smaller, the number of terrace sites 

diminishes and disappears and so would the catalytic activity.  The change in surface 

concentration of different coordination numbers with particle size are shown for a cubo-

octahedron particle geometry in Figure 1.2.  Additionally, ensemble size effects play a role as 

catalyst size decreases.  Ensemble size effects means that certain reactions require a specific 

number of sites to bind all of the necessary molecules in the proper configurations for the 

reaction to proceed.  For example, if the reactant needs 5 atoms on a terrace to stabilize a 

transition state, when the catalyst particles become too small, the ensemble of atoms required for 

this reaction disappears. 
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Figure 1.1. The four structure sensitivities for catalytic reactions as a function of particle size. 

[30] 

 

 

Figure 1.2. Fraction of atoms on the surface with a given atom coordination number, I, at 

different particle sizes, d, (or total number of atoms (NT)1/3) for the ideal uniform cubo-

octahedron particle shape.[30] [28] 
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 Changes in coordination number have such large effects on TOF because of electronic 

structure effects, geometric effects, and the interaction of these factors with the type of bond 

being reacted.  Activation of a σ-bond, such as with CH4 activation, can occur on a single atom.  

As the coordination number of an atom decreases, the localization of the valence electrons on the 

atom’s surface increases (shifting the d-band center upwards), and the degree of orbital overlap 

with that of the reactant also increases.  These two factors aid in dissociating the σ-bond even 

though the transition state structure does not change.  Other reactions such as hydrogenolysis 

require molecules to interact with multiple sites (such as those found on step edges) to stabilize 

transition states and cleave bonds by activating the π-bond.   

1.4 Dry reforming of methane on Ni-based catalysts 

The recent enhancements in natural gas recovery have drawn much attention to methane 

steam reforming (MSR) and dry reforming of methane (DRM) with CO2 to produce H2 or syngas 

for fuel production.  These reforming reactions and their heat of reaction (∆H298) are listed 

below: 

Methane steam reforming: 

CH4 + H2O → CO + 3H2   ∆H298 =  206 kJ/mol 

Dry reforming of methane: 

CO2 + CH4 → 2CO + 2H2  ∆H298  =  247 kJ/mol 

Both reactions are highly endothermic, and are typically run industrially from 773 K up to 

1073 K in tubular reformers.   A side reaction, the reverse water gas shift, can also occur during 

DRM conditions to create water and CO.  Methane steam reforming is mainly used to produce 

hydrogen since the H2:CO ratio in the product stream is typically 3:1 or higher.[36-38]  

Currently, up to 95% of the U.S. production of H2 is done through MSR.[39]  The mixture of H2 
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and CO gases, otherwise known as syngas (or synthesis gas), is used to make a variety of longer 

chain molecules.  The classic and most historic example of this is the Fischer-Tropsch (FT) 

process that can create fuel-grade molecules from syngas.  Depending on the desired product and 

the associated reaction chemistry, different ratios of H2:CO are required as a feed stream.  These 

ratios are almost always less than 3:1, and typically are 2:1 (for low-temperature FT), or 1:1 (for 

higher alcohol synthesis), or for methanol and DME syntheses the ratio of (H2 - CO2):(CO + 

CO2) is approximately 2.[36]  To bring down the ratio of H2:CO, the stream is often put through 

reverse water gas-shift reactions to deplete H2 and increase CO.  Dry reforming has potential for 

dealing with this issue since the H2:CO ratio is typically less than one.  Not only does DRM use 

CO2 instead of H2O, but the resultant product stream can be blended with a stream from MSR to 

achieve a desired H2:CO ratio for chemical synthesis. 

Nickel is the primary catalyst used for these reforming reactions, but Ni catalysts are plagued 

by deactivation due to sintering and coking.[36, 40, 41]  Sintering decreases the rate of reaction, 

but coking can eventually form enough carbon to shut the reaction down completely or totally 

clog reactors.[36]  Examples of the types of carbon that can be deposited are shown below in 

Figure 1.3; whisker carbon is the most destructive form for industrial methane reforming.  These 

carbon whiskers can lift the Ni particles off the support, and by continuously growing more 

carbon from the rear of the particle, the nanotubes can build up large pressure drops in the 

reactor, crush the catalyst particles against the walls of reformers, and decrease heat transfer 

from tubular reformers. 
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Figure 1.3. Three types of carbon deposition on Ni catalysts: (A) pyrolytic carbon, (B) 

encapsulating carbon, (C) whisker/nanotube carbon.[40] 

Methane reforming can be run at higher temperatures (1073 to 1173 K) to 

thermodynamically limit the amount of carbon formed.[42] Not only are these temperatures 

extremely energy intensive and costly, but they also cause problems with decreased activity due 

to the formation of nickel-aluminates and excessive surface area loss due to sintering. For these 

reasons, much research has been conducted on finding ways to limit carbon deposition without 

using these high temperatures.  One of the methods most pertinent to this thesis is to use small 

particles that destabilize carbon nucleation.   A DFT study on graphite formation from 

decomposed CH4 indicated that carbon preferentially nucleates on Ni(211) step edges as opposed 

to terrace sites.[7]  However, the study also calculated that a critical size step edge greater than 

2.5 nm was needed to anchor and form a stable carbon cluster on which more carbon can grow. 

This work aims to utilize 3-nm Ni particles to increase activity due to higher surface area and 

enhance coking resistance due to sufficiently small step edges.   

Other attempts at increasing the stability and activity for DRM involve adding Pt to the Ni 

catalysts.  Incorporating Pt can break up Ni ensembles, inducing the same effect of limiting Ni 

particle size. Additionally, Pt can increase the Ni reducibility (or keep Ni from losing activity 
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due to oxidation).[43-45]  The limiting step for DRM reactions is the initial dissociative 

adsorption of CH4, and Pt clusters are more reactive for C-H bond activation than Ni.[46]  

Several examples of adding Pt to Ni catalyst have shown improved activity and stability at 

temperatures of 773 to 1073 K.[43, 44, 47] 

1.5 Oxidative dehydrogenation of propane over Pt catalysts 

 Another example of a reaction that could have large economic impacts with catalytic 

improvements in selectivity is the oxidative dehydrogenation (ODH) of alkanes to alkenes.[48]  

Oxidative dehydrogenation of propane (ODHP) to propylene is of particular interest.  One of 

propylene’s major uses is as the precursor for polypropylene, which is driving the global 

propylene demand to increase by more than 20 billion kg by 2017.[49] Steam crackers or fluid 

catalytic cracker (FCC) units are typically used to produce propylene, but catalytic dehydration is 

also used to a smaller extent.   These processes are highly endothermic, produce larger fractions 

of ethylene than propylene, and require regeneration of the catalysts due to coking. Using O2 to 

oxidatively dehydrogenate propane can ameliorate these issues by combusting carbon deposits 

and by dropping the necessary reaction temperatures below 773 K.  Some of the main ODHP 

catalysts investigated are vanadia-based materials, but these catalysts cannot achieve high 

enough yields to warrant the industry abandoning more economical steam cracker and FCC 

processes.[50] These vanadia catalysts can achieve higher propylene yields than Pt catalysts; 

however, during propylene production, ethylene is also produced in significant amounts (50% of 

olefin production).[50] 

Oxidative dehydrogenation on Pt is known as a structure sensitive reaction that increases 

turnover frequency as the catalyst particle size becomes smaller.  Vajda et al showed through 

theoretical studies that clusters with surface coordination numbers of 4 have a lower barrier for 
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breaking a C-H bond than for breaking a C-C bond to form CO or CO2, which is opposite 

behavior from higher-coordinated atoms.  Larger Pt catalysts (composed of mainly (111) 

surfaces) or Pt(111) single crystals show essentially no selectivity to propylene and instead 

proceed through a combustion pathway.  For example, in an ODHP study on Pt/monoliths by 

Silberova et al., these catalysts only achieved a selectivity of 5% and a TOF of 0.01 s
-1

 at 673 

K.[51]  However, size-selected Pt clusters of 8 to 10 atoms have been shown to achieve 

propylene selectivities greater than 60%.[52]   This work aims to use ALD to synthesize ~1 nm 

Pt nanoparticles that can approach the high ODHP selectivities reported for Vajda’s small 

clusters.     

1.6 Atomic layer deposition of metal nanoparticles  

        Atomic layer deposition is a two-step analog to chemical vapor deposition; it deposits 

conformal thin films on surfaces by two self-limiting reactions, i.e., half-reactions.  The self-

limiting behavior allows for complete monolayers to be grown, theoretically one atomic layer at 

a time.  One of the original, and most studied, examples of ALD is aluminum oxide deposition 

via trimethyl-aluminum and water.[53, 54]  Alumina ALD has been demonstrated on a variety of 

metal oxides, metals, and polymers, as shown in Figure 1.4.[54-57]  Most of the transition 

metals have been deposited by ALD as metal oxides or nitrides, but a more recent deposition 

method  deposits elemental or metallic particles through island growth mechanisms.[53]  Over a 

decade has lapsed since Aaltonen et al. used hundreds of cycles of Me(Me3Cp)Pt and O2 to 

deposit Pt films via ALD.[58]  Since that time, much research has focused on creating Pt 

nanoparticles by ALD with lower numbers of cycles on metal oxide supports such as Al2O3, 

SiO2, TiO2, and SrTiO3.[15, 16, 59]  Ruthenium, Pd, RuPt, and PdPt bimetallic catalysts were 

also deposited on metal oxide supports using ALD in recent years.[60-62]   
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Figure 1.4. Demonstrated metal oxide chemistries shown in red, and metal ALD demonstrated in 

blue.[63]  (this representation is missing (Cu, Co, Fe),[64] Ni,[64, 65] and Ru[61] from the 

demonstrated metal ALD elements.) 

 Platinum ALD is perhaps the most studied form of particle ALD because of the attractive 

properties of the Pt nanoparticles, and the ease at which the Pt ALD can be performed with the 

Me3Pt(MeCp) precursor.  This wide usage of Pt ALD has led to several studies elucidating the Pt 

ALD reaction mechanism.  Work by the Kessels group, through in situ FTIR monitoring of gas-

phase products during ALD, showed that the initial reaction step involves the Pt precursor 

reacting with surface hydroxyl groups to form CH4.[16, 66]  The second half-reaction, involving 

O2, combusts the remaining ligands to leave behind the Pt nanoparticles.  The first half reaction, 

dosing the Pt precursor is [16]: 

2(MeCp)PtMe3(g) + 3 O(ads)  →  2(MeCp)PtMe2(ads) + CH4(g) + CO2(g) + H2O(g) 

 

 

The second half-reaction, using O2 as the precursor is [16]: 

 

2(MeCp)PtMe2(ads) + 24 O2(g) → 2 Pt(s) + 3 O(ads) + 16 CO2(g) + 13 H2O(g) 

 

 This Pt ALD mechanism was verified and expanded upon by Setthapun et al. by in-situ 

monitoring of Pt ALD with EXAFS and XANES.[15]  Schematics of their proposed ALD 
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mechanisms are shown in Figure 1.5 and Figure 1.6.  They found that during the second half-

reaction, the O2 forms Pt-O species that become reaction sites for subsequent ALD cycles.  

Although the reaction above is useful, and the schemes below in Figure 1.5 and Figure 1.6 are 

helpful for understanding the reactions taking place during ALD, these studies fail to address the 

issue of particle formation.  The ALD may take place on an individual site as depicted in Figure 

1.5, but the resultant material is not an individual atom of Pt and is instead a coalescence of 

many atoms.  With the exception of their one study of Pt ALD with H2,[15] all other metal 

nanoparticle ALD use the second half-cycle reagent of O2 or formalin to deposit the 

nanoparticles.[16, 59-62, 66]  Before the success of Ni ALD with H2 shown in this work,[65] 

only noble metal nanoparticles were deposited via ALD.   

 

Figure 1.5. Reaction mechanism for Pt ALD with O2 on γ-alumina. I: 1
st
 Pt dose. II: 1

st
 O2 dose.  

III. 2
nd

 Pt dose. IV: End of 2
nd

 Pt dose. V: 2
nd

 O2 dose. VI: 3
rd

 Pt dose.[15] 

 

Figure 1.6.Reaction mechanism for Pt ALD with H2 on γ-alumina. I: 1
st
 Pt dose. II: 1

st
 H2 dose.  

III. 2
nd

 Pt dose. IV: 2
nd

 H2 dose.[15] 
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 As previously mentioned, precious metals such as Pt and Pd are often deposited at high 

dispersions to minimize raw materials costs.  These catalysts also exhibit enhanced catalytic 

activity for certain reactions when they are ultra-small (< 2 nm).[62, 67] Palladium and Pt ALD 

naturally produce small particles, but several efforts have been made to decrease the particle size 

even further.  Some studies have intentionally blocked or removed sites for Pd ALD, or 

attempted low temperature deposition to slow diffusion.[67, 68]  Several studies have used DFT 

to probe how Pt and Pd atoms adsorb and diffuse and nucleate on TiO2 and Al2O3 supports.[69-

71] These studies found that hydroxyl groups on the alumina surface can decrease the adsorption 

energy of these metal atoms, and the OH groups also increase the diffusion barrier for migration 

across the support surface.[70, 71]   

1.7 Catalyst Stabilization by ALD and Molecular Layer Deposition 

 Although many of the nanoparticle catalysts discussed in this thesis have extraordinary 

catalytic performance in their native, as-synthesized state, a major barrier to implementation of 

these technologies is sintering of the catalysts.  Catalyst nanoparticles sinter through two primary 

mechanisms depicted in Figure 1.7: 1) particle coalescence, whereby entire catalyst particles 

migrate across the surface, and 2) Ostwald ripening, where larger catalyst particles grow to 

become more stable at the expense of atom loss from smaller catalyst particles.[41, 72, 73]  

Sintering becomes more of an issue as particle size decreases, since one of the driving forces for 

particle growth is minimization of surface energy of the particle, and this surface energy is 

highest on smaller particles.[3, 69] 
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Figure 1.7. Conceptual figure for sintering mechanisms: A) Ostwald Ripening includes atomistic 

loss (represented by the small black spheres above) and re-adsorption from small particles to 

larger ones, and B) particle coalescence, which involves two entire crystallites moving together 

to form one particle.[73] 

 Although many stabilization techniques are used in the literature and industry, the scope 

of this background information will focus on a few promising alumina-ALD and molecular layer 

deposition (MLD) stabilization techniques. The first of these investigations used 40 cycles of 

alumina ALD to completely cover Pd catalyst particles with an 8-nm-thick film, then exposed 

the Pd particles by thermally cracking the alumina layer at 1073 K in O2 to form 2-nm pores 

down to the Pd particle surface.[74]  The main advantage of this layer was the covering of 

certain active sites that nucleated carbon growth.  The particles were also stabilized by this 

technique, but they were much larger (7 nm) and thus less susceptible to sintering than the 

catalysts investigated for this thesis.  

 Instead of forming a complete over-coating, the same authors also used fewer numbers of 

cycles to deposit an incomplete alumina layer on the Pd nanoparticles.  Through CO DRIFTS, 

they determined that the alumina ALD nucleated on the step and corner sites of the Pd particles, 

while leaving the terraces open for reaction. This porous coating slightly prevented the particles 

from sintering during reaction conditions, and significantly prevented sintering compared to an 
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uncoated catalyst under Ar for 6 h at 773 K.  A third ALD-based technique is called ABC ALD 

chemistry, where instead of two half-reactions, a third reaction is used in between the regular 

two half-reactions.  This third reaction does not interfere with the species stabilized by ligands 

from the first reaction, and can instead be used to build up material around the catalyst particles 

to stabilize them.  Lu et al. found that these “walls” created around Pd-ALD catalysts stabilized 

the particles during synthesis to 1 nm in diameter or less; however, no substantial evidence was 

presented to show that these structures prevent sintering at high temperatures or reaction 

conditions. 

 Molecular layer deposition is another stabilization technique similar to ALD’s self-

limiting, controllable properties, but instead of depositing atomic layers of metal oxides, MLD 

deposits metal-organic polymer layers composed of molecules (not atoms) from each complete 

cycle.  Once the desired number of cycles are deposited, the MLD layer is calcined (or water-

etched) to remove the polymeric components, leaving behind a porous alumina layer. The 

simplest form of MLD involves two half-reactions, much like ALD, and the work demonstrated 

by the Weimer group focused on aluminum alkoxide (i.e., alucone) MLD.[75, 76]  This reaction 

typically uses TMA and ethylene glycol as the two reagents to create the polymeric hybrid film, 

which when calcined produced a porous inorganic layer with 0.6-nm diameter pores.  Liang et al. 

used these MLD layers to stabilize Pt-ALD particles on SiO2 by depositing 10, 20, 30, and 40 

MLD layers.[76]  Active metal surface area was partially covered by the MLD layers, but was 

similar for the 20, 30, and 40-cycle samples at room temperature and 673 K.  When they held the 

catalysts at 873 K to cause sintering, the MLD-modified catalysts had similar active metal 

surface areas.  When the catalysts were sintered at 1073 K, the sample with the thickest MLD 

layer (40 MLD cycles) had the smallest amount of sintering (11% active surface area loss) 
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compared to the 34% loss for the 30-cycle sample or the 69% loss for the 10-cycle sample. A 

schematic depicting this coating is shown in Figure 1.8.   

 

Figure 1.8 Schematic of supported Pt catalyst nanopartilces: (a) uncoated, as deposited by ALD, 

(b) Pt particles coated by hybrid polymer-inorganic MLD, then calcined to form stabilizing 

porous alumina layer.[75] 

  The catalytic activity for CO oxidation on these Pt catalysts was decreased by the 

addition of MLD layers.  This decrease in activity was attributed to mass transfer limitations 

from the 0.6-nm pores.  A new type of alucone MLD using three components (ABC MLD) was 

reported by Yoon et al. and still had self-limiting conformal film growth like AB MLD.[77]  In 

this approach, the three reagents are TMA, ethyl amine (EA), and maleic anhydride (MA).  Each 

component undergoes a self-limiting reaction, as shown in Figure 1.9,[77] to form a longer 

polymeric chain than the AB alkoxide MLD.   
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Figure 1.9:  ABC alucone MLD reaction scheme.  A: TMA reacts on the OH groups of the 

support or the previous MLD layer in the “A” dose; B: EA reacts with methyl groups from the 

first step; C: MA reacts with the amine groups from the second step to form a metal-organic 

polymer layer, and regenerates OH functionality for additional ABC cycles.[77]   

 Liang et al. showed that after removal of the organic portion of these layers, the pores are 

0.8-nm diameter.[75]  These pores should mitigate mass-transfer issues for reactions of small 

molecules, but the ABC MLD layers were not previously tested for sintering prevention or on 

any catalyst system to gauge the effect of the MLD layer on activity. 
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1.8 Thesis Objectives 

This thesis aims to demonstrate and understand the advantages of synthesizing 

nanostructured supported catalysts via atomic layer deposition (ALD).  The catalytic systems 

under investigation are Al2O3-supported Ni, Pt, and NiPt bimetallic catalysts synthesized mainly 

by H2 ALD.  The catalysts synthesized in this work are among the smallest supported 

nanoparticles ever reported, and are in the size range where nanoscale effects can drastically 

change reaction activity and selectivity.[26-28, 30]  Increased reaction selectivity can arise from 

specific sites (such as step edges or other lower-coordinated atoms) on the catalyst surface, and 

increased catalytic activity can come from higher fractional exposure of metal atoms on the 

nanoparticle surface.   

This work has successfully synthesized Ni nanoparticles by ALD, and demonstrated that 

these particles are sufficiently small to exhibit catalytic enhancements based on the nanoscale 

features of the metal.  As an extension of Ni nanoparticle ALD with H2, we hypothesized that 

using H2 as the second half-cycle reagent alters the Pt ALD mechanism and particle size 

compared to traditional Pt ALD with O2.  By combining the two metal ALD chemistries, 

nanoscale bimetallic catalysts were created and showed enhanced activity and coking resistance 

during DRM.  Additionally, we hypothesized that nanoscale effects can be enhanced and 

maintained in harsh industrially-relevant conditions by modifying the Ni nanoparticles with Pt 

ALD and further with a stabilizing alumina MLD layer.   This thesis aims to explore the 

synthesis, modification, and performance of these ALD catalysts through four specific 

objectives: 
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1 Synthesize supported Ni nanoparticles by ALD to enhance hydrogenolysis selectivity.    

 This work demonstrates the first non-noble metal ALD of nanoparticles by depositing Ni 

with NiCp2 and H2 reagents.  The particle size and Ni weight loading deposited varied with the 

number of ALD cycles performed, and the Ni ALD was able to achieve relatively small particles 

for such high weight loadings.  The small Ni particles had an increased number of step-edges on 

their surfaces, which correlated with increased hydrogenolysis selectivity and activity. 

2 Investigate the effects of varying Pt ALD second half-reaction chemistries on the ALD 

mechanism, nanoparticle size, nanoscale features, and ODHP selectivity.   

 In contrast to Ni ALD, Pt nanoparticles can be synthesized via ALD using either O2 or H2 

as the secondary reagent.  This work aims to understand some of the mechanistic differences 

associated with the two reaction chemistries of Pt ALD by monitoring the support OH 

concentration via in situ IR during the ALD process.  Additionally, the differences in 

nanoparticle size as a function of chemistry and number of cycles were analyzed.  The surface 

structures of the catalysts were probed through CO adsorption and analysis by TPD or CO 

DRIFTS.  The catalysts were evaluated for selectivity of propane oxidative dehydrogenation 

(ODH), which is known to take place on low coordination number (CN = 4) Pt atoms.[52] These 

Pt ALD particles are among some of the smallest ever synthesized with a feasibly scalable 

technique and bridge the gap of controlled molecular-beam deposited clusters and actual 

supported Pt clusters. 

3 Modify Ni ALD particles with Pt ALD to enhance both activity and stability during dry 

reforming of methane.   

This study aims to evaluate Ni ALD and NiPt catalysts for DRM activity.  Ni ALD 

monometallic catalysts have high surface areas per gram of metal, and are sufficiently small to 
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limit the deactivation of the catalyst due to coking. Long term stability of these catalysts and the 

degree of coke build-up compared to normal incipient wetness Ni catalysts was investigated. 

Bimetallic catalysts were created by coating the Ni ALD catalysts with Pt ALD to improve DRM 

performance. The Pt addition enhanced both activity and coking resistance of the Ni 

nanoparticles.   

4 Modify Ni and NiPt ALD particles with stabilizing Al2O3 MLD layers to enhance 

activity and resistance to coking by reducing sintering during dry reforming of 

methane.   

