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Sustainable energy production is one of the biggest challenges of the 21st century. 

This includes effective utilization of carbon-neutral energy resources as well as clean 

end-use application that do not emit CO2 and other pollutants. Hydrogen gas can 

potentially solve the latter problem, as a clean burning fuel with very high 

thermodynamic energy conversion efficiency in fuel cells. In this work we will be 

discussing two methods of obtaining hydrogen. The first is as a byproduct of light alkane 

dehydrogenation where we obtain a high value olefin along with hydrogen gas. The 

second is in methane steam reforming where hydrogen is the primary product. 

Chapter 1 begins by introducing the reader to the current state of the energy 

industry. Afterwards there is an overview of what density functional theory (DFT) is and 

how this computational technique can elucidate and complement laboratory experiments. 

It will also contain the general parameters and methodology of the VASP software 

package that runs the DFT calculations. 
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Chapter 2 will introduce the reader to light alkane dehydrogenation over platinum. 

Then this chapter goes into detail about the current industry standard alloy, PtSn, and 

how it dehydrogenates light alkanes. After the dehydrogenation process, the olefin may 

be further dehydrogenated into coke precursors which are often thought of as atomic 

carbon. This work looks into this claim by continuing the dehydrogenation down to 

atomic carbon and testing its thermodynamic and kinetic possibilities. 

Chapter 3 will follow up with light alkane dehydrogenation over various platinum 

alloys. This works consists of a comprehensive comparison of alloys of platinum with 

transition and post-transition metals. Trends in reactivity will be used to predict optimum 

alloy compositions. 

Chapter 4 will introduce a common method of removing carbon monoxide while 

producing hydrogen gas, the water gas shift (WGS) reaction. The various WGS kinetic 

pathways over TiO2 have been mapped out including all thermodynamic reaction 

energies. These energies indicate the most probable pathways for WGS over anatase 

TiO2. The role of water in the elementary reaction steps is of special interest. 

Chapter 5 expands the scope of TiO2 surface reactions to include methane steam 

reforming coupled with the WGS reaction. The role of water in methane activation is 

examined, and the predicted reaction pathways are explored in the presence of adsorbed 

water molecules. The potential energy surfaces for steam reforming have been 

investigated along with both binding energies and activation energies. 
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Chapter 1: Background and General Introduction 

Hydrogen gas has received much acclaim as a clean-burning energy carrier that 

can be used in fuel cells. Not only do hydrogen fuel cells not produce carbon dioxide, 

they can be used in both mobile and stationary systems with a higher thermodynamic 

efficiency than conventional internal combustion engines. In this work we have included 

hydrogen formation as a primary and by-product. 

Light alkanes such as ethane are common products of industrial hydrocarbon 

processing including petroleum cracking, Fischer-Tropsch synthesis, and ethane 

hydrocracking. Light alkane dehydrogenation has gained increased interest due to the 

recent development of shale deposits in North America, which are ‘wet,’ i.e. contain 

considerable amounts of natural gas liquids.1 In North America, this influx of light 

alkanes has displaced naptha cracking as the major source of light alkenes. One of the 

primary methods of obtain these light alkenes is through light alkane dehydrogenation 

which produces both the light alkene and hydrogen gas. 

 

Figure 1.1 Fischer-Tropsch Synthesis, a process that produces hydrocarbons of varying length. When producing 

maximum gasoline about 25% is C1-C3. 0-1.0-2 
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Many reaction systems for the dehydrogenation of light alkanes have been 

developed, including steam cracking, catalytic oxidative dehydrogenation, and catalytic 

dehydrogenation.1–8 The high temperatures in steam cracking generate large amounts of 

carbonaceous deposits on reactor walls, requiring periodic reactor downtime for coke 

removal. Oxidative dehydrogenation removes hydrogen from the alkane as water by 

reacting with oxygen. A significant selectivity challenge exists however between the 

oxidative dehydrogenation of the alkane and the even faster combustion of the alkene 

product. Catalytic dehydrogenation requires lower temperatures than steam cracking, 

potentially leading to lower overall coke formation. Without oxygen, combustion is not a 

concern, and usable H2 gas is generated as a valuable byproduct instead of water vapor. 