This work focused on demonstrating the potential of MLD to minimize sintering, thereby 

retaining the nanoscale advantages of these catalyst nanoparticles.  The catalysts were 

intentionally tested under extremely harsh conditions (DRM at 973 K) to show the maximum 

benefit of the MLD layers under conditions that readily sinter and deactivate catalysts.  Porous 

alumina stabilizing layers were added to the Ni and NiPt ALD catalysts by depositing alucone 

ABC MLD, then calcining the layers to form porous alumina.  Stability studies, catalyst 

characterization techniques such as chemisorption, TEM, and coke formation measurements 

were performed.  The effectiveness of these stabilizing layers on reducing sintering and 

maintaining high DRM rates was found to vary with the number of MLD cycles, but the 

sintering was reduced in all cases.  The MLD layers on the Ni catalysts were more effective at 

maintaining a high DRM rate than the NiPt catalysts.    
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Chapter 2: Synthesis of Supported Ni Catalysts by Atomic Layer Deposition 

As accepted by Journal of Catalysis (July 2013) 

2.1 Abstract            

 Nickel nanoparticles grown on an Al2O3 support by atomic layer deposition (ALD) had 

higher selectivity for propylene hydrogenolysis. The Ni was deposited in a fluidized bed reactor 

with bis(cyclopentyldienyl)Ni and H2 reactants.  Varying the number of ALD cycles varied the 

Ni loading between 4.7 - 16.8 wt% and the average Ni particle diameters between 2.4 - 3.3 nm.  

The number of surface sites per gram of Ni, determined from CO TPD, was at least five times 

higher on ALD-prepared catalysts than typical Ni/Al2O3 catalysts prepared by incipient wetness 

impregnation.  The fraction of CO desorbed from steps and kinks on the ALD-prepared catalysts 

was at least three times higher.  Correspondingly, the selectivity for propylene hydrogenolysis, 

instead of hydrogenation, was above 10% on an ALD-prepared catalyst but below 0.4% on the 

incipient wetness catalyst.  Preparing catalysts by ALD appeared to increase the step and kink 

site density and thus increase hydrogenolysis selectivity.  

2.2 Introduction  

 To meet the demand for high performance catalysts in the petroleum and biofuels 

industries, efforts have increased to rationally design and synthesize catalysts that enhance 

selectivity, activity, and/or robustness.[1-3]  Catalytic performance can be enhanced by 

designing catalysts based on theory of highly idealized structures, including fundamental ultra 

high vacuum (UHV) studies of single crystals,[4-7] and DFT modeling of nanoclusters with 

nanoscale and bimetallic features.[8-10]  For example, Hang et al. used DFT and STEM to 

elucidate how step edges on a Ni(211) surface enhance ethylene hydrogenolysis compared to a 

Ni(111) surface.[10, 11]  Designing catalysts with nanoscale features can improve activity and 
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selectivity by increasing uncoordinated surface sites and defects.
 
[11-13]

   
Not only do 

nanostructured catalysts have high activity per gram of metal because they have higher 

dispersions, but the inherent nanoscale features can also allow catalysts to have different 

turnover frequencies or selectivities than bulk materials.[12, 14-16] In the case of structure 

sensitive reactions such as hydrogenolysis, enhancements in selectivity can arise from both 

electronic effects and ensemble size effects as the metal particles become smaller.[17, 18]  

 Although understanding the catalytic properties of nanoparticles has improved, a gap still 

exists between studies on model systems and synthesizing nanoscale heterogeneous catalysts 

with enhanced performance. In many nanotechnology applications, one large barrier to 

implementation is converting the technology to a large-scale, reliable process.[12]  Most 

nanoparticle synthesis techniques that can achieve supported catalyst particles with diameters of 

2 to 3 nm involve solution-based particle growth, often with hazardous solvents, reducing agents, 

or capping agents.  Additional steps necessary to deposit the particles are photodegradation, 

polyol deposition, or multi-step processes of impregnation, exchange or anchoring the particles 

to the support, followed by calcination and reduction.[19-21]  This issue of scalability can be 

addressed by utilizing atomic layer deposition (ALD) as a gas-phase technique in a fluidized bed 

reactor (FBR) to synthesize high-performance nanoparticle catalysts directly on the support.[22]   

Atomic layer deposition is similar to chemical vapor deposition, except that the two reactants are 

dosed in two “half reactions” or “half cycles” to allow for a site specific reaction with the first 

reactant, followed by a second reaction to achieve the desired material deposition.[23] 

 Deposition of noble metal nanoparticles of Pt, Ru and Pd on several metal oxide supports 

by ALD has been demonstrated by using a variety of cyclopentyldienyl-based metal precursors 

for Pt and Ru and a hexafluoroacetylacetonate precursor for Pd.[24-27]   Depositing noble metals 
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with less than 10 ALD cycles produces clusters with diameters less than 2 nm and high 

dispersions (0.40 – 0.90).[24-26]  The ALD process yields exceptionally small nanoparticles that 

can be stabilized by modification with other materials such as porous alumina ALD over-layers 

to prevent coking or sintering.[28, 29]  During metal ALD, oxygen is typically used as the 

reagent of the second half reaction for Pt, Ru, and most other ALD cycles that use 

cyclopentadienyl organometallic precursors.  Atomic layer deposition with O2 leads to 

nanoparticle deposition of the noble metals,[30] but for other transition metals such as Co, Fe, 

and Ni, only metal oxide films deposit using O2 or ozone as the second precursor.[31-34]  

Metallic films have been synthesized using O2 as the second precursor with Ni organometallic 

precursors, but only by reducing the deposited metal oxide film with H2 or H radicals.[23]  

Reducing agents as the second reactant have only been demonstrated with noble metals and 

copper, or to create thick metallic films.[35, 36]     

 In the present work, we demonstrate how ALD provides a scalable avenue for producing 

supported Ni nanoparticles of specific sizes with nanostructures necessary for higher 

hydrogenolysis selectivities and activities.  Varying the number of ALD cycles deposited 

nanoparticles with different physical and chemical properties.  The mass and size of particles 

deposited were measured via inductively coupled plasma mass spectroscopy (ICP-MS) and 

transmission electron microscopy (TEM).  Temperature-programmed desorption (TPD) of CO 

was performed to validate active site calculations based on particle size and to elucidate any 

differences in CO desorption modes between the catalysts.  Propylene hydrogenation and 

hydrogenolysis rates were measured to evaluate activity and selectivity advantages of preparing 

catalyst nanoparticles via ALD.   
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2.3 Materials and Methods 

2.3.1 Nickel ALD Catalyst Preparation 

 Nickel was deposited on alumina particles by first reacting bis(cyclopentadienyl)nickel 

(NiCp2) in a N2 carrier gas with alumina, and then reacting 20% H2 (balance Ar) with the 

organometallic molecules bound to the surface. The solid NiCp2 precursor was loaded into a 

stainless steel vessel, which was purged with N2 and then held at 365 K to control the precursor 

vapor pressure.      

 Varying numbers of cycles were used on separate batches of the support, which was 

either a porous alumina powder (Albemarle MARTOXID AN/I) or a non-porous alumina 

powder with nanospheres less than 50 nm in diameter (Aldrich 544833 gamma alumina, ~40m
2
/g 

BET surface area).  Thermogravimetric analysis, similar to the method proposed by Rigney et 

al.[37], was used to estimate the OH surface density of the gamma alumina nanospheres on a 

Netzsch STA 449 F1 Jupiter thermogravimetric analyzer.  The alumina sample was heated at a 

ramp rate of 10 K/min from room temperature to 1273 K in a flow of 100 sccm Ar in order to 

remove both adsorbed water and surface hydroxyl groups.  The weight loss after 673 K was 

attributed to OH removal via water desorption. This temperature cutoff was determined by an 

inflection in the derivative of weight loss and because liquid water is known to be mostly 

removed by heating at 673 K.[38]   

 All ALD reactions were monitored in situ by mass spectrometry (Stanford Research 

Systems QMS 200) and took place at 573 K at approximately 0.1 Pa in a vertical fluidized bed 

reactor system, which is described in detail elsewhere.[22]  The support was degassed overnight 

in the reactor under a N2 flow of 5 sccm, and all carrier gas and reagent gas streams were set to 5 

sccm, resulting in a bed space velocity of 0.73 h
-1

.  Mass spectrometry scans from 1-200 m/z 
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revealed species correlated to the ALD reaction as 28 (N2), 44 (CO2), 40 (C3 fragment), 66 

(cyclopentadiene, Cp), 187 and 188 (NiCp2) for the first half reaction, and 66 (C5H6), 2 (H2), and 

16 (CH4) for the second half reaction.  Breakthrough of NiCp2 occurred for all cycles with dose 

times ranging from 5 min to 2 h for up to 1 g of support.  The ALD-synthesized catalysts were 

compared to a Ni catalyst (8 wt% Ni) prepared by incipient wetness (IW). The catalyst was 

prepared by dissolving Ni(NO3)2· 6H2O in deionized water, adding the 0.67 g Ni(NO3)2 / L 

solution to the porous Al2O3 support (Saint Gobian SA 63158 with a pore volume of 0.64 g/cm
3
), 

drying the catalyst at 383 K for 2 h, then increasing the temperature at approximately 10 K/min 

to 823 K and calcining at 823 K for 6 h.  The catalyst was then reduced for 3 h at 623 K in pure 

H2. 

2.3.2 Catalyst Characterization 

 Nickel, aluminum, and impurity silicon content were measured using inductively coupled 

plasma mass spectroscopy (ICP-MS).  The catalysts were digested in a HF/aqua regia solution 

for at least 24 h before analysis.  Transmission electron microscopy (TEM) images of the catalyst 

particles were obtained using a Philips CM-100 microscope.  Powder samples were embedded in 

epoxy, cured at 333 K for two days, and cross sectioned using a Leica UC6 Ultramicrotome to 

thicknesses of 50-70 nm.  High resolution transmission electron microscopy (HRTEM) images 

were obtained using a JEOL 2010 FEG (Field Emission Gun) Analytical Electron Microscope at 

the MIT SEF (shared experimental facility), using the Orius CCD.  Samples were prepared for 

the HRTEM using epoxy-embedded cross-sections or by dropping powders suspended in 

isopropanol onto holey carbon grids and wicking away the excess liquid to deposit the particles 

on the grid.  Due to the difficulty in distinguishing the smaller and less densely populated 

particles of 1 and 5 ALD cycles, Al2O3 nanospheres were used to facilitate imaging the Ni 
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particles, whereas the 15 ALD cycle sample was imaged on a porous Al2O3 substrate.  Nickel 

particle diameters were measured via NIST ImageJ software with the HRTEM and TEM images.   

2.3.3 Reactor Studies/ CO TPD 

 A differential reactor composed of a 6.35-mm ID quartz tube in a temperature-controlled 

furnace was used to measure reaction kinetics and carry out temperature-programmed desorption 

(TPD).  Reactor feed and effluent were analyzed on a SRS-RGA200 mass spectrometer. All 

catalysts were reduced at 573 K in 20% H2 (balance Ar) for 2 h before exposure to reaction 

conditions.  Hydrogenation and hydrogenolysis were monitored at temperatures from 323 K to 

573 K at flows of 10/40/50 sccm of C3H6/H2/Ar.  Less than 10 mg of catalyst powder was mixed 

with inert zirconia to a total bed weight of 500 mg.    Propylene was used as a probe molecule to 

screen for hydrogenation and hydrogenolysis rates.  Turnover frequencies (TOF) were calculated 

using the rate of product formation (after reaching steady state values) and the number of metal 

surface sites determined by CO TPD.           

 For TPD, 100-300 mg of catalyst were loaded into the quartz tube and then reduced in 

20% H2 for 2 h at 573 K, purged with Ar, and cooled for 2 h to room temperature.  Carbon 

monoxide was adsorbed to saturation from a stream of 20% CO (balance Ar) at room 

temperature at a flow rate of 100 sccm for 10 min.  The temperature was increased from room 

temperature to 798 K at approximately 100 K/min in a sweep gas of 25 to 50 sccm Ar. 

2.4 Results and Discussion 

2.4.1 Preparation of Ni Metal Nanoparticles via ALD with H2 

 The Ni nanoparticles were deposited on alumina while effluent gas from the FBR was 

monitored via mass spectrometry.  Figure 2.10a shows in situ mass spectrometry signals for the 
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first ALD half-reaction, and Scheme 2.1 shows a surface reaction mechanism consistent with 

experimental observations.  Immediately following the introduction of the precursor, the signal 

for the Cp ring m/z=66 increased, indicating cleavage of the ring during the deposition reaction.   

A fraction of the organic ligands from the Cp groups were also oxidized to CO2, likely because 

of contaminant O2 in the reactor streams or O2 adsorbed on previously deposited metal within the 

reactor.  We propose that the O-H bond of a surface hydroxyl group was replaced by an O-Ni 

bond when the NiCp2 precursor reacted with the surface OH groups, much like the replacement 

of the O-H bond with a O-Pt bond, detected by in-situ XAFS of Pt ALD.[39]  As discussed 

below, this first reaction step also left species bound to the Ni atoms in the form of Cp groups 

and possibly other carbonaceous fragments, which are similar to those determined from in situ 

gasphase infra-red analysis and  detected by x-ray adsorption techniques during the first step of 

Pt ALD.[30, 39]   

 

 

Scheme 2.1. Reaction scheme for first ALD half reaction in which the NiCp2 precursor reacts 

with surface OH. 

 The intact NiCp2 precursor appeared in the reactor effluent after 5 min, indicating that the 

available surface sites were beginning to saturate.  The Cp ring signal decreased simultaneously, 

but at a slower rate because the Cp ring adsorbed and desorbed throughout the reactor and the 

lines to the mass spectrometer.  The slower rate of removal of the Cp ring was indicated by the 
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Cp ring mass signal decreasing at a slower rate than the NiCp2 mass signal after the N2 purge 

was initiated, taking up to 20 min to be removed from the system as shown in Figure 2.10a.  The 

slow decrease in the Cp ring signal was most likely due to Cp ring re-adsorption throughout the 

system and a fraction of the Cp rings thermally decomposing during the purge: similar to the 

organic group decomposition that was previously reported during the N2 purge step of Pt ALD at 

573 K.[39]  The reactor was purged with N2 to prevent chemical vapor deposition by the gas-

phase reaction of H2 with the residual NiCp2 precursor.   

 In the second step of the reaction, H2 was used to hydrogenate the organic ligands bound 

to the Ni, as shown in Scheme 2.2. Figure 2.10b indicates that the second step produced 

detectable amounts of a Cp ring and methane as the two main products, and H2 broke through the 

powder bed approximately one minute after the dose.  The detection of the Cp ring and CH4 in 

the second half reaction indicates that Cp and CxHy species were present on the surface after the 

first half reaction, as indicated in Schemes 2.1 and 2.2. This reaction pathway differs from the 

typical ALD combustion pathway that occurs when O2 is used as the second reactant.[27, 30]  

Hydrogen has been used as the second reactant for Pt ALD,[39] but not for Ni ALD.  

 

Scheme 2.2. Reaction scheme for second ALD half reaction in which H2 reacts with surface 

species. 

 The H2 hydrogenated the organic ligands, reduced the Ni to metallic Ni because the 

environment was H2-rich at 573 K, and regenerated surface O-H.  Upon removal of the Cp ligand 
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and reduction of the Ni-O bond, the Ni atoms presumably became mobile on the surface and 

agglomerated to form Ni nanoparticles, which are shown in the TEM images in Figures 2.2 and 

2.3.  This atom mobility and agglomeration is similar to the particle formation mechanism 

proposed for Pt ALD with Me3MeCpPt and H2.[39] After the particles formed and the reactor 

was purged with N2 again, the regenerated OH sites reacted in the next ALD cycle.  

 

Figure 2.10 A) In-situ mass spectra of the first half-cycle NiCp2 dose  B) Second half reaction 

with H2 gas (20% in Ar) dosed as the precursor 

2.4.2. Catalyst Characterization 

  The weight percent of Ni for each sample is shown in Table 2.1. One ALD cycle formed 

a catalyst with 4.7 wt% Ni.  The theoretical Ni loading for one cycle was calculated using 

Equation 2.1, which assumes one Ni atom bound to each hydroxyl on the Al2O3 surface:    
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                 (2.1) 

where L is the theoretical weight loading of Ni for one ALD cycle, MW is the molecular weight 

of Ni, ρOH is the OH density on the Al2O3 surface, SAAl2O3 is the specific surface area of the 

Al2O3, and A is Avogadro’s number.  The hydroxyl surface density of the alumina nanospheres 

estimated by thermogravimetric analysis, was 12.6 OH/nm
2
, which is similar to the value of 14 

+/- 0.5 reported by an extensive IR-deuterium exchange study by Baumgarten et al.. [40]  Using 

12.6 OH/nm
2 

and a measured BET surface area of 37.7 m
2
/g in Equation 1 yield a theoretical 

weight loading of 4.63 wt%.  Since this value is nearly identical to the measured weight loading, 

most of the OH groups likely reacted with NiCp2 molecules during the first ALD cycle.[41]  

Subsequent ALD cycles had a lower growth rate per cycle, most likely because reactive hydroxyl 

sites were depleted on the support.   

 After each ALD cycle, the newly-deposited Ni atoms coalesced into approximately 3-nm 

particle sizes or diffused to existing particles. Although some of the initial surface sites were 

regenerated for subsequent ALD cycles, the deposited nanoparticles physically blocked a 

significant portion of the original sites.  The percentage of Al2O3 surface area covered by Ni 

particles was estimated at approximately 18% for the 1-cycle sample by using the average 

particle diameter and weight loading to determine the cross-sectional area of all the particles 

deposited.  In addition to Ni depositing at a lower rate per cycle, Figure 2.2 shows that the 

average particle size obtained from TEM images did not increase much as the number of ALD 

cycles increased on both the porous and nanosphere supports. 
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Figure 2.2. TEM and HRTEM images of Ni/Al2O3 catalysts prepared by 1 (A), 5 (B), and 15 (C) 

ALD cycles 

 The nanoparticles in the center of the HRTEM images appeared spherical, which would 

imply a particle height-to-diameter ratio of 1.  The images near the nanosphere support edges, 

however, show that the particles were disc-like, with a height-to-diameter ratio of approximately 

0.5.  The surface area per gram of a disc-like particle is higher than that of a sphere of the same 

diameter, and the surface area can be adjusted with a shape correction factor α that is dependent 

on the height-to-diameter ratio of the particles.[42] Calculations that incorporated particle 

morphology (e.g., active surface area in Equation 2.2) were adjusted by a shape correction factor 

of 1.20.[42]  A HRTEM scan of the porous Al2O3 support with Ni deposited by 15 ALD cycles 

(Fig. 3) showed that Ni deposited throughout the support.  The average ALD nanoparticle sizes 

(2.4 – 3.3 nm) were comparable to the smallest alumina-supported Ni nanoparticles previously 

reported (2.9 nm for 2.3% Ni weight loading),[43] but the weight loadings of the ALD particles 

were 2 to 8 times higher.  To our knowledge, these are the smallest Ni particles on alumina 

supports for Ni weight loadings of 4.7-16.5%.   
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Figure 2.3  HRTEM image of Ni metal nanoparticles (dark spots on image ~ 3 nm in diameter) 

deposited via ALD using NiCp2 and H2 as the two precursors.   

 The active metal surface area (ASA) and dispersion of the ALD catalysts were calculated 

by using the measured particle size in Equations 2.2 and 2.3: 

                         
     

       
                                          (2.2) 

              
      

     
           (2.3) 

where d is the average crystallite diameter measured by TEM, L is the weight fraction metal 

loading, the quantity f/d is the surface area/volume ratio (for a sphere, the shape factor f=6), α is 

the shape correction factor to adjust for greater surface areas due to non-spherical particles 

(α=1.2), Z is the density of the metal, N is Avogadro’s number, A is the metal surface area per 

atom (for Ni, A = 6.494Å
2
/atom), and FW is the formula weight of Ni.  Dispersion, ASA, and 

particle size values for the incipient wetness catalyst were calculated by using the number of 

surface sites determined from CO TPD and the weight loading in Equations 2.2 and 2.3.  For 

each ALD catalyst, the calculated ASA shown in Table 2.1 was greater than the highest values 
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reported for alumina-supported Ni catalyst particles prepared by incipient wetness, impregnation 

or hydrazine reduction.[43-45] 

Table 2.1. Catalyst characterization  

 
a
 Particle size, dispersion, and ASA were calculated using the number of active sites determined from CO 

TPD in conjunction with Equations 2 – 3. 
b
 Values are from ref. 44  and were measured via ICP-MS, chemisorption, and CO TPD 

c 
Standard error shown for particle size.  Particle size error was propagated through ASA and dispersion 

calculations. 
   

 The number of surface metal sites, listed in Table 2.1, was determined by integrating the 

amount of CO, CO2, and CH4 desorbed in the CO TPD.  Calculating dispersion (or fractional 

exposure) via adsorbed CO can be misleading for nanoparticles with a large fraction of defects.  

Nickel can adsorb CO in different stoichiometries (varying between 0.55-3 CO molecules 

adsorbed per Ni atom).[46]  For example, assuming an adsorption stoichiometry of one for the 

CO desorbed from the one-cycle ALD sample yields a dispersion of 0.33, which corresponds to a 

particle size of 3.7 nm.  Assuming an adsorption stoichiometry of 0.55 yields a dispersion of 0.60 

and a calculated particle size of 2.0 nm.  The measured particle diameter from TEM lies in 

between these two values at 2.4 nm, so we reported the total amount of CO adsorbed without 

assuming an adsorption stoichiometry.  The surface sites measured for the incipient wetness 

catalyst were in agreement with previously reported CO TPD integration values for a 10 wt% 

Ni/Al2O3 catalyst (prepared by impregnation), yielding 93 μmol/g.[44] The number of surface 

sites per gram of catalyst was five to ten times higher for the ALD catalysts than the  8 wt% 
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incipient wetness catalyst or similar impregnation catalysts.[44]  The number of surface sites on 

the 7.57 wt% ALD catalyst was approximately five times higher than the 8 wt% incipient 

wetness catalyst. Even though the two catalysts are of similar weight loading, the particles 

deposited via ALD had a much higher fraction of Ni surface atoms.   

 Perhaps more significant than the increase in dispersion, CO TPD showed that desorption 

was different on the ALD catalysts, as shown in Figure 2..  Carbon monoxide desorbs from Ni 

catalysts in three peaks: 1) α1 below 423 K corresponding to single-site adsorption and 

desorption of molecular CO, 2) β1 at 423 – 623 K corresponding to associative desorption of C 

and O, and 3) β2 from 623 - 723 K corresponding to associative desorption from step edge and 

kink sites.[44, 47-49]  The ALD catalysts exhibited all three desorption regimes, but CO 

primarily desorbed in the β1 and β2 modes, as shown in Figure 2..  The likelihood of forming 

Ni(CO)4 was relatively low since no low-temperature (< 348 K) CO peaks were detected.  

Previous CO TPD studies on Ni indicate that Ni(CO)4 decomposes into CO around 323 - 348 

K.[49] The ALD catalysts all had proportionally larger β2 CO peaks than the incipient wetness 

catalyst.  As expected, the peak areas were larger on a per gram basis because the higher 

dispersions and weight loadings provided much more surface area for CO to adsorb.  Moreover, 

the ratio of β2 to α1 or β1 peak areas increased with the number of ALD cycles, indicating the 

concentration of step or kink sites on the ALD catalyst surface increased as the number of cycles 

increased.  Although this increase in step or kink site concentration seems counter-intuitive since 

coordination number decreases with particle size, the concentration of reactive steps has 

previously been shown to proceed through a maximum as particle size increases.[50, 51]   

  During CO TPD, CO2 and CH4 also formed, and the CO2 desorption modes were 

primarily β1 and β2, with a small amount of α1 desorption.  Additionally, much more CO2 
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desorbed in the β2 mode for the ALD catalysts compared to both the 8 wt% incipient wetness 

catalyst and other previously reported supported Ni catalysts that primarily desorb CO2 at 473 – 

573 K.[44, 48]  This CO2 can result from: 1) the Boudard reaction: 2CO -> CO2 + Csurface or 2) 

the water gas shift (WGS) reaction: 2CO + 2OHsurface -> 2CO2 + H2 , which uses surface OH of 

the alumina support.  Tanksale and Lee suggested that CO2 mainly forms by the WGS reaction 

on supported Ni, but the Boudard reaction also takes place and  leaves trace amounts of C on the 

catalyst.[44, 49]  The incipient wetness catalyst desorbed 81% of the products as CO2, whereas 

only about 30% of the products desorbed as CO2 for the ALD catalysts.  The smaller percentage 

of CO2 indicates that the OH groups necessary for the WGS formation of CO2 were not as 

prevalent on the ALD catalysts, likely due to the Ni nanoparticles covering approximately 18 - 

25% of the original alumina surface area (compared to 1% coverage for the incipient wetness 

catalyst).  

 Methane also formed during CO TPD at the same temperature as the β2 CO2 and H2 

desorption (see supplemental information), as shown in Fig. 4; surface carbon from the Boudard 

reaction was most likely methanated by H2 from the WGS reaction.  Much more CH4 formed on 

the ALD catalysts hypothetically because more surface carbon formed from the Boudard 

reaction.  This result agrees with DFT studies that indicate step edges in general are more 

favorable to cleave the π bonds of CO through dissociative adsorption,[3, 50] and Ni(211) step 

edges are more energetically favorable than Ni(111) sites to cleave C-C bonds and stabilize 

carbon atoms.[10, 52]  The fraction of all gas desorbed in the β2 regime on the ALD catalysts 

was approximately 0.75, which was three times higher than the fraction of β2 desorption from the 

incipient wetness catalyst.   
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Figure 2.4. Carbon monoxide, CO2, and CH4 TPD spectra for CO adsorption on ALD and IW 

Ni/Al2O3 catalysts 
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2.4.3. Catalytic Performance 

 The four catalysts had similar hydrogenation TOFs (the TOF for the one-cycle ALD 

catalyst was slightly higher), but in contrast to the incipient wetness catalyst, the ALD catalysts 

also exhibited significant hydrogenolysis activity, as shown in Table 2.2.  Turnover frequencies 

of both reactions did not vary for conversions from 10% to 70%, which were obtained by 

varying the amount of catalyst in the reactor.  The hydrogenolysis rate had a maximum around 

498 K for the 1- and 5-cycle ALD catalysts, but the 15-cycle ALD catalyst had a maximum at 

523 K.  At 523 K, the selectivity to hydrogenolysis was 10.6%; the maximum hydrogenolysis 

TOF was 0.39 s
-1

 and the hydrogenation TOF decreased to 3.3 s
-1

.  Hydrogenolysis was not due 

to a series reaction of hydrogenation followed by hydrogenolysis, because no hydrogenolysis 

products were detected on the 15-cycle catalyst under similar reaction conditions when propane 

was used as a feed.   Changing the number of ALD cycles from 5 to 15 increased the 

hydrogenolysis rates by a factor of 5 at 498 K, and increased the hydrogenolysis rate by a factor 

of at least 9 at 523 K.  Hydrogenolysis TOFs of the incipient wetness catalyst were similar to the 

ethane hydrogenolysis TOFs of approximately 5 x 10
-3

 s
-1 

at 498 K and 1.5 x 10
-2

 s
-1 

at 523 K 

reported by Goodman for Ni(100) single crystals.[53]  The ALD catalysts’ hydrogenolysis rates 

were similar to those reported by Coulter et al. on model Ni catalysts deposited on SiO2 single 

crystals, with ethane hydrogenolysis TOFs reaching a maximum of 0.15 s
-1 

at 550 K for a 

particle size of 2.5 nm, then decreasing as the particles became larger or smaller.[54]  The 

decrease in hydrogenolysis rate for the particles smaller than 3.3 nm is likely due to a combined 

effect of a decrease in ensembles of sufficient size for the hydrogenolysis reaction and a decrease 

in step edge concentration.[18, 55] 
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Table 2.2. Propylene hydrogenation and hydrogenolysis turnover frequencies (TOF) at 498 K 

and hydrogenolysis selectivity.  Standard errors of reaction TOF are shown. 

 

 

Figure 2.5. Hydrogenolysis TOF versus maximum β2 desorption rate (normalized by number of 

surface sites).  The line is a quadratic fit. 

 The surface structure and desorption behavior from CO TPD directly correlated with 

hydrogenolysis rates.  The ability of the ALD catalysts to cleave the C-O bond and stabilize the 

carbon for hydrogen addition was a characteristic that was paralleled in the reactor studies in the 

cleavage of carbon bonds for propylene hydrogenolysis.  The 15-cycle catalyst, which had the 

highest hydrogenolysis rate, desorbed the most CO and CO2 in the β2 desorption mode.  The 

hydrogenolysis rate of the different catalysts increased with the total (CO, CO2 and CH4) β2 

maximum desorption rate determined from CO TPD (normalized by number of surface sites), as 
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shown in Figure 2..   A larger β2 peak indicated more step edge or kink sites on the catalyst, 

which are more favorable for hydrogenolysis.[10]   The 15-cycle ALD catalyst also desorbed the 

largest amount of CH4, indicating the carbon and hydrogen formed CH4 on the more prevalent 

step edges and kinks. Although the increase in particle size is minimal between the 1-cycle and 

the 15-cycle catalysts, the amount and coordination number of active sites can vary drastically 

when particle size changes only 0.5 nm in the 2- 5 nm size regime.[13, 56]  Hydrogenolysis is 

identified as a structure sensitive reaction that can exhibit a maximum instead of continually 

increasing reaction rate as particle size decreases.[18, 50, 55, 57]  This maximum arises from 1) 

the inability of step edges to exist on particles smaller than 2 nm and the decrease in sufficiently 

large ensembles as the particles become smaller, and 2) replacing step edges with higher-

coordinated terraces as particles become sufficiently large.[17, 18, 50, 55]  

2.5. Conclusions 

 Atomic layer deposition formed Ni nanoparticles on Al2O3 supports when H2 and NiCp2 

were used as precursors.  As the number of ALD cycles increased, the particle size and number 

of particles increased, but the mass of Ni deposited per cycle decreased.  The dispersion of the 

ALD catalysts was higher than the incipient wetness catalyst used for comparison and similar to 

the highest values reported for supported Ni catalysts.    

 Carbon monoxide TPD indicated different desorption mode distributions for ALD 

catalysts (compared to incipient wetness catalyst), suggesting that the surface structures of the 

ALD nanoparticles are different from the larger incipient wetness Ni particles.  The difference in 

surface structure, known to be more favorable for hydrogenolysis, resulted in hydrogenolysis at 

498 K for the three ALD catalysts and 11% hydrogenolysis selectivity for the 15 cycle ALD 

catalyst at 523 K, whereas the incipient wetness catalyst had minimal hydrogenolysis selectivity.  
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The carbon double bond most likely cleaved on step edges and kinks, which TPD indicated were 

more prevalent for the catalysts with the highest hydrogenolysis activity.  The ability to vary 

particle size and nanostructure by changing the number of ALD cycles allows for facile 

preparation of supported nanoscale catalysts.  Not only does ALD address many of the 

challenges associated with commercializing nanoscale catalyst synthesis, but utilization of ALD 

for catalyst fabrication may also aid other applications where specific particle sizes or structures 

are required for activity or selectivity.  
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2.7 Chapter 2 Appendix – Additional HRTEM images of Ni ALD particles 

 

 After the initial Ni ALD work was finished, we began collaborating with the Precision 

Imaging Facility (PIF) at NIST in Boulder to image some of the particles that were inherently 

difficult to image on traditional TEMs found on CU’s campus.  Their work is featured in 

subsequent chapters, but they also managed to image some of the Ni ALD particles from this 

chapter.  They were given some of our bimetallic samples (featured in Chapter 4) that were 

prepared by depositing Pt ALD on the same 1-cycle Ni ALD catalysts supported on non-porous 

alumina spheres from Chapter 2.  In some regions they found (through EDX) that there was no 

Pt, and only Ni particles.  Included in this appendix are two of the HRTEM images of these Ni 

particles, indicated by the ~2.5 nm particles exhibiting lattice fringes in Figures 2.A1 and 2.A2.  

  Analysis of the lattice fringes by ImageJ (by doing a line measurement over the lattice 

and dividing by the total number of lattices to get the d-spacing) yielded values for the lattice 

constant a = 0.362 nm, which is close to Ni (111) 0.352 nm, but likely encompassed errors from 

where exactly the line was drawn across the fringes in ImageJ.  When this method was applied 

by Ann Chiaramonti at NIST, she got a value for a = 0.356 nm.  Alternatively, they also did a 

fast Fourier transform (FFT) on the images, which yielded a d-spacing of .2 nm that corresponds 

to a lattice parameter for Ni(111) of a = 0.346 nm.   
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Figure 2.A1. Nickel ALD catalyst particles imaged by NISTs HRTEM at 500,000x 

magnification.   
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Figure 2.A2.  Nickel ALD particles imaged by NIST’s HRTEM at 250,000x magnification. 
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Chapter 3: Controlling nanoscale properties of supported platinum catalysts 

through atomic layer deposition 

3.1 Abstract 

Platinum nanoparticles were grown on alumina by atomic layer deposition using either H2 or 

O2 as the second half-reaction precursor.  Particle diameters could be tuned between ~1 and 2 nm 

by using different chemistries and by changing the number of ALD cycles.  Temperature-

programmed desorption (TPD) of CO and diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) for adsorbed CO were used to characterize site distributions on the 

nanoparticles. As expected, smaller nanoparticles had sites with lower coordination numbers.  

The two chemistries had different deposition mechanisms, most likely due to differences in 

reaction sites of either existing Pt particles or the surface hydroxyl groups, which were 

monitored via in-situ FTIR during Pt ALD.  The catalysts were evaluated for oxidative 

dehydrogenation of propane to propylene.  The smallest particles (synthesized by 1 cycle of Pt 

ALD with H2) had a C3H6 selectivity of 37% at 14% conversion, whereas the selectivity was less 

than 1% for larger (3.6 nm) commercial Pt particles at 9% conversion.  

3.2 Introduction 

The catalysis field has been advancing towards precise control of nanometer and sub-

nanometer features in catalytic materials.  These advances were made possible by new synthesis 

methods, better analytical techniques to probe ultra-small features, and greater understanding of 

fundamental catalytic principles at the nanoscale through theoretical investigations.[1-3]  One 

example of a highly sought-after reaction is oxidative dehydrogenation (ODH) of alkanes to 

alkenes, which can benefit from advances in nanostructured catalysts.[4]  Oxidative 
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dehydrogenation of propane (ODHP) to propylene is of particular interest.  The global demand 

for propylene is expected to increase by more than 20 billion kg by 2017, with global sales 

currently exceeding $90 billion US.[5] Propylene is primarily produced in steam crackers, with a 

smaller fraction produced in fluid catalytic cracking (FCC) units, and an even smaller fraction 

produced by catalytic dehydration.[6]  The cracking processes are highly endothermic, require 

regeneration of the catalysts due to coking, and produce larger fractions of ethylene than 

propylene.[7]  Oxidative dehydrogenation, in contrast, can be operated at temperatures below 

773 K and is exothermal instead of the highly endothermic catalytic non-oxidative 

dehydrogenation that must typically be run at temperatures above 1073 K.[7]  Currently, ODHP 

catalysts do not have high enough yields to cause propylene manufacturers to adopt ODHP as a 

viable alternative over traditional cracking technologies. 

Oxidative dehydrogenation is known as a Type III structure sensitive reaction; i.e., the 

turnover frequency increases as the particle size decreases.[8, 9]  Vajda et al. used DFT to 

elucidate why this reaction became more favorable on Pt clusters of 4 to 8 atoms.[9]  Clusters of 

this size have atoms with a coordination number (CN) of3 to 4, and their study showed that these 

atoms have a lower barrier for breaking a C-H bond than for breaking a C-C bond to form CO or 

CO2.  Supported Pt catalysts with larger crystallite sizes and Pt (111) surfaces have shown 

minimal selectivity to propylene and instead catalyze combustion, favoring C-C bond breaking 

over C-H bond breaking.[10]  However, size-selected Pt clusters of 8 to 10 atoms have achieved 

propylene selectivities greater than 60%, but those catalysts were highly idealized and prepared 

with a non-scalable technique requiring a continuous cluster beam as the Pt source.[9]     

Atomic layer deposition has been used in the last decade because of its ability in some 

applications to prepare relatively-small Pt nanoclusters without succumbing to the disadvantages 
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of liquid-phase synthesis techniques.  Although liquid-phase catalyst preparation can achieve 

more precise control over size and shape[11, 12], the solvents are often hazardous, and the 

synthesis requires further steps to purify the product, cleave organic capping agents, and deposit 

the separately-prepared particles on a support.[11, 13, 14]  Aaltonen et al. pioneered the use of 

trimethyl(methylcyclopentadienyl)platinum (Me3(MeCp)Pt) and O2 to deposit Pt films using 

hundreds of Pt ALD cycles.[15]  Since that time, this oxidative ALD process has been used to 

deposit Pt nanoparticles using a range of number of cycles and on various metal oxide 

supports.[16-19]  In-situ FTIR of gas-phase ALD products and EXAFTS/XANES techniques 

have been used to gain a better understanding of the ALD mechanism.[19, 20]  The generally-

accepted mechanism for Pt ALD, once a sufficient amount of Pt is deposited, is as follows for 

the O2 chemistry[20]: 

The first half reaction, dosing the Pt precursor: 

2(MeCp)PtMe3(g) + 3 O(ads)  →  2(MeCp)PtMe2(ads) + CH4(g) + CO2(g) + H2O(g) 

The second half-reaction, using O2:  

2(MeCp)PtMe2(ads) + 24 O2(g) → 2 Pt(s) + 3 O(ads) + 16 CO2(g) + 13 H2O(g) 

 

These reaction mechanisms are valid once Pt particles or layers are already deposited.  

However, in the first few cycles, the active sites for deposition on metal oxides are OH groups.  

As the number of ALD cycles increases, the Pt coverage increases until the active sites for 

deposition are exclusively Pt-O.[19]  Alternatively, H2 can be used as the second half-reaction 

precursor instead of O2 to hydrogenate the organic groups of the Pt precursor. No Pt-O species 

are formed when H2-based ALD is used, and the active sites are the OH groups on the surface of 

the metal oxide.[19] 
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The focus on creating ultra-small Pt nanoparticles or nanoclusters has encouraged several 

theoretical studies that investigated the mechanisms of single Pt and Pd adatom behavior on 

metal oxide support surfaces.  Diffusion via site-to-site transitions have been studied on gamma 

alumina for both Pt and Pd atoms through DFT.[21, 22] Interestingly, hydroxyl groups adsorbed 

on Al2O3 decrease the adsorption strength of Pt and Pd atoms on the support, but drastically 

increase the diffusion barriers of metal atoms on these surfaces.  For Pd atom diffusion, Valero et 

al. showed that a hydroxylated surface caused the low-energy diffusion trajectory barrier to 

increase by as much as 74 kJ/mol.[22] These OH groups may play a significant role in the Pt 

ALD mechanism since they are proposed as the active site during H2 ALD but not during most 

steps of O2 ALD.[19] 

In the present study, the effect of the second half-reaction chemistry on particle size was 

investigated with one or five ALD cycles. Changing the number of cycles and reaction chemistry 

varied particle size between 1 and 2.5 nm. The difference between H2 and O2 ALD during the 

deposition of Pt on alumina was investigated by in-situ FTIR characterization of the surface 

hydroxyl groups. The surface structures of these catalysts were characterized by CO TPD and 

CO DRIFTs, with an emphasis on characterizing low-coordinated atoms.   Finally, these 

catalysts were evaluated for activity and selectivity for ODHP.   

3.3 Experimental Methods 

3.3.1 ALD synthesis 

Platinum particles were synthesized on alumina supports by ALD using either a stainless 

steel fluidized bed reactor (FBR) [23, 24] (for 2-g batches) or a quartz tube FBR (6-mm inner 

diameter) with a quartz glass frit of 40-μm pore size that supported the powder bed for smaller 

batches.  The alumina powder was fluidized in the quartz reactor at approximately 0.25-Pa 
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pressure with He carrier gas flow rates of 5 to 20 sccm.  The alumina was then dried for 2 h 

under vacuum at 393 K before Pt was deposited by ALD in the quartz FBR. Both porous alumina 

(Albermarle MARTOXID AN/I gamma alumina) and nonporous nanosphere alumina (Aldrich 

544833 gamma alumina) were used as supports.  Platinum was deposited at 448 K, which is 

much lower than  the 573 K temperature typically used for Pt ALD with Me3(MeCp)Pt and 

O2.[17, 19, 25]  In this work, either H2 or O2 was used as the second reagent for Pt ALD.   

3.3.2 Catalyst Characterization 

The catalysts were characterized by TPD in a quartz tube reactor (6.35-mm inner 

diameter) at ramp rates of 20 K/min, and the reactor effluent was analyzed with an SRS RGA 

200 mass spectrometer.  For CO TPD, the catalysts were reduced for 2 h at 523 K, purged with 

inert, flashed to 923 K to desorb residual H2 and H2O, cooled to room temperature, dosed with 

CO (100 sccm 20% CO in Ar) for 10 min, and then purged with Ar before ramping the 

temperature.   

Particle size estimates were obtained using Image J software to analyze images from an 

FEI Tecnai 12 - Spirit Biotwin TEM and a Phillips CM-100 TEM.  For even higher resolution 

imaging, bright field images were taken by high-resolution TEM and dark field images were 

taken by high angle annular dark field scanning tunneling electron microscopy (HAADF STEM) 

at NIST’s Precision Imaging Facility (PIF) on a JEOL ARM200F microscope with a Shottky 

field emission gun. Samples were electrostatically adhered to copper grids with a lacey carbon 

over-layer (Ted-Pella 01895 Lacey Carbon Film grids) to avoid effects of solvents from 

dropcasting.  Samples prepared for imaging purposes were synthesized on the nonporous 

nanosphere alumina so that the metal catalyst particles were on the surface of the spheres and 

visible by TEM. The weight loadings of each sample were determined by inductively coupled 
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plasma mass spectroscopy (ICP-MS).  The number of active sites was measured with a 

Quantachrome AS-1 Autosorb.  The catalysts were reduced at 523 K in pure H2 for 2 h before 

measuring the H2 uptake.   

 A Nicolet 6700 FTIR spectrometer was used to measure spectra at 4 cm
-1

 resolution by 

transmission IR for in-situ ALD experiments and diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) for CO adsorption experiments.  For the in-situ ALD measurements, 

alumina nanopowder was mixed in a 1:2 ratio with KBr and pressed into a tungsten grid with a 

hydraulic press at 2000 kg pressure.  The sample was loaded into a vacuum chamber with IR-

transparent CaF2 windows; this chamber is described in more detail elsewhere.[26]  A 

thermocouple was placed within 2 mm of the tungsten grid to monitor the temperature of the 

grid.  The chamber was evacuated and heated to approximately 400 K and scanned before the 

first Pt ALD dose.  The Pt, O2, and H2 static doses were done for 30 min each; longer dose 

durations showed no discernable differences.  Between each dose the chamber was evacuated for 

at least 30 min to remove residual precursor molecules.  A blank grid loaded with KBr was 

coated by 3 cycles of Pt ALD, and the KBr turned black, just as in the experiments with alumina, 

but with the KBr-only sample, no distinctive IR features were observed at any point during the 

deposition.  The KBr’s contribution to the observed FTIR spectra was negligible because the 

surface area of the KBr was 0.23 m
2
/g compared to 35 m

2
/g for the alumina support. 

 The CO DRIFTS experiments were performed on a bed of catalyst powder using a closed 

cell attachment (Harrick).  Each sample was oxidized for 2 h at 573 K then reduced at 473 K for 

2 h to ensure metallic Pt.  The catalysts were then loaded into the chamber and degassed under 

vacuum for several hours to desorb water from the alumina supports.  Carbon monoxide was 

dosed at room temperature at sequentially higher CO pressures until no further changes in IR 
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spectra were detected.  For the temperature-ramp DRIFTS study, the sample was initially 

saturated with CO (at a CO pressure of ~185 kPa), and then the chamber was evacuated and held 

under vacuum for all CO DRIFTS measurements.  The sample was heated from room 

temperature to 600 K under vacuum in approximately 50 K increments, allowing at least 1 h 

equilibration time before the spectra was measured for a given temperature.  

3.3.3 Catalyst Evaluation 

 The Pt catalysts were evaluated for their activity and selectivity for ODHP.  Prior to 

exposure to reaction conditions, the catalysts were oxidized at 600 K for 10 min in a 20% O2 

stream at 100 sccm.  Then they were reduced in 100 sccm of 20% H2 for 1 h at 523 K.  For most 

catalytic testing, approximately 100 mg of catalyst was used, resulting in a nearly constant space 

velocity of 28 s
-1

, and full consumption of the O2.  Reactants flowed through the same packed-

bed, quartz tube reactor described above for the TPD studies, and the reactor effluent was 

measured by a SRI GC 8610c with a Haysep-D packed column.  Flow rates for ODHP selectivity 

studies were 12 sccm C3H8, 6 sccm O2, and 182 sccm Ar.  A 5 wt% commercial Pt/Al2O3 catalyst 

(Sigma) was tested for ODHP activity as a basis of comparison to larger, more Pt(111)-

terminated Pt particles.  Turnover frequencies (TOF) were also measured by running the reaction 

at less than full O2 conversion (~50 – 75% conversion) by using less catalyst (typically 2 mg or 

less), and diluting the catalyst bed with the same alumina to 100 mg total bed weight.   The same 

concentration of reactants was used to determine TOFs. 
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3.4 Results and Discussion 

3.4.1 Effect of second precursor and number of cycles on particle size 

For one Pt ALD cycle at 448 K on the alumina supports, the Pt particles were smaller when 

H2 rather than O2 was used as the second reagent.  Images and size distributions are shown in 

Figure 3.1.  Even though the first Pt ALD half-cycle on alumina is exactly the same, using H2 in 

the second half cycle produced an average Pt cluster size (measured by TEM) of 1.1 +/- 0.2 nm, 

whereas using O2 produced 1.4 +/- 0.2 nm clusters. The difference in average particle size was 

statistically significant according to a two sample t-test at α = 0.05.  These particle sizes are 

similar to those measured by EXAFS by Setthapun et al. for 1-cycle Pt ALD on spherical 

alumina with O2 and H2, although they used deposition temperatures of 573 K for the O2 reaction 

and 473 K for the H2 reaction.  Each catalyst had essentially the same weight loading of 

approximately 1.0 wt% (+/- 0.2 %) because the first ALD half-cycle, which deposits the 

platinum precursor, was the same for the two preparations.  The number of active sites per gram 

of metal measured by chemisorption was larger for the H2-synthesized particles than O2-

synthesized particles.  The average particle sizes calculated from chemisorption, listed in Table 

1, were smaller than those obtained from TEM, which may not be able to detect sub-nm 

particles. Additionally, Pt atoms can adsorb more than one H per active site when the average 

CN of the cluster drops below 6.[27] 
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Figure 3.1A. From left to right, HRTEM, HAADF STEM, and size distribution of Pt 

nanoparticles synthesized by one cycle of Pt ALD with O2 on spherical nano-alumina support. 