Despite these advantages, catalytic dehydrogenation is still an endothermic 

reaction, requiring relatively high temperatures above 700 K. Consequently, coke 

formation is still a major drawback for the process.7–9 Additionally, coke deposits in 

catalyst pores or on active sites of a heterogeneous catalyst are especially problematic as 

they may block mass transport of products and reactants to and from the catalyst surface. 

Coke buildup is typically removed at high temperature under oxygen flow, though 

exposure of catalysts to very high temperatures may cause changes in metal nanoparticle 

size by sintering. As a common cause of catalyst deactivation in a number of reactions 

and industrial chemical processes, coke formation has received extensive attention in the 

literature.10–12 
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Figure 1.2: Catalytic ethane dehydrogenation: Light alkane dehydrogenation produces both the olefin and hydrogen 

gas byproduct 0-3 

Water and methane are the two commonly investigated reactants for hydrogen 

production. Water splitting is appealing because it is carbon neutral and the abundance of 

water, however this reaction is extremely endothermic and endergonic. Methane steam 

reforming (MSR) is a process used industrially and converts fossil methane to hydrogen 

gas and carbon monoxide. While MSR is less endothermic and endergonic than water 

splitting, it still operates at fairly high temperatures (1000°C) and requires a large amount 

of energy to maintain this temperature. This leads to at least 50% of the methane being 

burned to generate heat which also produces carbon dioxide. Using sunlight, 

photocatalysis can be used to produce hydrogen gas and reduce the amount of methane 

used for heating.  

The water gas shift (WGS) reaction is a process that often used in conjunction 

with the manufacturing of ammonia, hydrocarbon, methanol and hydrogen. The WGS 

reaction is a critical reaction in Fischer-Tropsch synthesis to regulate the CO and H2 
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ratio. Paired with MSR, the WGS reaction is a process used to maximize hydrogen gas 

formation from methane. Additionally when used in fuel cells, the WGS reaction can be 

used to minimize CO released which can damage the fuel cell.13 By utilizing both the 

MSR and WGS, a separations process of CO can also be avoided. 

Table 1.1 MSR and Water Splitting: A Thermodynamic Comparison 0-1 

Reaction ΔG° 

(kJ mol-1) 

ΔH° 

(kJ mol-1) 

ΔS°  

(J mol-1 K-1) 

TΔG = 0 
b 

(K) 

MSR a 

 CH4 + 2 H2O → CO2 + 4 H2 

113 165 173 954 

Water Splitting 

 H2O → ½ O2 +  H2 

229 242 45 5434 

aIncludes water gas shift reaction, CO + H2O → CO2 + H2, bTemperature at which ΔG = ΔH° - TΔS° = 0 

 

Density Functional Theory (DFT) has been used to provide fundamental insight 

into the properties and catalyst function of many reactions such as methane steam 

reforming14,15 and alkane dehydrogenation.16–19 DFT calculations have corroborated and 

predicted many experimental results. For example, DFT has confirmed that the 

adsorption energy for alkenes is less on platinum-tin alloys as compared to pure Pt, and is 

in good agreement with experiment.  
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Chapter 2: Light alkane dehydrogenation over Pt and PtSn 

2.1 Introduction 

Light alkanes such as ethane and propane are produced in a number of industrial 

processes. They are often found as byproducts of hydrocarbon processing, including 

petroleum cracking, Fischer-Tropsch synthesis, and are minority components of natural 

gas. The recent shale gas boom has greatly increased the supply of these light alkanes as 

a significant fraction of North American shale gas deposits are “wet,” i.e. contain 

significant quantities of natural gas liquids (NGL).20 The price of ethane in particular has 

fallen considerably as a result of this increased supply,21 so much so that much of it is 

flared rather than recovered. Diverting this source of CO2 emissions by producing higher 

value chemicals from these light hydrocarbons would add considerable value to and 

reduce the carbon footprint of shale gas extraction. 