  

Figure 3.1B. From left to right: HRTEM, HAADF STEM,  and size distribution of 1-cycle Pt 

ALD nanoparticles synthesized with H2 on spherical nano-alumina support.   
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We also prepared catalysts with higher Pt weight loading using five ALD cycles.  As 

shown in Figure 3.2, using H2 as the second precursor again resulted in smaller particle sizes (1.7 

+/- 0.4 nm) compared to using O2 (2.4 +/- 0.5 nm).      

 

Figure 3.2A. Pt ALD particle size distribution and TEM images of 5 cycles O2 Pt ALD  

 

Figure 3.2B. Pt ALD particle size distribution and TEM image of 5 cycles H2 Pt ALD  

 Platinum loadings measured by ICP were identical for the two samples at approximately 4.7 

wt%.  Analysis by TEM revealed that some alumina support particles had no Pt nanoparticles, 

indicating that the Pt particles were not uniformly distributed.  Average particle size, weight 

loadings, and chemisorption values are listed in Table 3.1. Controlling the particle size on an 

oxide support is often difficult to achieve for particles smaller than 2.5 nm, especially for 
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techniques that do not require purification, removal of particle-stabilizing ligands, or anchoring 

steps. 

Table 3.1.  Pt catalyst properties 

Catalyst 
a 

H2 Adsorbed 

(μmol · 

gcatalyst
-1

) 

Pt Weight 

Loading (%) 

Particle Size 

by TEM 

(nm) 

Chemisorption  

Particle Size (nm) 

[H:Pt ratio] 

1 cycle Pt ALD with O2 26 1.2 1.4 +/- 0.2 1.3  [0.9] 

1 cycle Pt ALD with H2 33 0.94 1.1 +/- 0.2 <1.1
b  

[1.4] 

5 cycle Pt ALD with O2 74 4.7 2.4 +/- 0.5 1.8   [0.6] 

5 cycle Pt ALD with H2 91 4.7 1.7 +/- 0.4 1.4   [0.8] 

Commercial 5 wt% Al2O3 40 5 3.9 +/- 1.1 3.6   [0.3] 

a
 ALD catalysts reported in this table were synthesized on non-porous nanopshere alumina 

b 
This sample had an H:Pt ratio of 1.4, making the particle size estimate slightly smaller than 

actual. The 1.1 nm size is the upper threshold (ignoring any H adsorbed beyond a H:Pt = 1)
 

3.4.2 In-situ ALD FTIR  

The relative OH concentration during Pt ALD was measured via in-situ FTIR for both H2 

and O2 ALD chemistries.  Figure 3.3a shows spectra collected following each half cycle when H2 

was used as the second-cycle reactant. The OH stretching band (the broad peak at ~3500 cm
-1

) 

did not change much after the first half-cycle. To ensure the surface was saturated, the precursor 

was statically dosed into the chamber for 30 min, and further exposure (up to 3 h) did not change 

the IR signal.  Scans after subsequent cycles indicated more significant losses of hydroxyl 

groups, as shown in Figure 3.3a.  During the 3
rd

 Pt ALD cycle (not shown), the overall signal 

dropped to less than 0.1 % transmittance because the Pt increased the opacity of the sample.  The 

sample grid was metallic and black after Pt ALD, whereas the original alumina/KBr powder was 

completely white.  Carbonaceous species (2800-2900 C-H stretching regions) were also present 
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on the sample during most cycles, but these features were more prominent after the Pt doses (as 

expected from the organic groups of the precursor).  Spectral noise at wavenumbers greater than 

3500 cm
-1

 was due to gas phase water outside the in situ vessel. These results agree with the 

mechanism proposed by Setthapun et al. that Pt deposits on OH groups after the first cycle when 

H2 is used.[19]  Interestingly, during the H2 doses, the OH groups also decreased in 

concentration.  These losses were likely from H2 dissociating on the Pt, then recombining with 

surface OH groups to form water. 

 

  

A) 
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Figure 3.3. A) In-situ Pt ALD FTIR spectrogram with H2 used as the second precursor. B) In-situ 

Pt ALD FTIR spectrogram with O2 used as the second precursor. 

  The presence of OH groups during each cycle indicates that only a fraction of the OH 

groups reacted, and the rest remained on the surface.  These residual OH groups may be 

protected by steric hindrance from the organometallic precursor (the bound precursor can extend 

approximately 0.7 nm away from the edge of a Pt particle), or they may be unreactive and lack 

an active Lewis acid site due to the orientation of the hydroxyl groups.[28]  By reacting on the 

surface of the alumina, the newly-deposited Pt particles had to diffuse to form larger clusters.  

We propose that these hydroxyl groups played a significant role in limiting the size of the Pt 

clusters since the OH groups are known to interact with Pt or Pd atoms by reducing adsorption 

strength of the metal atoms on alumina near OH groups (therby decreasing their transition to 

sites near OH groups) and increasing the diffusion barrier across the alumina surface.[21, 22]  

The Pt clusters were therefore more numerous and smaller when deposited with H2 instead of O2.  

B) 
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A schematic representing this proposed particle formation mechanism is shown in Scheme 3.1, 

which illustrates the atom migration and coalescence that is often neglected in traditional single-

site mechanisms in ALD literature. 

 

Scheme 3.1. Reaction scheme for metal island growth H2 ALD.  A) Alumina surface before Pt 

dose. B) Surface after MePt(Me3Cp) dose. C)  Pt atoms diffusing on surface after H2 dose D) Pt 

nanoparticle formed. E) Next MePt(Me3Cp) dose reacts on OH groups. F) Subsequent H2 dose 

allows Pt to diffuse to existing particles or to form new particles. 

 When O2 was used as the second ALD reagent, no discernable differences in hydroxyl 

groups were detected with additional ALD cycles (Fig. 3.3B).  As with the H2 chemistry, the 

sample became opaque due to Pt deposition after 3 cycles.  Platinum was confirmed to be 

deposited on the sample by visual examination and ICP, much like that of the grid after Pt with 

H2.  The nearly-constant OH group concentration also supports the O2-based Pt ALD mechanism 

proposed by Setthapun et al., who suggested that halfway through the second cycle, new 

PtMe3(MeCp) molecules start bonding to Pt-O species instead of OH groups.  They observed this 

trend by monitoring the Pt EXAFS spectra, with no direct measurement of the OH groups, but 

here we monitored the OH concentration and arrive at a similar conclusion.  Their EXAFS 
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studies combined with findings from this study suggest that after the first and second cycles 

nucleate Pt particles, the OH groups are still present but likely don’t play any role in further Pt 

deposition when O2 is used as the second reagent. Once new Pt precursor molecules bond to 

existing Pt clusters of ~30 atoms, the Pt atoms stick to the cluster because it is energetically 

unfavorable for Pt atoms to diffuse off that particle to form smaller particles or Ostwald ripen to 

grow similarly-sized particles.[29]  In contrast, Pt atoms deposited with H2 chemistry deposit on 

OH groups and diffuse across the alumina surface, thereby limiting their size relative to O2 

chemistry ALD that mainly grow on existing particles, as shown in Scheme 2. This argument 

applies when Pt particles are already on the surface, but a different mechanism must apply for 

the first Pt ALD cycle to create different particle sizes for the two chemistries.  The difference 

between OH concentrations on the bare support and after the first Pt doses were so minimal that 

deducing mechanistic differences during the first ALD step (based on concentration of OH 

groups) was not possible. 
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Scheme 3.2. Reaction scheme for metal island growth O2 ALD.  Steps A and B are identical to 

those in Scheme 1. C)  Pt atoms diffusing on surface after O2 dose D) Pt nanoparticle formed. E) 

Next MePt(Me3Cp) dose reacts on Pt-O sites. F) Subsequent O2 dose removes organic ligands 

and newly deposited Pt bind to existing Pt clusters. 

3.4.3 Probing surface structure by CO DRIFTS and CO TPD 

The surface structure of the Pt nanoparticles was probed with CO using DRIFT spectroscopy 

and TPD.  Lundwall et al. demonstrated the robustness of these techniques to detect differences 

in terrace or step site density for Pt particle sizes of 2.4 nm to greater than 4 nm.[30]  They used 

UHV conditions, but these same techniques were applied here under ambient pressures on 

alumina-supported catalysts.  Catalysts were prepared on porous supports for use in the reactor 

studies and the CO DRIFTS experiments, and their weight loadings and chemisorption H2 uptake 

values are listed in Table 3.2.   
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Table 3.2. Catalyst properties for Pt ALD deposited on porous Al2O3 

Catalyst 

H2 Adsorbed              

(μmol · gcatalyst
-1

) 

Pt Weight 

Loading (%) 

H:Pt ratio                 

(mol H ·mol Pttotal
-1

) 

1 cycle Pt ALD with H2 62 1.4 1.7 

1 cycle Pt ALD with O2 58 1.4 1.6 

5 cycle Pt ALD with H2 103 3.0 1.3 

5 cycle Pt ALD with O2 167 7.4 0.9 

 

The Pt particles deposited on the porous supports were in general smaller than those prepared 

on the nanosphere alumina previously mentioned.  The largest particles, synthesized by 5 cycles 

of Pt ALD with O2, only had Pt diameters of ~1.3 nm, but calculating particle size when the H:Pt 

ratio exceeds unity results in an underestimation of particle size, and therefore was not reported 

(the H:Pt ratio exceeds 1 if the particle size is below 1.1 nm).  As particle size decreases, the 

ability for under-coordinated Pt to adsorb more than one H atom per active site increases, and 

therefore the H:Pt ratio increases with decreasing particle size.[27]  The H:Pt ratio observed for 

the 1-cycle Pt ALD catalyst (with H2) is in agreement with theoretical H:Pt ratios associated with 

raft-type Pt clusters of ~10 atoms.  The smaller particle size on the porous support than on the 

non-porous nanospheres could be due to differences in OH surface concentration, curvature 

effects from the nanospheres, or diffusion limitations of the Pt precursor on the porous support.  

An in-depth study would need to be carried out to investigate why the particle sizes differed 

between the two substrates, but the general particle size trends were the same on each substrate. 

   Measuring the size of these small clusters can be challenging, but CO DRIFTS can help 

elucidate the average coordination number of the Pt clusters, and like H:Pt ratio, the CO 

stretching frequency is related to particle size.  The two main features in the CO DRIFT spectra 
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were around 1815-1850 cm
-1

 and 2040-2075 cm
-1

 (spectra are shown in Supplemental Figure 

3.S1). The peaks around ~1825 cm
-1

 correspond to bridge-bonded CO, whereas the other feature 

corresponds to CO linearly-bonded to an atop site at a step edge,[31] and linearly-bonded CO on 

a terrace site typically occurs for Pt(111) around 2065 – 2100 cm
-1

.  The frequencies reported in 

Figure 3.4 were measured at a CO pressure of ~180 Pa or higher, whereas at a pressure of 10.7 

Pa, only one peak at 2017 cm
-1

 was observed for the 1-cycle sample, at 2042 cm
-1

 for the 5-cycle 

sample (CO DRIFTS at several CO pressures are shown in Supplemental Figure 3.S2).  These 

shifts as a function of CO coverage were consistent with shifts due to dipole-coupling between 

CO molecules.[32, 33]  The CO stretching peak position is plotted against H:Pt ratio in Figure 

3.4,  The prominent step-site IR feature of the ALD catalysts indicates that the concentration 

of step sites and other undercoordinated sites is high on these ~1.0 nm particles.  Additionally, 

the bridge-bonded CO feature (around 1850 cm
-1

) was minimal for the ALD catalysts because 

the particles are too small to have many sites on which CO could form a bridge conformation. 

Kappers and van der Maas investigated the variation of CO frequencies with coordination of Pt 

atoms, and assigned a coordination number of 5 to a CO adsorption peak at 2035 cm
-1

,[34] which 

is nearly identical to the peak location for the Pt catalyst produced from one ALD cycle with H2.  

Additionally, the peak at 2047 cm
-1

 corresponds to an average coordination number of 6 for the 

5-cycle ALD sample.  The CO stretching frequencies for the catalysts are plotted against H:Pt 

ratio in Figure 3.4, and as expected, the frequency decreases as H:Pt ratio increases as the 

particles become smaller.  A sample of the 5-cycle Pt ALD (O2) catalyst was intentionally 

sintered to 1.6 nm (by treating in 100% H2 for 4 h at 873 K) to show the effect of a slightly larger 

particle in the CO DRIFTS experiments and for catalytic evaluation. 
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Figure 3.4.  Carbon monoxide stretching frequencies from DRIFTS as a function of H:Pt ratios 

from chemisorption for several ALD catalysts.  

The structures of the catalysts were further probed by CO-TPD. to elucidate the relative 

ratios of terrace sites to step sites on these small ALD catalysts.  The study by Lundwall et al. 

investigated particle sizes from 2.5 nm to > 4 nm.  In this study, particles with a smaller size (~1 

nm) were investigated and the CO TPD profiles are shown in Figure 3.5a.  The commercial 5 wt 

% Pt catalyst had a broad peak that is most likely composed of two separate peaks, one near 400 

K corresponding to terrace site desorption and one near 450 K corresponding to step-site 

desorption.  These two desorption modes were also identified by Lundwall et al for similarly-

sized Pt particles.[30] All the ALD catalysts still desorbed CO as the temperature approached 

550 K (shown as the trailing edge of the desorption peak), but all the CO had desorbed by 525 K 

for the commercial catalyst.  The ALD catalysts made with H2 each had a low temperature peak 

around 350 K that was not present for the other catalysts.  The broad nature of the CO desorption 
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indicated that the surface of the Pt ALD particles were heterogeneous, encompassing a variety of 

terrace, step, corner, edge and kink sites.  The higher-temperature desorption modes correspond 

to associative desorption on corner, edge, and kink sites.[35]  Only terrace and step site 

desorption was observed by Lundwall et al., but their particle diameters were at least 2.5 nm and 

therefore had a lower concentration of edges and corners than the ALD catalysts used in this 

study.  Lower-coordinated atoms increase π back-bonding, which strengthens the binding energy 

of CO on Pt, and red-shifts the CO stretching frequency, as seen in Figure 3.4.   

 

A 
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Figure 3.5. Carbon monoxide TPD of Pt catalysts with different particle sizes: A) CO desorption, 

B) CO2 desorption 

The desorption temperatures of this study agree with results from CO TPD in UHV on 

stepped Pt,[36, 37] and are similar to the results of CO TPD of Pt particles supported on γ-

alumina.[35, 38] The 5-cycle H2 Pt ALD sample, although it is likely slightly larger, still 

exhibited many of the nanoscale features of the 1-cycle sample.  This sample most likely had 

some smaller particles, similar in size to the 1-cycle sample.   

A significant portion of the adsorbed CO desorbed as CO2, as shown in Figure 3.5b.  Carbon 

dioxide can come from two reactions: 1) the water-gas shift reaction where OH groups from the 

alumina support combine with CO to produce CO2 and H2 gas, and 2) the Boudard reaction in 

which CO dissociates to form CO2 and surface carbon.[35, 38, 39]  For all catalysts investigated, 

the higher temperature CO2 desorption coincided with H2 desorption (shown in Supplemental 

Figure 3.S3), indicating that the CO2 desorption proceeded through the water gas shift reaction 

B 
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pathway at temperatures above ~500 K. The two catalysts synthesized by O2 ALD exhibited 

similar desorption modes, and formed more CO2 than the other catalysts.  The O2-synthesized 

catalysts most likely had a higher concentration of OH groups near the Pt particles to form more 

CO2 during the TPD because the OH groups showed no decrease in concentration with ALD 

cycles when measured during in-situ FTIR of O2-ALD. 

A temperature-programmed study was also performed in the DRIFTS apparatus to help 

correlate peak features in CO TPD with species on the surface, as shown in Figure 3.6. The 5-

cycle H2 catalyst was used because its CO desorbed over a broad temperature range and it would 

provide a larger signal than the 1-cycle samples.  The room temperature absorbance was similar 

to the CO stretching frequency in Figure 3.4, but increasing the temperature to 400 K redshifted 

the peak approximately 4 cm
-1

.  Additional increases in temperature shifted the CO adsorption 

peak even further, but at 500 K the peak shifted significantly.  These absorption peaks were 

below 2000 cm
-1

, and the study by Kappers and van der Maas assigned CO adsorption slightly 

below 2000 cm
-1

 to atoms with coordination numbers of 3 to 4.[34]  The low wavenumber at 

temperatures >500 K indicate that the high-temperature features in the CO TPD were most likely 

desorption from sites with low coordination numbers.  The CO TPD and the CO DRIFTS studies 

indicate that the ALD catalysts had a high concentration of these low-coordinated atoms. 
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Figure 3.6. A)CO DRIFTS spectra for the 5-cycle H2 ALD catalyst as a function of temperature, 

B) CO stretching frequency peak position as a function of temperature. 

3.4.4 Catalyst evaluation for ODHP 

The catalysts were screened for C3H6 selectivity, shown in Figure 3.7, by running the ODHP 

reaction with O2 as the limiting reagent to reduce combustion of C3H8 and C3H6.  The variation 

in selectivity with temperature agrees with the ODHP experiments by Lei et al, where the 

selectivity had a maximum around 673 K.[40] At 673 and 723 K, the catalysts with the smallest 

average particle size (one cycle Pt ALD with either H2 or O2) had the highest selectivities to 

C3H6 at 673 K, whereas at lower temperatures there were no trends with particle size.  Propane 

should selectively dehydrogenate on lower coordinated atoms, which decrease in number as 

particle size increases.  The two catalysts prepared with one ALD cycle had almost identical 

catalytic performance at the highest temperatures since they had similar particle sizes.  The best 

catalyst had a ~5 % yield (conversion x selectivity), as shown in Supplemental Figure 3.S4, 

similar to a recently-reported PtPd bimetallic catalyst for ODHP, but the selectivity in this study 

was achieved using only one metal.[40]  Selectivity to C3H6 was below the 1% detection limit for 
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the commercial Pt particles with an average particle size of 3.6 nm.   The catalysts all stabilized 

within 2 h reaction time following a temperature increase, and showed no indication of further 

deactivation once at steady state.  An example of the C3H6 mass signal versus time is shown in 

Supplemental Figure 3.S5.   

 

Figure 3.7. Selectivity to C3H6 vs. temperature for Pt ALD catalysts in the ODHP reaction.  Error 

bars represent standard deviation from multiple experiments.  The same catalyst weight and 

approximate space velocity were used for all measurements. 

All the catalysts that had detectable ODH activity also produced H2, which could have 

hydrogenated some of the C3H6 back to propane, since the O2 was entirely exhausted during the 

reaction and not available to form water.  Hydrogen production during ODH has been reported 

recently for a variety of catalysts,[7] and can be produced from catalytic dehydrogenation further 

down the catalyst bed once the O2 has been exhausted, or the H2 could come from the the water 

gas shift reaction if any CO was produced.  Catalytic dehydrogenation was investigated by 
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running only C3H8 through the catalyst bed for the 5-cycle H2 catalyst.  During this test, H2 and 

C3H6 were both detected at ~1/3 of the amount produced during ODH, but steadily decreased 

with time on stream, likely due to coking. The high selectivity observed in the O2-lean reaction 

conditions likely was a combined effect of ODH (until the O2 was depleted) and catalytic 

dehydrogenation.   

Turnover frequencies, listed in Table 3.3, were measured at less than full O2 conversion at 

673 K and were the highest for the smallest particles and decreased with particle size.  In a study 

on  8-10 Pt atom clusters by Vajda et al., the Pt catalysts achieved TOFs of ~0.8 s
-1

 at 673 K.[9]  

The ALD catalysts reported here had intermediate TOFs between Vajda’s catalysts and Pt 

monoliths tested with extremely short contact times (with a TOF of 0.01 s
-1

).[10]  The 

selectivities for all catalysts (when run at less than 100% O2 conversion) were lower than when 

run in the O2-lean conditions, likely because there was more O2 available for C3H6 and C3H8 

combustion.   

Table 3.3. Catalytic ODHP performance at 673 K 

Catalyst 

C3H6 TOF 
a
 

C3H6 

Selectivity 

C3H8 

Conversion 

(mol C3H6· mol Ptsurface
-1

·s
-1

) (%) (%) 

1 cycle Pt ALD with H2 0.42  +/- 0.03 18 6.4 

1 cycle Pt ALD with O2 0.43  +/-0.04 13 6.3 

5 cycle Pt ALD with H2 0.26  +/- 0.04 7.4 7.7 

5 cycle Pt ALD with O2 0.11  +/- 0.02 7.0 6.9 

 

a
 Errors of the TOFs reported above are representative of error in measuring the catalyst weight 
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3.5 Conclusions 

Platinum nanoparticles particle could be synthesized between ~ 1 and 2.5 nm by varying the 

chemistry (O2 or H2) and number of cycles used.  These catalysts were selective for oxidative 

dehydrogenation of propylene, with the smallest particles having the highest C3H6 TOFs , which 

were about half of the values reported for 8-10 atom clusters reported in literature.  The 

differences between the second half-reaction chemistries used to produce these catalysts were 

probed via in situ IR, which showed gradual depletion of OH groups when H2 was used, but 

relatively little change when the ALD was done with O2.  The type of surface atom was also 

found to vary with particle size, and these features were studied by CO DRIFTS and CO TPD.      

The catalyst with more lower-coordinated surface features (identified by CO DRIFTS) correlated 

with higher ODHP selectivity and activity at 673 K. The smallest particle sizes had the highest 

selectivity (37%) and TOF to C3H6 at ~0.42 s
-1

.  These small particle sizes are achievable 

through the facile ALD synthesis, and these ALD catalysts had much higher TOFs than mostly 

Pt (111)-terminated surfaces.  
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3.7 Supplemental Figures 

 

Figure 3.S1. Absorbance from CO DRIFTS experiments after CO saturation (~ 180 kPa) for the 

different Pt/Al2O3 catalysts.  Peak locations for single-atom linearly-adsorbed CO stretching are 

noted. 
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Figure 3.S2. CO DRIFTS spectra for catalyst at varying CO pressures (different pressures are 

labeled): A) 1 cycle Pt ALD (with H2), B) 5 cycles Pt ALD (with H2)  

B 

A 
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Figure 3.S3.  Hydrogen produced during CO TPD for the ALD catalysts, coinciding with CO2 

desorption.  The signal shown above is the raw H2 signal normalized per gPt, but the H2 signal 

was not calibrated.  
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Figure 3.S4.  Yield of C3H6 during ODHP on the Pt ALD catalysts in O2-lean reaction 

conditions. 

 

Figure 3.S5. ODHP reaction vs time for three temperatures on the Pt ALD 5-cycle (H2) catalyst. 
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Chapter 4: Enhanced Dry Reforming of Methane on Ni and Ni-Pt Catalysts  

Synthesized by Atomic Layer Deposition 

Submitted to Journal of Catalysis (January 2014) 

4.1. Abstract  

 Atomic layer deposition (ALD) was used to deposit Ni and Pt on alumina supports to 

form monometallic and bimetallic catalysts with initial particle sizes of 1 to 2.4 nm.    The ALD 

catalysts were more active (per mass of metal) than catalysts prepared by incipient wetness (IW) 

for dry reforming of methane (DRM), and they did not form carbon whiskers during reaction due 

to their sufficiently small size.  Catalysts modified by Pt ALD had higher rates of reaction per 

mass of metal and inhibited coking, whereas NiPt catalysts synthesized by IW still formed 

carbon whiskers.  Temperature-programmed reduction of Ni catalysts modified by Pt ALD 

indicated the presence of bimetallic interaction.  Density functional theory calculations suggested 

that under reaction conditions, the NiPt surfaces form Ni-terminated surfaces that are associated 

with higher DRM rates (due to their C and O adsorption energies, as well as the CO formation 

and CH4 dissociation energies).    

4.2. Introduction 

 Recent advances in natural gas recovery and the associated drop in price of natural gas 

have drawn much attention to methane steam reforming and dry reforming of methane (DRM) 

with CO2.  Increases in global demand for transportation grade fuels and efforts to cap the 

amount of gas released or burned in blowouts have made gas to liquids (GTL) technologies more 

attractive.[1]  The most widely used and economically viable GTL process is Fischer-Tropsch 

(F-T), which requires  a syngas feed stream that is produced mainly by methane reforming.[1, 2]   
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 Nickel, which is the primary catalyst used for these reforming reactions, is plagued by 

deactivation due to sintering and coking.[3, 4]  Sintering decreases the metal surface area, and 

coking can build up enough carbon to clog or alter flow in reactors, cause overheating in tubular 

reformers, and destroy catalyst particles.[3, 5] The carbon whiskers formed during coking do not 

strongly affect the reforming rate initially because the carbon diffuses from the Ni active surface 

to the rear of the particle where the carbon whisker is attached.[3, 6]   Reforming reactions are 

typically run at 973 to 1073 K to thermodynamically limit the reverse water-gas shift (RWGS) 

side reaction and coking from the Boudard reaction, but these high temperatures exacerbate 

sintering and are energy-intensive.[7]  Promoters, such as K and Au, limit coking by acting as 

step-edge site blockers or by decreasing the carbon adsorption energy to prevent carbon 

nucleation on the catalyst.[5, 8]  A recent density functional theory (DFT) study on graphite 

formation from CH4 decomposition indicated that carbon preferentially nucleates on Ni(211) 

step edges as opposed to terrace sites.[5]  This study also calculated that a Ni step edge must be 

longer than 2.5 nm to form a stable carbon cluster from which more carbon can grow.  

 Several studies have shown that adding Pt to Ni catalysts improves DRM activity and 

stability at temperatures of 773 to 973 K.[9-11]  Platinum can increase activity by increasing the 

reducibility of NiO species in close proximity to Pt; H and CO form on Pt and spill over to 

reduce NiO.[12]  Additionally, Pt has been shown to limit coking, so that more active surface 

area is available for reaction.[13]  Islands of Pt on the Ni surface or Pt in a surface alloy decrease 

the ensemble size of Ni regions and thus limit coking, which is more prevalent on larger Ni 

particles.  Platinum also limits the amount of carbon whisker growth due to the low solubility of 

carbon in Pt and the low adsorption strength of carbon on Pt compared to Ni.[3, 14]  Carbon 

whiskers grow on Ni when carbon diffuses across the surface and through sub-surface layers to 
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find favorable step-edge facets from which to grow.[3]  According to previous DFT calculations, 

the barriers for diffusion across the surface (137 kJ/mol) and subsurface diffusion (150 kJ/mol) 

are much smaller than the 225 kJ/mol barrier for carbon diffusion in bulk Ni. [15]    

 Typical Ni and NiPt bimetallic catalysts have been prepared by precipitation, incipient 

wetness impregnation, microemulsion, or other solution-based techniques.[9, 10, 13]  In the 

current study, Ni and NiPt bimetallic catalysts for the DRM reaction were synthesized by atomic 

layer deposition (ALD) with the goal of increasing the activity and resistance to coking over 

traditionally-prepared catalysts.  Aaltonen et al. first deposited Pt films by ALD using hundreds 

of cycles of Me(Me3Cp)Pt and O2.[16]  Since that time, much research has focused on creating 

Pt nanoparticles with less than 10 cycles of Pt ALD on metal oxide supports.[17-20]  Ruthenium, 

Pd, RuPt, and PdPt bimetallic catalysts were also deposited on metal oxide supports using ALD 

in recent years.[21-23]  With the exception of one study of Pt ALD that used H2 as the second 

half-cycle reagent,[19] all other noble metal nanoparticle formation by ALD used O2 or 

formalin.[18, 20-24]  Previous work demonstrated recently[25] that Ni ALD could also be 

performed with H2.  

 In the present study, catalysts with approximately 2.4 nm Ni particles were synthesized 

by ALD, and their performance in DRM was compared to catalysts prepared by IW 

impregnation.  The ALD-prepared catalysts had higher DRM rate per g-metal because of a 

higher active surface area.  They also exhibited enhanced coking resistance. Catalysts prepared 

by ALD did not form carbon whiskers after 72 h of reaction at 873 K, whereas IW-prepared Ni 

catalysts readily formed these destructive carbon whiskers.  Catalysts with even higher activity, 

stability, and coking resistance were prepared by adding Pt with ALD to create bimetallic 

catalysts with high dispersions to maximize the bimetallic effect.  We characterized the structure 
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of bimetallic NiPt ALD catalysts using temperature-programmed studies, microscopy and 

specific chemisorption.  Although the benefits of adding Pt to Ni DRM catalysts using methods 

other than ALD are known, reasons for the enhanced performance are not well understood, and 

thus DFT was used to elucidate why these structures provide enhanced DRM activity and coking 

resistance.  

4.3. Experimental Methods 

4.3.1 Catalyst synthesis.  

 Nickel and Pt particles were formed on alumina supports by ALD.  Two alumina 

supports were used: a nonporous alumina (Aldrich 544833 gamma alumina, ∼40 m
2
/g BET 

surface area, ~45-nm diameter spheres) and a porous gamma alumina (Albemarle MARTOXID 

AN/I, ~150 m
2
/g BET surface area, ~75-μm particle diameters).  The Ni ALD was performed in 

a stainless steel fluidized bed reactor (FBR) described elsewhere.[25, 26]  The Pt ALD was 

performed in a quartz tube FBR (6-mm inner diameter) with a quartz glass frit of 40-μm pore 

size that supported the powder bed.  The powder was fluidized in this reactor at approximately 

0.25-Pa pressure with He carrier gas flow rates of 5 to 20 sccm.  Platinum was deposited at 448 

K, which is much lower than the typical 573 K used for Pt ALD with Me3(MeCp)Pt and O2.[18, 

19, 24]  In this work, H2 was used as the second reagent instead of O2 for both Ni and Pt ALD.  

For bimetallic Ni + Pt ALD catalysts, the Ni particles were first deposited by incipient wetness 

(IW) impregnation or by ALD.  Details of the IW and ALD Ni synthesis are explained in 

previous work.[25] The Ni catalysts were dried for 2 h under vacuum at 939 K before Pt was 

deposited by ALD in the quartz FBR.  A bimetallic NiPt catalyst was also synthesized by 

sequential IW impregnation (Ni followed by Pt) using the same methodology as the Ni IW 

synthesis, but using H2Pt2Cl6·6H2O as the metal precursor instead of Ni(NO3) ·6H2O. 
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4.3.2 Catalyst Characterization.   

 The catalysts were characterized by temperature-programmed studies in a quartz tube 

reactor (6.35-mm inner diameter) at ramp rates of 60K /min and the effluent from the reactor was 

analyzed with an SRS RGA 200 mass spectrometer.  For TPR, the catalysts were first oxidized 

for 2 h at 573 K and then cooled to room temperature in inert gas.  The temperature subsequently 

was ramped in 50 sccm of 2.5% H2 (balance Ar) while the H2 uptake was measured with the 

mass spectrometer.  For CO TPD, the catalysts were reduced for 2 h at 673 K, then cooled to 

room temperature, dosed with CO (50 sccm 20% CO in Ar) for 10 min, and then purged with Ar 

before ramping the temperature.  In the case of post-reaction CO TPD experiments, the catalysts 

were reacted as normal, then cooled to room temperature before dosing CO.   

 Transmission electron microscopy (TEM) was used to estimate catalyst particle sizes and 

determine the type of carbon deposited on the surface.  Particle size estimates were obtained 

using Image J software to analyze images from an FEI Tecnai 12 - Spirit Biotwin TEM and a 

Phillips CM-100 TEM.  Samples were electrostatically adhered to copper grids with a lacey 

carbon over-layer (Ted-Pella 01895 Lacey Carbon Film grids) to avoid effects of solvents from 

dropcasting.  Samples prepared for imaging purposes were synthesized using the same 

methodology as previously mentioned, but a nonporous nanosphere alumina (Aldrich 544833 

gamma alumina) was used so that the metal catalyst was on the surface of the spheres.  

 The weight loadings of each sample were determined by inductively coupled plasma 

mass spectroscopy (ICP-MS) of samples digested in a concentrated HF/HNO3/HCl solution for 

over 24 h.  The number of active sites was measured with a Quantachrome AS-1 Autosorb.  The 

catalysts were reduced at 873 K in pure H2 for 2 h before measuring the H2 uptake to simulate the 

approximate surface area of these catalysts under reaction conditions.  The active metal surface 
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area and particle diameters were not estimated for bimetallic samples because the surface 

composition must be known in order to attribute chemisorbed H2 to Ni or Pt; instead the H2 

uptake is reported. 

4.3.3 Reaction Studies.   

The catalysts were evaluated for DRM activity in a quartz tube, packed bed reactor (6.35-mm 

ID).  The catalysts were reduced for 2 h at 673 K in 10% H2 (balance Ar), with the exception of 

the IW catalyst, which was reduced at 773 K before reaction to ensure the particles were fully 

reduced after they were calcined at 773 K during synthesis.  All catalysts were heated to 873 K 

and held at that temperature for approximately 10 min before the reactants were introduced to the 

reactor.  Effluent gases were analyzed by a SRI 8610c GC with a Haysep-D packed column.  Gas 

flow rates were 20 sccm CH4, 20 sccm CO2, and 60 sccm Ar.  The amount of catalyst in the bed 

was varied (typically 50 to 200 mg) to achieve similar initial CH4 conversions (35 to 40%).  The 

amount of catalyst, total volumetric flow rate, and CH4 and CO2 concentrations were similar to 

those used in several Ni-based DRM studies.[6, 9, 10, 13, 27, 28]  Most reactions were run for 12 

h, but some were run for up to 72 h.  At the end of the reaction time, the reactant flow was 

stopped and replaced by inert carrier gas before cooling the catalysts in order to avoid additional 

carbon deposition as the reactor cooled.  

4.3.4 Density Functional Theory Calculations.   

 All DFT calculations  were performed by Matthew Montemore, and details regarding the 

computational methods used for those calculations can be found elsewhere.[29]  Here we present 

pertinent methods to aid in understanding of the results presented in section 4.4 (this section 

4.3.4 is courtesy of Matthew Montemore).[29] 
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 A phase diagram was generated using atomistic thermodynamics, as described in detail in 

previous work.[30, 31] Briefly, the most stable surface structure at a given set of chemical 

potentials is the one that minimizes the surface energy: 

 (   )         
    

     
 ∑

     (   )

     
    (1) 

The number of each species in the surface unit cell, Ni, is defined by the surface structure, while 

the chemical potentials μi(T,p) are variables that depend on the temperature and pressure: 

  (   )    (    )    ln(
  

  
)   (2) 

 Several simplifications were made to make the phase diagram generation tractable. First, 

only two metal structures were considered: (i) a pure Pt top layer, a pure Ni subsurface layer, and 

NiPt bulk layers (Pt/Ni/NiPt); or (ii) a pure Pt top layer, a pure Ni subsurface layer, and NiPt 

bulk layers (Ni/Pt/NiPt). Previous work has shown that one of these two metal structures is the 

most stable under most O2 chemical potentials.[31] Since these two structures have the same 

number of Pt and Ni atoms, terms that depend on NPt and NNi were not included in Equation 1.  

 Since the transition between the surface terminations occurs at a low coverage[31] (see 

Figure 4.3 below), only structures with 4/9 ML or less of combinations of C, CO, and O were 

considered. Their surface chemical potentials were calculated as: 

 (  )   (   )   (  ) 

 (   )   (  ) 

 (  )   (  )   (  ) 

   (  )   (   ) 
 Chemical potentials denoted with an asterisk indicate surface species; all other species 

are in the gas phase. Gas-phase chemical potentials are referenced to the isolated molecules. To 

account for coverage effects, adsorption energies calculated at 1/3 ML were used, but otherwise 

adsorbate-adsorbate interactions were ignored. Since only surface structures with a single type of 

adsorbate were found to be stable in the conditions tested, this is likely to be a good 

approximation. 



88 
 

4.4. Results and Discussion 

4.4.1 Nickel Catalysts.   

 The Ni ALD catalyst was prepared with one ALD cycle on both porous and nonporous 

spherical alumina as described previously.[25]  The Ni weight loadings of the ALD and IW 

catalysts were similar at 4.7 and 6 wt%, respectively, but the particle size of the as-synthesized 

catalysts differed significantly at 2.4 nm for the ALD catalyst [25] and 17 nm for the Ni IW 

catalyst.  High-temperature reduction of the ALD catalyst resulted in some sintering.  After the 

catalyst was held for 2 h at 873 K in 50% H2, the average particle size obtained from TEM was 

3.6+/-0.4 nm. This is similar to the particle size of 4.0 +/- 0.1 nm obtained from chemisorption 

after the same pretreatment (Table 4.1). 

Table 4.1. Catalyst composition and chemisorption results 

 

Catalyst 

 

Weight loading 

Ni (%)          Pt (%) 

H2 chemisorption 

μmol/gcatalyst 

(μmol/gmetal) 

Active metal surface 

area 

(m
2
/gcatalyst) 

 

Particle 

size 

(nm) 
 

Ni IW 6 - 31 (520) 2.4 17 

Ni ALD 4.7 - 96 (2000) 7.5 4 

Pt ALD - 1 33 (3300) 3.2 1 

Ni IW + 

Pt ALD 

6 1 69 (990) - - 

Ni ALD 

+ Pt ALD 

4.7 1 105 (1800) - - 

Ni IW + 

Pt IW 

6 1 34 (490) - - 
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 Nickel catalysts synthesized by incipient wetness (IW) and ALD techniques were 

evaluated for the DRM reaction.  All IW-synthesized catalysts reached steady state within the 

first hour, but the Ni ALD catalysts took up to 25 h to reach steady state, as shown in Figure 4.1.  

The CH4 reforming rate at 873 K (normalized per gmetal) at steady state for the Ni ALD catalyst 

was 1.6 times that for the IW Ni catalyst.  Correspondingly, the metal surface area of the Ni 

ALD catalyst (calculated using post-reaction particle size measured by TEM)[25] was 

approximately 1.4 times higher than the IW catalyst surface area.  Thus, the higher rate appears 

to be due primarily to the higher metal surface area (calculated from post-reaction particle size).  

However, comparing DRM rates normalized by surface area can over-represent the number of 

surface sites when carbon blocks an indeterminable number of sites.  For this reason, we 

compare DRM rates normalized per gram-metal to avoid assumptions of rates normalized by 

surface area. 
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Figure 4.11. A) DRM reforming rates as a function of time for Ni IW and Ni ALD catalysts at 

873 K.  Both porous and nanosphere Al2O3 supports were used for the Ni ALD catalysts. B) 

TEM image showing carbon whiskers on the Ni IW catalyst supported on porous Al2O3 after 36 

h on-stream.  C) TEM image of Ni ALD catalysts on nonporous Al2O3 spheres after 72 h of 

DRM at 873 K. 

 

 The Ni ALD catalyst not only had a higher DRM rate (60 L CH4 ·h
-1

 ·gNi
-1

) than the IW 

catalyst (37 L CH4 ·h
-1

 ·gNi
-1

), it also had a higher rate than Ni catalysts in the literature; those 

rates were 10 to 25 L CH4 ·h
-1

 ·gNi
-1

 at 873 K under similar flow rates and pressures.[10, 13]  
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Nickel/Al2O3 IW catalysts investigated in this study had a higher rate than other Ni/Al2O3 

catalysts reported in literature due to their lower weight loading and higher dispersion.  The Ni 

ALD catalysts also had higher rates than a Ni/Mg(Al)O catalyst (5-6 nm Ni particles from a 

hydrotalcite-derived synthesis),[32] which had reforming rates of 43 L CH4 ·h
-1

 ·gNi
-1

 at similar 

conditions.[28] However, the Ni ALD catalysts had lower rates than similar-sized (2 nm 

initially) Ni nanoparticles of a Ni(SixOz)/CeO2 catalyst, which had a DRM rate of 270 L CO · h
-1

 

· gNi
-1

 (which corresponds to ~100 to 135 L CH4 · h
-1

 · gNi
-1

 depending on the H2 to CO ratio) 

after 43-h reaction time.[33] Note that the steady-state rate for the Ni ALD catalysts in Fig. 4.1a 

was only reached after about 25 h, during which time the catalyst lost 59 to 67% of its activity.  

The Ni ALD catalyst was then stable for up to 72 h at 873 K.  

 The Ni ALD activity loss during DRM at 873 Kwas smaller than that observed by 

Baudouin et al. (80 to 90 %) when they used Ni/SiO2 catalysts with initial particle diameters 

from 1 to 7 nm for DRM at 773 K.[27] The Ni ALD catalysts in the current study deactivated 

similarly to a 2.1-nm Ni(SixOz)/CeO2 catalysts that deactivated by 55% after 43 h.[33] The ALD 

catalyst particle diameters measured by TEM were 3.5 +/- 0.7 nm after 2-h reduction in 10% H2 

at 673 K, and during reaction they sintered to 9.4 +/- 2.4 nm, which corresponds to a 39 to 77 % 

surface area loss.  The activity loss over time appeared to be characteristic of particle sintering, 

so we modeled the reaction rate loss as being proportional to active surface area loss, as 

described by Bartholomew.[34]  The decrease in surface area of transition metals due to sintering 

is known to follow power-law kinetics: 

 

  
(   )   (   )

     (3) 

where ANi is the surface area of the Ni catalyst, and k is the rate constant.[2, 34, 35]  If we 

assume deactivation was solely due to a change in surface area, the reaction rate data in Figure 

4.1a can be fit to the above power law, yielding a value of n = 7.5.  This value of n is within the 
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particle coalescence regime (n ≈ 8 or greater), as opposed to the atom migration sintering regime 

(2 < n < 5).[2, 4, 34, 35]   

 Although the Ni ALD particles sintered, they were still smaller than the IW Ni particles 

(approximately 17 nm both before and after reaction), and their small size may have limited the 

amount or type of coke deposition.  No carbon nanotubes (whiskers) were detected by TEM on 

the Ni ALD catalyst after reaction, whereas the Ni IW catalyst had carbon nanotubes deposited 

throughout the sample after 36 h of reaction, as shown in Figure 4.1b.  Although the reaction rate 

was stable for the IW catalyst, at longer times the carbon whiskers would be expected to 

eventually plug the reactor or destroy the catalyst particles.  These carbon deposition results are 

similar to those found in the TGA study by Beengard et al. that showed when n-butane flowed 

over Ni catalysts while the temperature was ramped, coking began at a temperature 100 K higher 

and at a slower rate on 7-nm Ni particles than on 107-nm Ni particles.[5] 

 The Ni ALD particles shown in Figure 4.1 did not grow large enough to nucleate carbon 

whiskers after 72 h of reaction, but instead had thin layers of encapsulating carbon as shown in 

Figure 4.1c.  This suggests that operating under reaction conditions can help limit sintering to the 

critical carbon formation size, which may be related to the encapsulating carbon formed on the 

particle surface.  Particle migration and coalescence has been described as a surface-mediated 

transport of Ni atoms and Ni-OOH complexes from one side of the particle to the other.[4, 35]  

One possible explanation for not forming carbon whiskers on the Ni ALD catalyst is that once 

the encapsulating carbon layer formed on the Ni, particle migration and coalescence was 

effectively inhibited before reaching the critical whisker formation size.  To support this 

hypothesis, we pre-sintered a Ni ALD catalyst for 24 h at 873 K in 20% H2 and then ran the 

DRM reaction.  This pre-sintered sample formed carbon whiskers instead of encapsulating 
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carbon, as shown in Supporting Information Figure 4.S1.  The carbon whisker diameters (17.5 

+/- 5.3 nm) were used as an approximation of the effective particle size,[3, 36, 37] indicating that 

these pre-sintered particles sintered to larger sizes under reaction conditions than the regular Ni 

ALD sample. 

4.4.2.1 Nickel-Platinum ALD Catalyst Materials Characterization.   

 The nickel catalysts described above were used to create bimetallic catalysts by adding Pt 

by ALD or IW techniques.  The Pt ALD deposited extremely small particles (approximately 1 

nm) so that one ALD cycle added significant active surface area to the Ni IW catalyst, whereas 

Pt addition by IW added little surface area.  The Pt ALD did not significantly increase the 

surface area of the Ni ALD catalyst (as indicated by a slight decrease in the H2 chemisorption 

uptake after Pt ALD), which was consistent with forming bimetallic particles rather than 

nucleating new particles.  Weight loadings and chemisorption uptakes for each catalyst are listed 

in Table 4.1.   

 Temperature-programmed reduction (TPR) was performed to gauge bimetallic interaction 

of the catalysts (Figure 4.2).  Monometallic catalysts were also investigated with TPR, and the Ni 

ALD catalyst exhibited a lower reduction temperature than larger Ni IW particles. The main H2 

uptake peak of the PtNi catalysts was between the peaks for the single-metal catalysts; this 

indicated the Pt was in close proximity to the Ni.  This intermediate-temperature peak results by 

reducing a NiPt alloy or by Pt providing dissociated H for reducing nearby NiO species.[38]  

However, the peaks for the single-metal catalysts are also present in Figure 4.2 for the IW Ni 

catalyst modified with Pt ALD, suggesting that the catalyst was composed of isolated Pt and Ni 

particles or regions and NiPt alloy particles.  The NiPt catalyst synthesized entirely by ALD did 
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not show much monometallic character however, indicating a higher degree of bimetallic 

interaction.   