These alkanes themselves have limited value as chemicals and are too light to 

blend with liquid fuels. The corresponding alkenes, ethene and propene, by contrast have 

high value as chemical precursors for a wide range of chemical and polymer products.  

Catalytic dehydrogenation requires lower temperatures than steam cracking, 

leading to lower overall coke formation. Without oxygen, combustion is not a concern, 

and usable H2 gas is generated as a valuable byproduct instead of water vapor. Despite 

the advantages catalytic dehydrogenation has over its alternatives, it is still an 

endothermic reaction, requiring relatively high temperatures above 700 K. Consequently, 

coke formation is still a major drawback for the process.7,8,22 Additionally, coke deposits 

in catalyst pores or on active sites of a heterogeneous catalyst are especially problematic 
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as they may block mass transport of products and reactants to and from the catalyst 

surface. Coke buildup is typically removed at high temperature under oxygen flow, 

though exposure of catalysts to very high temperatures may cause changes in metal 

nanoparticle size by sintering. As a common cause of catalyst deactivation in a number of 

reactions and industrial chemical processes, coke formation has received extensive 

attention in the literature.23–25 

Supported Pt particles are the preferred catalysts for light alkane 

dehydrogenation.7,8,26 Pt is the most active pure metal for light alkane dehydrogenation 

and shows high selectivity at short reaction times. The alkenes formed from 

dehydrogenation bind strongly to the Pt surface, making desorption difficult and 

facilitating subsequent further dehydrogenation or C-C bond cleavage – leading to the 

formation of carbonaceous surface species.27–29 Consequently, catalyst deactivation is 

rapid and correlates with large deposits of coke. 

Reductions in both catalyst deactivation and coke formation relative to pure Pt 

have been achieved by alloying Pt with Sn.8, 30 – 34  Alloying with Sn weakens the 

interaction of the alkenes with the alloy surface, which allows the product to desorb from 

the catalyst surface more readily as compared to pure Pt.27–32 The rates of further 

dehydrogenation and C-C bond cleavage are reduced as a result as desorption of the 

alkene competes with dissociation. However, the activation energy barriers for 

dehydrogenation of ethyl radicals (derived from ethane) to revert to ethane doubled on 

platinum-tin alloys as compared to pure Pt,28 so a reduction of activity may be expected 

over the alloys. Deactivation was reduced by 60% for ethene dehydrogenation relative to 

pure Pt by alloying with Sn while total carbon formation was reduced by 50%.34 Propane 
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dehydrogenation activity fell by 39% due to coke formation after two hours, while ethane 

dehydrogenation fell by only 2% in the same time, even though less total coke was 

formed in propane dehydrogenation. 

Density Functional Theory (DFT) has been used to provide fundamental insight 

into the properties and catalyst function of alkane dehydrogenation catalysts. DFT 

calculations confirm that the adsorption energy for alkenes is less on platinum-tin alloys 

as compared to pure Pt,16–19 in good agreement with experiment.27–32 Stepped sites on 

Pt(211) are more active than Pt(211) or Pt (111) terraces, but are also less selective 

towards the alkene in ethane dehydrogenation 35 – 36  and propane dehydrogenation. 37 

Under-coordinated step and edge sites have also been implicated in methane activation on 

Pt.38 Calculations on Pt(111) suggest that alkynes are the precursor stage for C-C bond 

cleaving reactions on the path towards alkene cracking and possible coke formation,39 so 

suppression of alkyne formation or promotion of the conversion of alkynes back to 

alkenes is suggested as an important step towards reducing coke formation. The 

activation energy barrier for propene dehydrogenation (which is the first step towards 

propyne and eventually to coke) is larger on platinum-tin alloys than for propene 

desorption.40 The difference in energy between these key steps increased with increasing 