 
Figure 4.2. Hydrogen uptake of Ni, Pt, and NiPt catalysts obtained by temperature-programed 

reduction. 

 The structure of the bimetallic catalyst can change under reaction conditions, depending 

on which gases adsorb on the metal surface. Nickel-platinum bimetallic layers have been shown 

to change which metal terminates the surface depending on which gas adsorbed.[12, 39]  Probing 

the catalyst surface structure with in-situ techniques is difficult under the harsh conditions 

associated with DRM.  Instead, M. Montemore used DFT to analyze how the surface energy of 

different terminations varied as a function of coverage for multiple adsorbates associated with 

the DRM reaction. Previous work[31] has shown that for oxygen adsorption, the surface consists 

of either a pure Pt or a pure Ni top layer, depending on the oxygen chemical potential. Therefore, 

only the Pt/Ni/NiPt and Ni/Pt/NiPt structures were examined. As shown in Figure 4.3, M. 

Montemore determined that the Pt-terminated surface is more favorable at low adsorbate 
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coverages, but the difference becomes smaller as the coverage of any adsorbate increases.[29] 

The surface Pt termination is predicted to change to a Ni termination at low coverages of O or C, 

moderate coverages of CO, and high coverages of H. 

 

Figure 4.3. Adsorbate dependent surface termination of Ni-Pt bimetallic surfaces, where a 

positive value indicates that Pt/Ni/NiPt is more favorable and a negative value indicates that 

Ni/Pt/NiPt is more favorable.  Insets show metallic structures that were used for the DFT 

calculations. 

     A phase diagram for the surface structure at different CO and CO2 chemical potentials was 

also calculated by M. Montemore,[29] as shown in Figure 4.4. Under the experimental reaction 

conditions, the surface is predicted to be Ni-terminated and covered with atomic C. At low 

chemical potentials of both CO and CO2, the surface is predicted to be Pt-terminated and bare, 

while at low CO2 chemical potential the surface can be Pt-terminated with adsorbed CO, Pt-

terminated and bare, or Ni-terminated with adsorbed O, depending on the CO chemical potential. 

Previous work on aqueous phase reforming of ethylene glycol on Ni-Pt catalysts also indicated 

that mostly Ni is on the surface under reaction conditions[39]. 
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Figure 4.4. Phase diagram for NiPt bimetallic surfaces as a function of the CO and CO2 chemical 

potentials. The “X” denotes representative chemical potentials of the adsorbates during the 

experiments in this work assuming atmospheric total pressure. 

 As an additional check on the DFT results, the surface structure was experimentally 

probed on a NiPt ALD catalyst.  The catalyst surface during (and probably after) the DRM 

reaction conditions likely has significant amounts of surface C,[40, 41] which favors a Ni-

terminated bimetallic surface as shown in Figure 4.4. Carbon monoxide TPD was performed on a 

fresh (reduced 2 h in 20% H2 at 673 K) NiPt ALD catalyst and on a catalyst exposed to reaction 

conditions for 12 h at 873 K.  The CO TPD, shown in Figure 4.5, has two peaks for the fresh 

sample, but only one peak after reaction.  The peak around 373 K is representative of the α1 

single-site CO desorption mode on Pt and the higher temperature peak corresponds to a β2 CO 

associative desorption mode from kink and step sites Ni.[38, 42]  The Pt-related α1 peak 

disappeared after reaction, indicating that those Pt sites were no longer available on the surface 

to bind CO.  This Pt-related α1 peak disappearance was not likely due to C covering the Pt sites.  

Montemore’s calculations show that Pt-terminated surfaces exhibit larger C diffusion barriers 

(0.61-0.69 eV) than Ni-terminated surfaces (0.10-0.50 eV), and that Pt-terminated surfaces have 
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a less favorable C adsorption energies (-5.9 eV) than that of a Ni-terminated surface (-7.5 eV).  

Carbon on the bimetallic samples would thus be expected to preferentially form on the Ni 

regions and not diffuse to Pt metal sites or Pt-terminated bimetallic sites.  Platinum weight 

loading of the post-reaction sample was confirmed by ICP-MS, indicating that the Pt was still in 

the sample at the original weight loading, just not on the surface.  To ensure that the differences 

in CO desorption were due to reactant exposure and not high temperature, a NiPt ALD catalyst 

was reduced for 2 h at 673 K in 20% H2, then held at 873 K in Ar for 12 h before running the CO 

TPD.  This TPD showed both the low-temperature Pt peak and the high-temperature Ni peak, 

indicating that the disappearance of the Pt peak was not due to thermal treatment.  Surface area 

loss and perhaps surface carbon were responsible for the decreased β2 desorption peak after 

reaction.  These TPD results agree with our findings from DFT that the surface was Ni-

terminated during reaction. 
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Figure 4.5. Carbon monoxide temperature-programmed desorption of Ni-Pt ALD catalysts 

before and after reaction. 

4.4.2.2 NiPt DRM reactivity.  

 Modifying Ni catalysts with one cycle of Pt ALD increased the DRM catalytic activity by 

more than a factor of 2, as shown in Figure 4.6. A catalyst containing Pt deposited by one ALD 

cycle had a higher initial activity than that of the Ni ALD catalyst, but as shown in Supporting 

Information Figure 4.S2, it deactivated within 1 h to the steady state value reported in Figure 4.6.  

de Miguel et al.[13] observed previously that Pt-only catalysts deactivated by 75 to 80% at 973 

K within 6 h during the DRM reaction.  The NiPt ALD catalyst had a stable reforming rate after 

10 h, whereas the monometallic Ni ALD catalyst was only stable after 25 h. 
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Figure 4.6. Steady-state rates of dry reforming of methane at 873 K normalized per gram of 

metal.  The three bimetallic catalysts had Pt added to the two Ni catalysts shown on the left.   

Error bars represent standard deviation. 

 Adding Pt to the Ni catalysts by ALD increased the catalytic activity by more than the 

sum of each metal’s activity.  García-Diéguez et al.[10] reported no increase in DRM activity 

(per gmetal) at 873 K for NiPt/Al2O3 catalysts synthesized by simultaneous incipient wetness 

impregnation and reverse micro-emulsion with Ni loadings of 4 wt% and Pt loadings of 0.04% 

and 0.4%.  de Miguel et al. [13] reported rates that were only 7.5% higher (per gmetal) at 973 K 

for NiPt/Al2O3 catalysts (0.5 wt% Pt, 10 wt% Ni) synthesized by excess-solution impregnation.  

Nickel-platinum catalysts prepared in this work by sequential incipient wetness impregnation 

had a dry reforming rate of 70 L CH4 ·h
-1

 ·gmetal
-1

.  This is lower than the ALD bimetallic 

catalysts (102 to 127 L CH4 ·h
-1

 ·gmetal
-1

), but higher than the NiPt catalysts reported in literature 

(DRM rates of 13 to 26 L CH4 ·h
-1

 ·gmetal
-1

) because those catalysts had higher weight loadings 

and lower dispersions than the IW NiPt catalyst used in this study.[9, 10, 13] During DRM, the 

H2/CO product ratios (~0.5-0.6) were similar for all catalysts investigated except for the Ni ALD 

+ Pt ALD catalyst,  which had a slightly higher ratio (0.67) as shown in Supporting Information 
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Figure 4.S3. These H2:CO ratios are similar to other Ni, Pt, and NiPt catalysts reported in 

literature for DRM at 873 K.[10, 43]  

 DFT was used by M. Montemore to understand why the bimetallic catalysts had superior 

DRM rates.[29]  Specifically, he investigated how bimetallic NiPt surfaces interacted with the 

different adsorbates found in the DRM reaction.  Recent work by Jones et al. used first principles 

calculations and experimental investigations to elucidate which pure metals would be most 

favorable for CH4 steam reforming.[14]  They found that Ru was the best reforming metal and 

that the high reforming TOFs were correlated with the C and O adsorption energies calculated 

for that surface.  By applying the same principles, M. Montemore used the O and C adsorption 

strengths on Ru as a benchmark to gauge which bimetallic catalyst surfaces would be more 

effective for dry reforming; i.e., a catalyst with C and O adsorption energies closer to those of Ru 

was deemed likely to be a superior catalyst.[29]  In addition to comparing the C and O 

adsorption energies, the dissociative CH4 adsorption and CO formation energies were also 

investigated since these are the kinetically limiting steps.[14] Four surfaces, shown in Supporting 

Information Figure 4.S4, were used to model the PtNi bimetallic surfaces. As can be seen in 

Figure 4.7, the Ni-terminated alloy has similar adsorption properties to Ru, and the similarity is 

maintained (though lessened) if 1/3 of the atoms in the top layer of this surface are replaced with 

Pt. This is in contrast to Ni, Pt, and the Pt-terminated alloy (even with 1/3 ML of Ni in the 

surface), which bind O and C too weakly.  As noted above, experimental investigation and 

theoretical prediction indicated that the Ni-terminated surface is present under reaction 

conditions. 
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Figure 4.7.  A) Carbon and oxygen adsorption energies of different metal surfaces. B) CO 

formation and CH4 dissociation energies of different metal surfaces.  

4.4.2.3 Carbon deposition on NiPt.   

 The post-reaction TEM images of the NiPt ALD catalyst show the particles ranged from 

approximately 3 to 20 nm (with average particle size of 9.4 +/- 4.5 nm), as shown in Figure 4.8. 

The larger particles would be expected to form carbon whiskers if they were not bimetallic, 

though the smaller particles could be monometallic and still not form carbon whiskers.  Analysis 

by TEM of post-reaction bimetallic ALD samples indicated only sparse carbon whiskers on the 

samples, as shown in Figure 4.8, but the IW-prepared NiPt catalyst still had a large number of 

carbon whiskers. The carbon whisker growth on the IW Ni + Pt IW catalyst was similar to that of 
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the Ni IW catalyst, indicating that incipient wetness did not distribute Pt effectively on Ni 

particles, but ALD did.  Platinum has been shown to decrease coking during dry reforming of 

methane on Ni-Pt bimetallic catalysts,[9, 11, 13] so the presence of carbon whiskers on the IW 

bimetallic catalyst is most likely due to large Ni-only catalyst particles or regions.  

 Temperature-programmed oxidation was used to characterize the amount of carbon 

deposited on the catalysts by measuring the amount of CO2 produced.  As shown in Supporting 

Information Figure 4.S5, the Ni IW + Pt IW catalyst had more than 2 orders of magnitude more 

carbon deposited than the Ni ALD + Pt ALD sample.  This large discrepancy in carbon deposited 

was another indicator that Pt deposited by IW was not effectively dispersed and therefore did not 

limit coking the way Pt ALD did. 
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Figure 4.8.  (Top) Bimetallic NiPt ALD catalyst particles after 32 h of reaction at 873 K indicate 

varying particle sizes with minimal carbon whisker deposition.  Metal particles (dark <20 nm) 

were supported on spherical alumina supports.  (Bottom) NiPt catalyst prepared by IW after 42 h 

of reaction show growth of carbon whiskers.  

 Density functional theory was used by M. Montemore to explore possible explanations 

for the amount of carbon deposition on different catalysts.[29] Importantly, whisker formation 

requires a much larger ensemble of contiguous sites than methane activation, so that whereas 

small quantities of surface Pt atoms would not be expected to strongly affect DRM activity, they 

may affect whisker growth.  M. Montemore’s DFT calculations suggest that suppression of 

coking may be due to the presence of some Pt “defects” on the active surface.[29] The tendency 

to coke likely depends on a number of factors, including the rate of C diffusion and the 

energetics of graphitic carbon formation.[15] In particular, the activation barriers for C diffusion 

have previously been used to explain the increased coke resistance of NiSn alloys.[44] 

M.Montemore’s climbing-image, nudged elastic band calculations of the barrier for diffusion 

from an fcc hollow to a neighboring hcp hollow on Pt gave an identical result as simply 

performing an adsorption calculation in the bridge site.[29] Therefore, we used the difference in 
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adsorption energy between the bridge site and most stable site as a measure of the ease of carbon 

diffusion. The results (see Table 2) may explain why there is substantial coking on Ni but not on 

Pt, Ru and Rh: Ni has a much lower barrier to C diffusion. The Ni-terminated alloy also has a 

low barrier, but the coverage of 1/3 ML of Pt atoms in the surface layer significantly increases 

this barrier. At the high temperatures used in methane reforming, some Pt atoms may be on the 

surface, and these atoms may inhibit large-scale diffusion of C atoms. 

Table 4.2. Barriers to atomic carbon diffusion 

Surface Diffusion Barrier 

(eV) 
Ni 0.36 

Pt 0.85 

Ni/Pt/NiPt 0.10 

Pt/Ni/NiPt 0.61 

Ni6Pt3/Pt/NiPt 0.50 

Pt6Ni3/Ni/NiPt 0.69 

Ru 0.77 

Rh 0.67 

 

 Since carbon preferentially nucleates at Ni step edges, M. Montemore investigated the 

effect of replacing one Ni (211) step edge atom with a Pt atom.[29]  The calculated C adsorption 

energy (-7.45 eV) was weaker than the Ni (211) step edge C adsorption energy (-7.85 eV), 

indicating that Pt atoms near step edges may destabilize C nucleation.  The same trend holds on 

the Ni-terminated alloy, Ni/Pt/PtNi(211); Pt at the step site destabilizes C by 0.07 eV, making it 

nearly equal to the adsorption energy on the Ni/Pt/PtNi(111) terrace (-7.45 eV). Therefore, 

surface Pt atoms inhibit C diffusion across the terraces and destabilize C adsorption at the step 

site, both of which may inhibit coking.  
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4.4 Conclusions 

 Nickel catalysts prepared by atomic layer deposition (ALD) had higher rates per g-metal 

for dry reforming of methane (DRM) than larger Ni particles synthesized by incipient wetness.  

These Ni ALD catalysts also inhibited the growth of carbon whiskers during reaction because the 

Ni particles were ~ 8 nm smaller than the IW catalyst particles, even after sintering.  Adding Pt 

to the Ni catalysts by ALD increased the catalytic activity more than a factor of two, and the 

activity of these catalysts (on a per gram metal basis) was higher than NiPt DRM catalysts 

reported in the literature because of the small size of these particles.  Also, less carbon deposited 

on the NiPt ALD catalysts than on all other catalysts investigated.  Temperature-programmed 

reduction suggests these NiPt catalysts contain both bimetallic alloys and individual metal 

nanoparticles.  Results from DFT calculations indicated that the NiPt catalyst surface was Ni-

terminated under reaction conditions because adsorbates bring Ni to the surface.  These Ni-

terminated catalysts were predicted to perform better than Pt-terminated bimetallic catalysts or 

the individual metals.  Bimetallic catalysts may have coked less because of the higher C 

diffusion barrier on terraces and weaker C adsorption energy at step edges where Pt is present.  

These ALD catalysts performed better than most DRM catalysts reported in the literature, likely 

because of their nanoscale features and maximized bimetallic interaction.  
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4.8. Supplemental Information 

 

Figure 4.S1. TEM image of Ni ALD particles (pre-sintered for 24 h in 50% H2 at 873 K) after 

10-h DRM reaction time. The catalyst contains a large number of carbon whiskers. 
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Figure 4.S2.  Dry reforming rates at 873 K during first 10 h of reaction for all catalysts 

investigated. 

 
Figure 4.S3.  Steady-state H2:CO ratios for all catalysts investigated during DRM at 873 K. 
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Figure 4.S4. Four NiPt alloys used in the DFT studies. All have a NiPt mixed alloy for the 

bottom two layers, with a Ni/Pt ratio of 1:1. 

 

 
Figure 4.S5. Carbon dioxide formed during temperature-programmed oxidation of NiPt catalysts 

after DRM at 873 K 
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5. Stabilizing Ni Catalysts by Molecular Layer Deposition of Porous 

Aluminum Oxide 

5.1. Abstract 

 Sintering is a major problem for catalysts used in dry reforming of methane (DRM).  This 

study inhibited sintering of ~ 2 – 5 nm Ni particles synthesized via atomic layer deposition 

(ALD) by stabilizing the catalysts with an alucone molecular layer deposition (MLD) coating. 

This coating was synthesized using a three-step “ABC” reaction of trimethyl aluminum (TMA), 

ethyl amine (EA), and maleic anhydride (MA).  The particles were coated with 5, 10 or 15 cycles 

of MLD and then calcined to form a porous alumina over-layer.  Calcining the catalysts at 773 K 

produced a stable catalyst, but the catalyst calcined at 673 K rapidly deactivated during dry 

reforming of methane (DRM).  The catalysts’ stability during DRM at 973 K was measured, and 

the particle sizes were measured after reaction by TEM.  The uncoated catalyst continuously 

deactivated with time on stream, whereas for the MLD-coated catalysts, the DRM rates increased 

during the first few hours on-stream before stabilizing, apparently because the nickel surface area 

increased.  Active metal surface area increased with higher reduction temperature for the MLD-

modified catalysts, whereas the nickel surface area decreased for uncoated catalysts due to 

sintering.  Particle sizes measured by TEM after reaction were smaller for the MLD-modified 

catalysts.  After repeated DRM at 973 K, calcination, and reduction in H2, the 10-cycle MLD 

catalyst returned to the same steady-state DRM rate.  Coking on the 5-cycle MLD-coated 

catalyst from the DRM reaction was approximately half that of the uncoated catalyst. 
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5.2. Introduction 

 Methane reforming has received much attention in the last decade due to increased 

recovery of shale gas from enhanced fracking technologies.   The current surplus of natural gas 

has provided motivation for using CH4 for chemical synthesis of fuels and chemicals, in addition 

to using CH4 for electricity  and heat production, especially in the case of “stranded” gas-fields at 

remote wells.[1]  The primary chemical process utilizing CH4 is methane steam reforming 

(MSR), and in 2012 it produced 95% of the US H2 supply.[2]  Another reforming reaction, dry 

reforming of methane (DRM): CO2 + CH4  2CO + 2H2, is used much less due to its lower 

H2:CO ratio (typically less than 1) and exacerbated problems with deactivation from coking in 

the absence of steam.[3-5]  However, with the growth of synthetic fuel production through 

Fischer-Tropsch (FT) synthesis of syngas,[6] DRM can prove a valuable reaction to blend 

streams with those from MSR to produce syngas feed streams with desired H2:CO ratios.[3, 5, 7]  

 Supported Ni, which is the primary catalyst used for CH4 reforming, deactivates due to 

coking and sintering.[4, 7-9]  Coke formation can be thermodynamically limited by running the 

reactions at high temperatures,[3] but high-temperature operation is energy intensive and also 

sinters the catalyst, which reduces activity.  Catalyst coking can be decreased without high 

temperatures by incorporating promoters or a second catalytic metal.  Bengaard et al. 

demonstrated that K, S, and Au preferentially bind to Ni step edges to act as site blockers for 

carbon nucleation.[10]  Bimetallic Ni-Pt catalysts also have higher coking resistance than 

monometallic Ni catalysts,[11-13] due to the lower solubility of C in Pt, higher C diffusion 

barriers on bimetallic surfaces, and weaker C adsorption energies at bimetallic step sites.[14, 15]  

Coking can also be decreased by using smaller Ni particles because their step edges are small 

enough to limit carbon nucleation and subsequent growth.[10]  Maintaining small particles 
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during the DRM reaction is difficult, however, because reforming conditions readily sinter Ni 

particles.  

 Approaches for mitigating catalyst nanoparticle sintering have received much attention in 

recent years for a variety of catalysts.  Atomic layer deposition (ALD) has been used to create 

barriers that inhibit diffusion of supported catalyst particles.[16]  Alumina ALD was used as an 

overcoating to protect Pd nanoparticles, by either depositing less than a monolayer (less than 16 

alumina ALD cycles) on the Pd catalyst,[17] or by depositing a thicker coating (8 nm with 40 

ALD cycles), which was then cracked to create pores.[18]  The cracked-alumina ALD layers 

prevented sintering at 948 K for 28.3 h during oxidative dehydrogenation of ethylene.  Both the 

porous sub-monolayer alumina and the cracked alumina layers blocked step and defect sites on 

the Pd catalysts.  Site-blocking can shut down unfavorable reactions that occur on those 

sites,[18] but it would also decrease the DRM activity because those step sites dominate the 

reaction rate.[10, 15]  Bengaard et al. showed that when step sites were blocked by K on a 

Ni/MgAl2O4 catalyst, the activation energy for dissociative CH4 adsorption was 36.1 kJ/mol 

higher than the normal Ni/Mg/Al2O4 catalyst, and their theoretical calculations showed the CH4 

activation energy was 19 kJ/mol higher on Ni(111) than Ni(211).[10]   Alternatively, metal ALD 

can be augmented with a third chemistry to deposit inert material around catalyst particles in a 

three-step ALD process.  This “ABC” ALD utilizes protecting ligands (e.g., alkanethiols, 

ethylenediamine, acetonitrile) on the metal particles while a stabilizing metal oxide is deposited 

around the particle.[16, 19]  The protecting ligands are then removed and the metal particles are 

trapped by the oxide, which can limit coalescence during particle synthesis. However, this 

technique has not been shown to stabilize catalyst particles under reaction conditions or at high 

temperatures, but only limit the size of the particles deposited.   
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 Catalysts can also be stabilized by molecular layer deposition (MLD), which is analogous 

to ALD, but it deposits hybrid polymer-metal thin films in sequential self-limiting reactions.  

These hybrid layers are then calcined (or water-etched) to remove the organic component and 

leave a residual porous inorganic framework.  An example of an MLD layer is aluminum 

alkoxide (alucone), which is deposited by alternating half-cycles of trimethyl aluminum (TMA) 

and ethylene glycol (EG).  Liang et al. used this “AB” alucone MLD layer to stabilize Pt-ALD 

catalyst nanoparticles.[20]  They reported that when the polymeric layer was calcined, the 

resultant porous matrix had 0.6-nm diameter pores.  These porous layers inhibited sintering of 

the Pt particles during calcination at 673, 873, and 1073 K for 4 h.  Although the MLD layers 

inhibited sintering, they also decreased the Pt surface area and therefore decreased the catalytic 

activity for CO oxidation.  The decreased activity was also likely due to mass transfer limitations 

in the 0.6-nm pores, and possibly due to restructuring of the porous matrix to crystalline alumina 

in the sample that was calcined at 1073 K.[20, 21]   
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Scheme 5.1 Schematic representation of depositing metal nanoparticles, coating these particles 

with MLD layers, and calcining the catalyst to remove the organic to form a porous alumina 

layer. 

 Liang et al. created larger-pore MLD layers on spherical silica particles using “ABC” 

chemistry with larger organic molecules (~0.85-nm total organic length per cycle for ABC 

alucone MLD compared to ~0.15-nm organic length for AB alucone MLD).[22]  This ABC 

chemistry uses TMA, ethyl amine (EA), and maleic anhydride (MA) to create a thicker alucone 

layer with a higher fraction of organic matter in the layer than AB alucone MLD.[23, 24]  After 

calcination, Liang reported that pores formed with a 0.8-nm average diameter to create a 

stabilizing porous matrix, as depicted in Scheme 5.1. The present study uses this ABC alucone 

MLD to stabilize Ni nanoparticles that were synthesized by ALD.  The uncoated catalysts lost 

activity through sintering and coking, and this study shows that the MLD layers inhibited 

sintering and coking, and the effect depended on the number of MLD cycles. The effect of these 

MLD layers on DRM catalytic activity is also presented.  The MLD coatings altered the catalyst 

behavior; instead of decreasing over time, the activity increased on the MLD-modified catalysts 

until a steady-state DRM rate was achieved. The MLD-coated catalysts reached steady state 
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faster than the uncoated catalyst, had less coke deposition during the reaction, and in the case of 

5-MLD cycles, had a higher DRM rate than the uncoated sample.  The MLD layers stabilized the 

Ni particles, which sintered less than the uncoated catalyst. 

5.3. Experimental Methods 

5.3.1 Catalyst preparation 

 The Ni catalyst nanoparticles were deposited by ALD at 673 K in a fluidized-bed reactor 

(FBR) as described previously,[25] but using approximately 0.25  g of the Ni precursor (NiCp2) 

to deposit less Ni.  Approximately 2 g of precursor are needed to react with all available active 

sites on the support. This would deposit the maximum amount of Ni metal in one ALD cycle, but 

here less precursor was used in order to obtain a lower Ni weight loading. Nitrogen flowed over 

the solid Ni ALD precursor and transported the precursor vapor to the FBR.  Alumina 

nanoparticles (< 50-nm γ-alumina spheres, ~ 37 m
2
•g

-1
 surface area, Aldrich 544833) were used 

as the catalyst support because alumina is a common support for DRM reactions, and because 

imaging nanoparticles by TEM on these supports required no cross-sectioning or dispersion on 

the TEM grids (aside from electrostatic adherence).  All the catalysts were synthesized from the 

same 5-g batch of ALD catalyst.  Approximately 1 g was removed from the batch for 

characterization of the uncoated catalyst and the rest was coated with MLD layers.  After each 

set of 5 MLD coatings, 1 g of the sample was removed from the FBR, and the remaining sample 

was left in the reactor for further MLD coating.  The catalyst was coated by alucone MLD at 450 

K with ABC chemistry (TMA, EA, MA).[22]  Each MLD cycle consisted of a 30- to 60-min 

precursor dose, followed by a 30-min purge with N2 and a 30-min evacuation between precursor 

doses (repeated for each of the ABC precursors).   
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5.3.2 Catalyst characterization   

 The weight loadings of each sample were determined by inductively coupled plasma 

mass spectroscopy (ICP-MS) after the samples were dissolved in an HF/HNO3/HCl solution for 

approximately 24 h.  The number of active sites was measured by H2 uptake with a 

Quantachrome AS-1 Autosorb.  The catalysts were calcined in air at 773 K for 1 h in a tubular 

furnace (Lindberg heavy duty type 59754), then reduced at 773 K (unless otherwise specified) in 

pure H2 for 1 h in the Autosorb before measuring the H2 uptake.  Transmission electron 

microscopy (TEM) was used to estimate Ni particle sizes.  Particles were measured using Image 

J software to analyze images from an FEI Tecnai 12 - Spirit Biotwin TEM and a Phillips CM-

100 TEM.  Samples were electrostatically adhered to copper grids with a lacey carbon over-layer 

(Ted-Pella 01895 Lacey Carbon Film grids) to avoid effects of solvents from dropcasting.   

 The catalysts were characterized by temperature-programmed oxidation (TPO) in a 

quartz tube reactor (6.35-mm inner diameter) at ramp rates of 60 K/min, and the effluent from 

the reactor was analyzed with an SRS RGA 200 mass spectrometer.  The catalysts were cooled 

to room temperature from 973 K under Ar flow after the DRM reaction was stopped, and then a 

stream of 10 sccm O2 and 40 sccm Ar was flowed over the catalyst at room temperature.  The 

temperature was then ramped while the CO2 production rate was measured with the mass 

spectrometer.   

5.3.3 Reaction studies 

 The catalysts were evaluated for DRM activity in a quartz tube, packed bed reactor (6.35-

mm ID).  The catalysts were first oxidized for 1 h at 773 K in 100 sccm 20% O2 (balance Ar) to 

remove the organic components of the MLD layer and create a porous alumina matrix as 

depicted in Schematic 5.1.  The uncoated catalysts were also oxidized so that all catalysts went 
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through the same pretreatment procedure.  The catalysts were then reduced at 773 K for 1 h in 

100 sccm 20% H2 (balance Ar).  All catalysts were heated to 973 K and held at that temperature 

for approximately 10 min before the reactants were introduced to the reactor.  Effluent gases 

were analyzed by a SRI 8610c GC with a Haysep-D packed column.  Gas flow rates were 20 

sccm CH4, 20 sccm CO2, and 60 sccm Ar.  Approximately 80 mg of catalyst was used for 

catalytic testing.  At the end of the reaction time, the reactant flow was stopped and replaced by 

inert carrier gas before cooling the catalysts in order to avoid additional carbon deposition as the 

reactor cooled.  

5.4. Results and Discussion 

5.4.1. MLD Layer Deposition & Preparation 

 Nickel nanoparticles were deposited by ALD on an alumina support for testing the 

effectiveness of MLD layers at preventing sintering.  One ALD cycle was used to create small 

metal particles.  The weight loadings of the catalysts were kept below 0.8 Ni wt% to limit 

sintering.  The average Ni particle size was difficult to accurately measure by TEM due to their 

small size (~2 to 5 nm, see Figure 5.1), but H2 chemisorption estimated the average uncoated Ni 

particle diameter to be ~5.3 nm (after 1-h calcination at 773 K followed by 1-h reduction at 773 

K, which likely induced some sintering).   
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Figure 5.1. A) Ni nanoparticles (~2-5 nm dark particles) deposited on spherical alumina;  

Ni/Al2O3 nanoparticles coated by B) 5-MLD cycles, C) 10-MLD cycles, D) 15-MLD cycles, 

where the hybrid polymer-inorganic MLD layer is the lighter layer encompassing the spheres in 

B-D. 

 The ALD catalysts were coated with alucone using 5, 10 and 15 ABC MLD cycles.  As 

shown in Figure 5.1, these coatings did not significantly change the Ni particle size, and ICP-MS 

indicated that the alumina MLD layers did not significantly alter the metal weight loadings.  The 

coating measured by TEM for 15-MLD cycles was thicker (3.5 +/- 0.5 nm) than the 10-cycle 

layer (2.4 +/- 0.5 nm), as expected, but the 5-MLD cycle layer was too thin to measure.  

C D 

B A 
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Chemisorption measurements were initially performed after pretreating the catalysts (which were 

previously calcined at 773 K) by reducing the samples for 1 h in pure H2 at 773 K.  Hydrogen 

uptake (Figure 5.2) was then measured for the same catalyst samples after reduction at 873 K 

and 973 K.  As expected, the uncoated catalyst lost surface area (due to sintering) with 

successive reductions at higher temperatures. In contrast, the MLD-coated catalysts increased H2 

uptake with increasing reduction temperature.  The increase in active metal with reduction 

temperature is atypical, and is likely due to both reduction of NiO under the MLD film, and pore 

expansion within the MLD film so as to uncover more metal surface area.  Further reduction of 

the 10 and 15 MLD-cycle catalysts at 973 K did not increase the H2 uptake (Figure 5.2), but 

further reduction (two 1-h treatments at 973 K) increased the H2 uptake of the 5-MLD sample 

from 6.0 +/- 0.5 to 8.1 +/- 0.2 μmol H2 • gcat-1.  The 10 and 15 MLD-cycle samples had similar 

H2 uptake after reduction at 973 K (i.e., once the maximum number of sites were made 

available), which indicates that adding more MLD cycles to the 10-MLD cycle catalyst did not 

block additional sites once the catalysts had been reduced at 973 K. In contrast, increasing from 

5 to 10-MLD cycles increased the number of sites blocked by the MLD layer, even after 

reduction at 975 K.  Although the 15-MLD cycle catalyst had an unexpected higher H2 uptake at 

lower temperatures than the 10-MLD cycle catalyst, this difference most likely came from the 

15-MLD cycle sample being left in ambient conditions for 1 month longer than the other samples 

(water vapor is known to start opening pores in uncalcined MLD layers[22]). 



121 
 

 

 

Figure 5.2.Chemisorption H2 uptake on metal Ni sites after different reduction temperatures for 

the uncoated Ni ALD catalyst and catalysts modified by 5, 10, and 15 MLD layers.  The size of 

the markers shown above are approximately equal to the measurement error. 

 Before using the MLD-modified catalysts in the DRM reaction, the hybrid organic-metal 

layer was calcined in 20% O2.  Liang et al. effectively removed the organic components of the 

AB chemistry MLD layers by calcination at 673 K to create the porous matrix over Pt ALD 

catalysts or bare alumina supports.[20, 22]  However, when this calcination temperature (673 K) 

was used for the ABC chemistry MLD layers reported here, the catalyst deactivated rapidly (see 

Figure 5.3 for the 10-MLD cycle catalyst), much quicker than the uncoated catalyst.  

Temperature-programmed oxidation (in Supplemental Information Figure 5.S1) showed that a 

small fraction of organic material remained until ~773 K.  When the catalyst was calcined at 773 

K, however, the rate was low, but it increased with time and after 5 h surpassed the rate on the 

sample calcined at 673 K, as shown in Figure 5.3 for the 10-MLD sample. When the catalyst was 
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calcined at 673 K, the Ni metal was likely more reduced initially, and thus had a higher DRM 

rate initially. However, organic components remained in the MLD layer because of the milder 

oxidation temperature and likely blocked pores and may have coked the catalyst surface more 

than normal reaction conditions. Calcining at 773 K yielded approximately the same steady-state 

DRM rate as a TPO up to 973 K, so for all subsequent reactions, the organic components of the 

MLD layer were removed by calcination at 773 K. 

 

 

Figure 5.3. Methane dry reforming rate of the Ni ALD catalyst modified with 10 ABC MLD 

layers for varying calcination treatments used to remove the organic components from the MLD 

layers. 

5.4.2. Catalyst evaluation for DRM stability and activity 

The catalysts were evaluated for dry reforming activity and stability to gauge the 

effectiveness of the MLD layers at reducing sintering and maintaining catalytic activity.  The 

DRM rates increased over time when the catalysts were modified with MLD layers (Figure 5.3), 
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but the uncoated catalyst activity decreased over time (Figure 5.4) due to sintering and coking 

(which is typically observed for catalysts of this size during DRM at these temperatures [26, 

27]). The DRM reaction was run at 973 K to increase sintering and to determine the 

effectiveness of MLD at preventing sintering.    

 

Figure 5.4. Dry reforming rates at 973 K for uncoated Ni ALD catalyst, and the same catalyst 

coated with 5, 10, and 15 MLD layers. 

 A shown in Figure 5.4, the catalyst with 5-MLD layers reached steady state fastest, and 

the steady-state DRM rate decreased as the number of MLD cycles increased.  Adding 5 MLD 

layers not only stabilized the catalyst, but its steady-state rate was higher than that of the 

uncoated catalyst after 6 h.  The rate most likely increased with time because the Ni surface area 

increased, either due to expansion of the alumina pores or reduction of NiO.  To determine if 

surface area increased solely from pore expansion, a previously-calcined, 10-cycle MLD sample 

(1 h at 773 K) was reduced at 773 K for 1 h.  The H2 uptake for this sample was below the 
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detection limit. The catalyst was then held at 973 K in He for 4 h to potentially open more pores, 

but after reducing again at 773 K, this sample had negligible H2 uptake.    Holding the porous 

layer at high temperature alone could not account for the surface area increase, and therefore the 

surface area likely increased because the NiO (or NiAl2O4) was reduced at higher temperatures, 

or by reducing the catalyst with simultaneous pore expansion.  

 The DRM rate increased with time when the 10-MLD layer catalyst was oxidized and 

reduced at 773 K the first time, but when that same catalyst was oxidized and reduced again (1 h 

each treatment at 773 K), the opposite behavior was observed; the rate decreased with time 

(likely due to coking) before stabilizing at the same rate as before.  Subsequent calcination and 

reduction of the catalyst yielded the same result, indicating that the 10-MLD layer catalyst could 

be regenerated and was stable for DRM.  The 10-MLD cycle catalyst was also reduced at 973 K, 

instead of 773 K, before running the DRM reaction to determine if the activation period could be 

bypassed by reducing at a higher temperature.  The DRM rate, shown in Supplemental 

Information Figure 5.S2, was similar to that of the regenerated 10-MLD cycle catalyst; the 

reaction rate decreased over time before stabilizing.  The rate also decreased with time when the 

5-MLD cycle catalyst was calcined and reduced again, as shown in Figure 5.5, but the steady-

state rate was 22% lower than the fresh catalyst. Moreover, a second calcination and reduction 

resulted in a slightly lower rate. Although this sample was stable and more active for the DRM 

reaction after the initial pretreatment, the thinner MLD layer likely decomposed further during 

calcination and reduction so that the Ni particles sintered further. The twice-regenerated 5-MLD 

cycle catalyst had an average Ni particle size of 8.4 +/- 2.9 nm, which was larger than the 6.8 +/- 

2.1 nm average particle size of the fresh catalyst after 24 h of reaction. 
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Figure 5.5. Effect of oxidizing and reducing 1 h each at 773 K on DRM rate over time on A) Ni 

ALD catalyst modified with 10 MLD layers, B) Ni ALD catalyst modified with 5 MLD layers. 

A 

B 
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 The Ni particles sintered during DRM, as measured by TEM (Figure 5.6), but the 

uncoated catalyst sintered the most; it had a post-reaction particle size of 9.7 +/- 3.9 nm after 82 

h of reaction.  Coating the catalysts with 5-MLD cycles reduced sintering (Ni particle size after 

24 h of reaction was 6.8 +/- 2.1 nm and after 2 regenerations was 8.4 +/- 2.9 nm). The 10-cycle 

catalyst sintered the least (Ni particle size after 108-h total reaction time and 2 regenerations was 

7.8 +/- 3.5 nm).  The standard deviation of particle size was also smaller for the 5 and 10-cycle 

catalysts, and the distribution of particle sizes (Supplemental Figure 5.S3) showed more particles 

in the sub 5-nm range than the uncoated catalyst and fewer particles that were > 15 nm.  The 

wider range of particle sizes in the uncoated sample is likely due to a higher degree of Ostwald 

ripening, where metal atoms desorb from smaller particles and then adsorb on larger particles to 

minimize particle surface energy.  Measuring the size of particles on the 15-MLD cycle sample 

after reaction was difficult because of difficulties distinguishing the calcined MLD layer from 

individual Ni particles.   

 

Figure 5.6.  TEM images of post-reaction Ni catalysts on spherical alumina supports: (A) 

uncoated sample after 82-h DRM reaction, (B) coated with 5-MLD layers after 24-h reaction, (C) 

coated with 10-MLD cycles after 108-h total time on stream and 2 regenerations 

 Although reduced sintering was the main focus of this study, another benefit of small 

particle size is less coking.[10]   Bengaard et al. showed, using thermogravimetric analysis, that 

7-nm Ni particles had a 100-K higher coking onset temperature than ~100-nm Ni particles and 

A B C 
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the smaller Ni particles coked at a much slower rate.[10]  Previous work on a 6 wt% Ni IW 

catalyst (~17-nm particles)[28] and other studies have shown that the large Ni particles readily 

form carbon whiskers [14, 25], whereas carbon whiskers were not detected for any of the ALD 

catalysts used in this study.  The amount of carbon deposited during DRM reactions was 

measured by TPO.  The Ni ALD particles are less susceptible to coking than most Ni catalysts 

due to their small size, but as shown in Figure 5.7, adding MLD layers to the catalyst decreases 

coking during DRM. Not only does the MLD layer prevent sintering, but maintaining the small 

particle size also inhibits coke deposition.  The CO2 formed at a much lower temperature on the 

15-cycle catalyst than the other two.  This lower temperature peak is indicative of a less-stable 

carbon type, which could be due to a smaller available Ni ensemble size caused by the more-

complete MLD layer.  Olafsen et al. showed a similar lower-temperature peak during 

temperature-programmed hydrogenation of carbon that formed during dry reforming on Ni 

catalysts.[29]  They attributed this peark to a less stable (and less harmful) carbon type.[29] 
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Figure 5.7.  Rate of CO2 formation during TPO after DRM at 973 K for 82 h and 24 h for the 

uncoated catalyst, 24 h for the 5-MLD catalyst, and 39 h for the 15-MLD catalyst.  

5.5. Conclusions 

 Nickel/Al2O3 catalysts with particle sizes less than 5 nm were synthesized by ALD.  

These Ni particles easily sintered under DRM reaction conditions at 973 K, as demonstrated by a 

continual decrease in reaction rate with time, particle size increase observed by TEM, and a 

decrease in Ni surface area with increasing temperature.  These Ni catalysts were stabilized by 

depositing a hybrid polymer-inorganic alucone MLD layer that was then calcined to form a 

porous alumina film over the catalyst particles.  Calcining the MLD layer at 673 K resulted in 

rapid deactivation of the catalyst during DRM, whereas calcining at 773 K produced stable 

catalysts.  The DRM rate on these catalysts increased over time before stabilizing as more Ni 

surface area became available.  The MLD layers reduced sintering of the Ni particles relative to 

the uncoated catalyst.  The small particle size and the greater available surface area of the 5-
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MLD cycle catalyst caused that sample to have the highest steady-state DRM rate (even higher 

than the uncoated catalyst after 6 h).  The 10-MLD cycle catalyst, even though it had a lower 

DRM rate, was stable even after repeated calcinations and reductions. Coating the catalysts with 

alumina MLD layers reduced coking during DRM compared to uncoated Ni.   
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5.7 Supplemental Information 

 

 

Figure 5.S1.  Carbon dioxide formed during TPO used to remove the organic component of the 

hybrid polymer-inorganic MLD layer from a 10-MLD cycle modified Ni/Al2O3 ALD catalyst.  



132 
 

 

 

Figure 5.S2.  Dry reforming rate of Ni catalyst with 10-MLD layers after oxidizing the catalyst at 

773 K and then reducing it at 973 K. 
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Figure 5.S3.  Nickel particle size distributions of A) Ni ALD uncoated catalyst after 82-h DRM, 

B) Ni ALD catalyst with 5-MLD layers after 2 regenerations and 138-h total DRM time, C) Ni 

ALD catalyst with 10-MLD layers after 2 regenerations and 108-h DRM. 
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5.8 Chapter 5 Appendix: Molecular Layer Deposition on NiPt ALD Catalysts 

5.8.1 Introduction and Experimental Methods 

 Chapter 5 demonstrated that MLD could be used to stabilize Ni catalyst particles during 

DRM.  The same ABC MLD chemistry was also used on NiPt bimetallic catalysts, and the 

results are presented here.  All the experiments found in Chapter 5 were performed the same 

way, with the exception of a few key details: 

 The ALD catalysts were synthesized the same way, except that the Ni precursor flowed 

through a line that had trace amounts of the Pt ALD precursor, Me3MeCpPt.   

 The calcination temperature was 673 K, as opposed to 773 K that was used on the Ni 

catalysts. 

 Only 10 and 15 MLD cycles were deposited.  Unpublished work by Xinhua Liang 

indicated that MLD layers most likely did not form complete layers until around 10 MLD 

layers, and so a 5-cycle sample was not prepared (this NiPt work was completed before 

the Ni-MLD work, which did include a 5-cycle sample). 

This appendix provides a summary of the results for catalyst characterization and evaluation for 

DRM activity and stability. The results are briefly presented and compared to the Ni-MLD 

catalysts previously discussed in chapter 5. 

5.8.2 Characterization of Ni ALD catalysts and MLD stabilizing layers 

 Nickel-platinum catalysts were synthesized by ALD on an alumina support for testing the 

effectiveness of MLD layers at preventing sintering.  One ALD cycle was used to create small 

metal particles.  The weight loadings of the catalysts were kept low (0.9 Ni wt% and 0.1 Pt wt%) 

to limit sintering.  The average particle size of the catalysts was difficult to accurately measure 
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by TEM due to their small size, which was estimated to be 4.8 nm by H2 chemisorption. Images 

of these catalysts are shown in Figure 5.A1.   

 

Figure 5.A1. NiPt nanoparticles (~1-2 nm dark particles) deposited on spherical alumina, B) NiPt 

nanoparticles coated by 10-MLD cycles, C) NiPt nanoparticles coated by 15-MLD cycles. 

 The ALD catalysts were coated with 10 and 15 ABC MLD cycles.  As shown in Figure 

5.A1, these coatings did not significantly change the Ni particle size, and ICP-MS indicated that 

the MLD layers did not significantly alter the metal weight loadings.  The coating measured by 

TEM for 15-MLD cycles was thicker (2.9 +/- 0.5 nm) than the 10-cycle layer (2.1 +/- 0.2 nm), as 

expected.  After calcination, the MLD coating was not detected by TEM for the 10-MLD cycles 

catalyst, but the collapsed porous layer was still visible for the 15-cycle MLD layer, as shown in 

Figure 5.A2.  

A B 

C 
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Figure 5.A2. TEM of NiPt ALD catalysts (< 2-nm dark particles) coated with 15 MLD cycles 

after calcination in air at 673 K for 1 h, then reduced at 773 K for 1 h.  

  The calcination temperature was 673 K for all NiPt-MLD catalysts, and the TPO shows a 

distinct difference in the removal of organic components between the Ni and NiPt catalysts 

(Figure 5.A3). Chemisorption measurements in Table 1 indicate that the 10-cycle MLD layers 

covered about 35% of the metal active sites, and 15-cycle layers covered 90% of the metal 

surface area.  The non-linear change in active surface area with the number of MLD cycles is 

likely due to an initial nucleation period where the MLD deposition was not conformal.  

Although a temperature-ramp chemisorption study was not performed (like with the Ni ALD + 

MLD catalysts), there were major differences in the surface area of the catalysts.  The NiPt-MLD 

catalyst had more surface area exposed than the Ni catalyst at 10 MLD cycles, and the available 

fraction (65%) of the uncoated NiPt catalyst’s surface area was also higher than the Ni catalyst 

(~33%).  The 15 MLD layers decreased the available surface area on the NiPt catalyst more than 



137 
 

the Ni catalyst though (10% available for NiPt and ~33% for Ni MLD).  This trend could be an 

indication that 10 MLD cycles had not yet formed a complete layer on the NiPt catalysts (by not 

nucleating as well as on the Ni catalyst), but once a conformal layer was formed more active 

sites were blocked on the NiPt catalyst than the Ni catalyst. These data support the conjecture 

that the MLD coating did not coat the NiPt catalyst as easily as the Ni catalyst (which was likely 

NiO), and that the MLD layers did not form as uniformly as on the Ni catalyst.  

 

 

Figure 5.A3. Carbon dioxide form during TPO used to remove the organic components of the 

NiPt catalyst and the Ni catalyst, each with 10 ABC MLD polymer hybrid layers. 
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Table 5.A3. Catalyst properties and DRM activity 

MLD 

cycles 

H2 adsorbed              

(μmol·gcatalyst
-1

) 

Time 

on 

stream 

(h) 

Initial DRM 

activity
a
 

(L CH4 ·h
-1

·gmetal
-1

) 

Final DRM 

activity  

(L CH4 ·h
-1 

·gmetal
-1

) 

Particle size 

after reaction 

(nm) 

0 20 220 720 460 6.0 +/- 4.2 

10 13 12 710 520 4.8 +/- 1.4 

15 2.0 172 540 390 3.4 +/- 1.0 

a
 The maximum rate within the first few hours, ignoring the initial data point. 

5.8.3 Dry reforming activity and stability 

The catalysts were evaluated for dry reforming activity and stability to gauge the 

effectiveness of the MLD layers at preventing sintering.  All of the DRM rates decreased over 

time (Figure 5.A4), but the percent activity lost decreased when the catalysts were coated by 15 

MLD cycles.   The initial DRM rate per gram of metal for the 10-cycle MLD catalyst was similar 

to the uncoated catalyst, and the initial rate for 15-cycle MLD sample was ~25% lower than the 

uncoated catalyst.  The ratio of initial rates for the MLD catalysts to the uncoated catalyst was 

much larger than the ratio of their active surface areas measured by chemisorption.  These 

discrepancies were likely due to partial uncovering of metal sites at reaction conditions, since the 

catalysts were reacted at 973 K but only heated to 773 K before chemisorption. The thermal 

stresses from the high temperature likely caused the small pores in the alumina layer open up 

more to expose additional sites on the catalysts.  Suzuki and Yamauchi also observed similar 

behavior in their porous alumina structures synthesized by a single-step sol-gel technique.[1]  
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The median pore diameter of their hierarchal porous alumina network increased from 3.9 nm 

(calcined at 773 K) to 6.0 nm for calcination at 973 K.   

 To test this hypothesis of uncovering active surface area, a previously-calcined (1 h 773 

K) 15-cycle MLD sample was reduced at 773 K for 1 h, and then held at 773 K for 1 h before 

running chemisorption.  The amount of H2 chemisorbed was 2.4 μmol•gcatalyst
-1

.  The same 

catalyst was then reduced again at 773 K, then held at 973 K under a flow of He for 3 more h 

before running the chemisorption measurement, which yielded the same value (2.4 μmol•gcatalyst
-

1
). Not only were the chemisorption values slightly higher than the original value (1.5 

μmol•gcatalyst
-1

), but these values were obtained after high temperature thermal treatment, which 

should have sintered the particles partially.  This experiment yielded different results from when 

it was conducted on the Ni-MLD catalysts.  Those catalysts had no increase in surface area from 

high temperature treatment under He. This also supports the conjecture that the MLD layer 

formed a better bond with NiO on the Ni catalysts than with the NiPt surfaces.  

 The uncoated catalyst and the 15-MLD cycle catalyst were evaluated for long-term DRM 

activity because the catalysts activity was still decreasing slightly after 24 h.  The DRM activity 

of the 15-cycle sample was relatively stable at 172 h with most of the loss occurring in the first 

24 h, as shown in Figure 5.A4B.  The decrease in reaction rate was linear after 48 h, so the 

change in DRM rate was calculated to be -0.50 L/h for the uncoated NiPt catalyst and -0.12 L/h 

for the NiPt catalyst coated with 15 MLD layers. The DRM rates were also normalized to the 

final measured reaction rate to gauge which catalyst deactivated faster, as shown in Figure 

5.A4c.  When normalized by the final rate, the uncoated catalyst activity clearly decreased faster 
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and lost much more of its activity compared to the 15-MLD coated catalyst.  
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Figure 5.A4. Dry reforming rates at 973 K: A) first 24 h for uncoated NiPt ALD catalyst, and the 

same catalysts coated with 10 and 15 MLD layers. B) Long term DRM rates for uncoated and 

15-MLD catalyst. C) DRM Rates normalized to final observed DRM rate for uncoated NiPt and 

15-MLD NiPt catalysts. 

 The metal particles sintered during DRM, as measured by TEM (Figure 5.A5), but the 

uncoated catalyst sintered the most; it had a post-reaction particle size of 6.3 +/- 2.4 nm after 24 

h and 6.0 +/- 4.4 nm after 220 h.  Coating the catalysts with 10-MLD cycles reduced sintering 

(particle size after 12 hours of reaction was 4.8 +/- 1.4 nm), and the 15-cycle catalyst sintered the 

least (particle size after 172 h of reaction was 3.4 +/- 1.0 nm).  The standard deviation of particle 

size was also smaller for the 15-cycle catalyst.  The wider range of particle sizes in the uncoated 

sample is likely due to Ostwald ripening, where smaller particles desorb atoms, which then 

adsorb on larger particles to minimize particle surface energy.   
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Figure 5.A5.  TEM images of post-reaction NiPt catalysts on spherical alumina supports: (A) 

uncoated sample, after 24 h reaction, (B) coated with 10 MLD layers, after 12 h reaction, (C) 

coated with 15 MLD cycles, after 172 h reaction  

 Although sintering prevention was the main focus of this study, another benefit of 

maintaining small particle size is inhibiting coking.  The MLD-treated sample accumulated less 

carbon in 172 h than uncoated catalyst (after 220 h), as shown in Figure 5.A6.  The extra reaction 

time on the uncoated catalyst likely did not significantly increase the sintering of the particles or 

the amount of coke.  The broadness of the peak for the NiPt catalyst indicates that carbon 

deposited on that sample had varying degrees of stability.  The amount of the carbon removed 

during the TPO on the NiPt catalysts was 10-20% of that removed from the post-reaction Ni 

ALD and Ni-MLD catalysts.  The lower carbon deposition is not surprising, since the NiPt 

particles did not sinter as much (which would prevent carbon deposition on its own) and NiPt 

catalysts are less prone to coking in general.   

   

A B C 
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Figure 5.A6.  Rate of CO2 formation during temperature-programmed oxidation, after dry 

reforming of methane for the times indicated, of an alumina-supported NiPt ALD catalyst and 

the NiPt ALD catalyst with 15 MLD cycles  

5.8.4. Conclusions 

 Bimetallic NiPt catalysts were synthesized by ALD with small particle sizes, which make 

them prone to sintering.  These catalysts were modified with a porous alumina stabilization layer 

by MLD, but the DRM rate still decreased over time.  Most of the surface area (~90%) was 

covered by 15-MLD layers, which may have helped limit sintering.  The catalyst with 15-MLD 

cycles was stable up to 172 h during DRM at 973 K, and only sintered to 3.4 nm after 172 h, 

whereas the uncoated catalyst sintered to 6.4 nm after 24 h. Additionally, the MLD coating 

reduced the amount of coking on the catalysts because the small particle sizes were maintained 

or the catalysts sites were covered by the MLD layer.  The MLD coatings were an effective 

method of limiting sintering of the NiPt nanoparticles under DRM conditions, but at the expense 
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of covering surface area.  Using MLD to modify NiPt catalysts was not as effective at 

maintaining a high (and stable) DRM rate like the Ni-MLD catalysts mentioned earlier.  
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Chapter 6: Conclusions and Recommendations 

6.1 Conclusions 

 This work demonstrated synthesis of Ni, Pt, and NiPt supported catalysts by ALD in the 

size range where catalytic behavior becomes particularly interesting and much different than 

what is observed on larger metal catalyst particles.  The four main objectives of this thesis are 

concluded in detail at the end of their perspective chapters.  Here we review the general findings 

of these studies.   

Nickel ALD shows that nanoparticle ALD is possible for more than noble metals.  Work 

over the past 10 years on ALD synthesis of catalysts particles has been dominated almost 

entirely by Pt and Pd ALD.  While these systems are of great interest due to the catalytic 

properties of these < 2 nm particles, the practicality of using this technology is greatly 

diminished since Pt and Pd are often cost-prohibitive; especially once the costs of performing 

ALD are included.  This thesis demonstrated the synthesis of the first non-noble metal 

nanoparticle catalysts by ALD. Depositing Ni particles by ALD allows for variation in particle 

size and weight loading at a size-scale that is often difficult to achieve with other Ni deposition 

techniques.  These Ni ALD nanoparticles are among the smallest sizes reported, and so they have 

broad-reaching applications in many reactions that demand small particle size.  The lower cost of 

Ni and the enhanced nanoscale properties of these ALD catalysts suggest that they could be used 

in place of more expensive metals, or be combined with them (i.e., Ni-bimetallics) to reduce 

cost, and in some cases improve catalytic performance.  

Structure-sensitive reactions benefit from ALD.  With the exception of hydrogenolysis of 

propylene on Ni ALD catalysts, the other example reactions in this thesis benefit from small 

particle sizes.  This benefit depends entirely on the type of reaction though, and what kind of 
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structure-sensitivity that reaction imparts. Smaller particles in DRM reactions inhibit coking 

more and have greater activity per gram of metal. In the case of bimetallic catalysts, the amount 

of bimetallic interaction is maximized when more of each metal is in close contact with each 

other, which is inherently true when the particle size is small.  The Pt ALD catalysts used for 

ODHP reactions maximized selectivity for propylene when the catalysts were the smallest (and 

therefore had the least coordinated atoms on the surface).  Additionallly, for the case of any 

metal catalyst, maximizing active metal surface area per g-metal reduces the required mass of 

catalyst and therefore ultimately reduces the cost of using the catalyst.  

Pristine nanoscale catalysts change under reaction conditions.  This thesis demonstrated the 

synthesis of extremely small nanoparticles, with diameters even reaching sub-nm for the Pt 

catalysts.  Once small nanoparticles are introduced to reaction conditions, they often sinter, 

sometimes considerably.  In the case of the DRM reactions, whose conditions are particularly 

harsh for catalyst sintering, the Ni and NiPt nanoparticles sintered, but not to sizes that cause 

problems with coking.  Starting with a catalyst with larger metal particles (even a pre-sintered 

version of the Ni ALD catalyst) introduced complications with carbon whisker formation.  

Chapter 5 showed that MLD layers can be used to mitigate sintering and stabilize catalytic 

performance, which has broad-reaching implications for a variety of applications if other 

catalysts (synthesized by ALD or other techniques) can be stabilized to such a degree.  
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6.2 Future Directions and Recommendations 

 Atomic layer deposition is still a relatively new technology for applications in catalyst 

synthesis, and therefore still has much unexplored potential in the field of catalysis.  This chapter 

presents discussion and preliminary data for findings that were not studied in detail but showed 

interesting preliminary results. Recommendations for future work are also presented to take 

advantage of the versatility and nanoscale properties of ALD catalytic materials. 

6.2.1 Investigating MLD-coated DRM catalysts 

 Chapter 5 had several interesting results associated with the properties of the MLD layer 

on Ni that should be explored further.  Understanding why the MLD layer was so beneficial 

could have far-reaching implications for other catalyst stabilization, or could lead to an even 

better performance for Ni ALD-MLD catalysts than what was reported in this thesis.  Aspects 

that should be studied further include: 

1) Determining the effect of pretreatment on the MLD layer structure. 

2) Understanding why MLD coatings were different for Ni and Pt 

3) Optimizing the number of MLD cycles for the Ni + MLD catalysts  

 Although the type of pretreatment is known to affect the properties of the porous MLD 

alumina layer,[1] the work in chapter 5 showed a dramatic effect of calcination temperature on 

DRM behavior.  This thesis showed no difference in “extreme” calcination (by TPO to 973 K) 

and calcination at 773 K, but these results are still different from calcinations reported in 

literature for ABC MLD alucone layers on alumina,[1] and AB MLD alucone layers on 

Pt/SiO2.[2]  In-depth studies on the pore structure of the Ni ALD/MLD catalysts should be 

carried out to compare with previous studies on the MLD layers reported in literature.  However, 

because the work in chapter 5 used a low number of MLD cycles, low Ni weight loading, and a 
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low surface area support, gas-phase characterization (such as micropore analysis, or differences 

in surface area) were not possible.  Future studies aimed at specifically measuring properties of 

the MLD layers on Ni catalysts should synthesize catalysts with more Ni surface area (similar to 

the 15 cycle Ni ALD sample from Chapter 2) and a higher surface area support (to accommodate 

more catalyst). Additionally, the deactivation observed in Chapter 5 after calcining at 673 K 

could be further characterized to determine if the mechanism of deactivation was associated with 

coking, and whether subsequent calcination at 773 K would improve the catalyst.  Temperature-

programmed oxidation could be used after the catalyst was oxidized at 673 K (before reaction), 

and then again after reaction to probe whether this calcination temperature led to more carbon 

formation than normal.   

 More in-depth studies are needed to determine the differences between MLD on Ni, NiPt, 

or Pt.  Temperature-programmed oxidation showed that removal of organic components from the 

MLD polymer hybrid layer was dramatically different for the Ni and NiPt catalysts.  In addition, 

many catalytic properties of the MLD-NiPt system deviated from those of the Ni-MLD system.  

Nickel may be exhibiting unique properties since it readily forms an oxide, which may be more 

ideal for MLD coatings.  While Pt can also have an oxide layer, this oxide can be easily reduced 

by dosing TMA.  This work suggests that the first few cycles of MLD are crucial, and are most 

likely different on the two metals.  Feng et al. showed that TMA preferentially binds to defect 

sites on Pt, but this may not happen on pure Ni, or especially NiO.[3]  The Ni catalyst in Chapter 

5 had MLD layers deposited on catalysts that were exposed to the atmosphere (and thus 

oxidized).  Performing MLD immediately following ALD (in the same reactor), or by first 

reducing the Ni catalyst would likely yield a different result and could highlight the effect of 

having a metal oxide as the active site for MLD rather than metal.    
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 One method for probing differences in the MLD layer on each of these metals is in situ 

FTIR of the MLD layers.  The development of the ABC MLD chemistry by the George group 

was aided by in situ FTIR of the organic components of the MLD layer as it was being grown.[4]  

If the organic components are assembling differently in each catalyst system, then monitoring the 

MLD hybrid organic-inorganic layer during the first few cycles of growth should elucidate 

differences, and could be compared to FTIR data from previous studies by the George group 

when the ABC MLD chemistry was grown on metal oxides like alumina.[4]  Performing FTIR in 

situ can often prove difficult, so even doing DRIFTS on Ni and Pt catalysts coated with MLD 

could indicate major differences in the organic layer.  

 Finally, more work should be done to optimize the number of MLD cycles.  The work in 

this thesis only used 5, 10 and 15 cycles to coat the catalysts.  Adding more than 15 cycles likely 

would show no benefit and only decrease catalytic activity by increasing mass-transfer issues. 

However, doing fewer than 5 could show even higher DRM activity, but potentially less 

stability. An intermediate number of cycles between 5 and 10 could reach an ideal case that 

combines the stability observed on the 10-MLD sample with the high activity of the 5-MLD 

sample. For the lower number of cycles (less than 5), the MLD layer is likely not covering the 

catalyst entirely, but determining this amount covered would be beneficial.  Techniques like 

chemisorption cannot distinguish between a completely open metal site and one covered by a 

porous layer.  Other surface-sensitive techniques such as XPS should be employed to determine 

how much of the surface is covered by these MLD layers at varying number of cycles.   

6.2.2 Investigating other metal ALD chemistries for nanoparticle deposition with H2.  

 The Weimer group had previously demonstrated the synthesis of Fe nanoparticles by 

ALD, but these were achieved by first depositing Fe2O3 ALD (using ferrocene and O2), then 
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reducing the catalysts at excessively high temperatures (close to 1173 K) to form the 

nanoparticles.  Instead, avoiding formation of the oxide by depositing metallic Fe would be 

desirable.  The Fe ALD precursor, ferrocene, is almost identical to the Ni ALD precursor 

nickelocene (which also forms an oxide film when deposited with O2).  We hypothesize that by 

using H2 gas as the second half-reaction reagent, metallic Fe nanoparticles should be deposited 

by ALD, much like the case with Ni ALD.   

 A test-run of this chemistry was performed in a fluidized bed reactor (specifically the 

cobalt-ferrite reactor in the Weimer lab).  The ALD deposition temperature for Fe (673 K) was 

higher than the Ni ALD deposition temperature (573 K) since the Fe precursor is slightly more 

stable than the Ni precursor.  Only one cycle was performed to deposit small nanoparticles. The 

sample was a grey color when pulled out of the FBR, but analysis by TEM remains inconclusive 

due to minimal contrast from these small Fe (or most likely Fe2O3) nanoparticles with the 

alumina substrate (Figure 6.).  The Fe weight loading, determined by ICP-MS, was 0.6 wt% Fe. 

A sample with more cycles (2-5) should be prepared to confirm that ALD can actually deposit Fe 

crystallites.  After 5 cycles, the catalyst particles should be sufficiently large to have a decent 

contrast with the substrate, and may also have visible lattice fringes that can be analyzed for the 

correct d-spacing corresponding to Fe or Fe2O3. 
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Figure 6.1.  Possible Fe nanoparticles deposited by ALD with ferrocene and H2 at 673 K. 

 With the success of Ni ALD, and with the likelihood that Fe nanoparticles were also 

deposited, Co metal nanoparticles might also be deposited by ALD with cobaltocene and H2.  

Using H2 could have far-reaching implications for other metals that have been demonstrated by 

metal oxide ALD, if these metal oxides could instead be deposited as metals.  For example, 

future work using TiO2 ALD to coat Ag nanoparticles could potentially benefit from using H2 

instead of the typical second half-reaction precursors O2, H2O, or ozone.  Reduction of TiO2 is 

inherently difficult since Ti is even more oxophillic than Ni or Fe, so eliminating a high 

temperature reduction step could be crucial in actually forming a bimetallic catalyst with a 

surface Ti layer. 

 Bimetallic catalysts created by ALD in this work had superior catalytic performance, but 

much work is needed to study bimetallic nanoparticle synthesis by ALD.  Studies have shown 

that changing the order when metals are deposited sequentially or doing simultaneous deposition 

often creates catalysts with different material and catalytic properties.[5, 6]  The work in this 

thesis used one cycle of Ni ALD, followed by one cycle of Pt ALD.  If the metals were deposited 
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in reverse order, the ratio of metals would likely be different, and the size of the particles would 

likely be different as well.  Simultaneous metal deposition should also be employed with ALD, by co-

feeding two different precursors to study the effect of catalytic and material properties when they 

are deposited at the same time instead of sequentially.  Co-dosing ALD precursors may be 

limited to dosing similar molecules, such as nickelocene and ferrocene, to reduce the potential 

for gas phase reaction between the precursor (which would result in CVD not ALD).  Ferrocene 

and cobaltocene could also be ideal precursors for co-feeding to make bimetallic CoFe catalysts 

for the Fischer-Tropsch reaction. 

6.2.3 Nickel oxide ALD as base-layer for Pt ALD. 

 The effect of H2 or O2 on Pt ALD particle size was originally observed on an alumina 

nanosphere that was coated with approximately 30 NiO ALD cycles.  This substrate was used to 

take advantage of the surface energy difference between Pt and NiO in order to force the 

nanoparticles to spread out on the surface more, potentially creating a Pt film with a low number 

of ALD cycles.  Twenty cycles of Pt ALD was performed on these NiO layers in order to 

exacerbate differences in particle size with the second half-reaction chemistry.  As shown in 

Figure 6., the Pt particles synthesized with O2 were relatively large (for ALD catalysts) at sizes 

greater than 5 nm.   
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Figure 6.2. HRTEM of 20 cycles Pt ALD (done with O2) on NiO ALD layer on top of alumina 

nanosphere support. 
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Figure 6.3.  HRTEM of 20 cycles Pt ALD (with H2) on NiO ALD layer on top of Al2O3. 

 Interestingly, the Pt ALD done with H2 produced extremely small nanoparticles (Figure 

6.), some in the sub-nm range even after 20 cycles.  Why this happened is unclear, but could be 

due to 1) substrate effects from the NiO causing the Pt nanoparticles to form smaller particles 

than normally done on alumina or 2) limiting the amount of nucleation that occurs on the NiO, 
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therefore shutting down further depositions after all the active sites were depleted (i.e., the 20 

cycles of Pt ALD may have only deposited Pt during the first 10 or so cycles).  Even if the 

second hypothesis is true, these particles were still about the same size as those created by 5 

cycles of Pt ALD with H2 on alumina, and those particles were deposited at a much lower 

temperature.  Further investigation into the cause for this phenomenon would need to analyze if 

this effect occurred on the NiO for a fewer number of cycles (1 and 5 at least), which could lead 

to even smaller sub-nm particles.   

 These catalysts should also be evaluated for ODHP activity, especially in the case that 

one Pt ALD cycle is performed on a NiO ALD layer.  Not only could these catalysts be more 

active than the catalysts in Chapter 2 because of a smaller catalyst size, but NiO has also shown 

promising yields for ODHP.[7]  The NiO/Al2O3 catalysts in literature take advantage of forming 

a Ni-aluminate with a NiO over-layer, which is more favorable for ODHP, especially when 

doped with certain additives (such as V, Mo, Co, Nb, and Ta).[7] 

6.2.4 ALD catalysts for hydrodeoxygenation of furfural   

 In the second chapter of this thesis, Ni ALD particles were synthesized and tested with a 

probe reaction of propylene hydrogenolysis.  The eventual goal of this catalyst was to do 

hydrogenolysis on larger molecules commonly found in biorefineries, such fatty acids or 

compounds such as furfural, but these molecules were not investigated in this thesis. 

Hydrodeoxygenation (HDO) of furfural to form the higher-value products furfuryl alcohol and 

methylfuran have used Ni catalysts, but they impart high selectivity towards the unfavorable 

decarbonylation pathway to form furan.  Other metals such as Cu can help direct this reaction 

pathway towards furfuryl alcohol.[8]  Previous efforts in the Medlin research group have utilized 

organic-thiol self-assembled monolayers to selectively shut down the unfavorable 
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decarbonylation reaction, thereby increasing selectivity to furfuryl alcohol and methylfuran.[9]  

While they showed enhancements to selectivity, the reaction rate was rather low.  Using Ni ALD 

catalysts may be a way of enhancing the activity of these catalysts because 1) ALD catalysts 

have a higher active surface area per gram, and 2) the ALD catalysts have a higher concentration 

of step edges (which are more favorable for hydrogenolysis, or hydrodeoxygenation).  The 

increased amount of step edges on these catalysts could enhance the HDO rate, or they could 

potentially cleave bonds unselectively.  Also, since decarbonylation seems to require terrace 

sites, the small Ni particles likely don’t have large enough sites for this reaction to occur, and 

could potentially favor an upright binding of furfural (which would lead to better selectivity for 

HDO). 
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