Sn content, in good agreement with the experimentally observed trend in less carbon 

formation over catalysts with greater Sn content. 41  At the same time, the alloying 

eliminates some of the most unselective reaction sites at the step edges of Pt. In platinum-

tin alloys, Sn atoms decorate these edge sites, rendering them inert towards the 

undesirable dehydrogenation of propene.42 The properties of platinum-tin alloys have 
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also been studied using DFT for ethylene epoxidation,17,43 ethanol dehydrogenation,44 CO 

oxidation,45–47 and reactions of cyclic ketones.48 

From prior DFT investigation on Pt and platinum-tin alloys, the competition 

between desorption and dehydrogenation of the alkene has been implicated as the 

primary selectivity-determining step, implying that surfaces with more facile desorption 

and more difficult C-H bond cleavage may show enhanced selectivity. The binding and 

bond-dissociation energies of the alkenes have been explained in terms of electronic and 

geometric effects. The electronic effect arises from the change in electronic properties at 

the binding site of the catalyst due to the neighboring alloying element, without directly 

affecting the binding geometry. The geometric effect describes the additional effect when 

the alloying element is present at the binding site, leading to different binding site 

geometries or different binding modes. At low alloy element coverages, binding 

geometries may remain unchanged relative to pure Pt, i.e. di-σ binding with each carbon 

bonded to a different Pt atom.17 Both electronic and geometric effects may contribute 

when this binding geometry is not possible at higher alloying ratios when there are no 

adjacent Pt atoms.   

To date, computational studies have only considered low coverages of tin in 

platinum-tin alloys, and then only to compare the dehydrogenation of the alkene with its 

desorption. These studies have not looked at further dehydrogenation or C-C bond 

cleavage steps, and have not provided insight into the mechanism of coke formation on 

platinum-tin alloys.  
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In this chapter, we have calculated the complete reaction network from ethane to 

all dehydrogenated and C-C bond cleaved derivatives, including ethene, and compared 

the reaction energies and activation energy barriers for all elementary reaction steps. We 

compare the potential energy surfaces for the pure Pt(111) surface to a low tin 

Pt3Sn/Pt(111) surface and a high tin PtSn/Pt(111) surface, and predict selectivity to coke 

and ethene as a function of tin coverage.  

2.2 Methods 

Periodic, self-consistent DFT calculations were performed using the VASP 

code49,50 within the generalized gradient approximation (GGA-PW91)51 using projector-

augmented wave (PAW) 52 , 53  potentials. The single-electron wave functions were 

expanded using plane waves with an energy cutoff of 400eV. All metal slabs were based 

on the (111) surface of fcc Pt, and modeled by a (2 × 2) surface unit cell with four atomic 

layers for a total of 16 metal atoms (Pt or Sn). A larger (3 × 3) until cell was tested for 

periodic image interaction effects, but these effects were small (<0.05 eV) and were 

consistent between adsorbates of different sizes (e.g. 0.006 eV difference between ethyl 

and methyl adsorbates). The choice of a smaller unit cell size therefore has a small effect 

on reported binding energies and a negligible effect on reaction energies. 

To generate the surface substitutional alloys, surface Pt atoms were substituted by 

Sn and the surface structure was reoptimized by relaxation. Substituting one Pt atom by 

Sn in the surface layer gives ¼ monolayer (ML) Sn coverage, and substituting two Pt 

atoms gives ½ ML coverage. The lattice constant of Pt was calculated to be 3.98 Å, in 

good agreement with experimental value of 3.92 Å.54 A vacuum layer of 12 Å was used 

to separate any two successive slabs in the z direction (normal to the surface), and a 
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dipole correction was applied and the electrostatic potential was adjusted to ensure that 

interaction between the surface slab and its periodic images was negligible. 55  The 

Brillouin zone was sampled using a (6x6x1) Gamma-centered Monkhorst-Pack k-point 

mesh 56  following a convergence test for adsorbate binding energies with respect to 

sampling mesh size. The bottom two layers of each metal slab were fixed in their bulk 

positions while the top two layers were allowed to relax in all calculations. Binding 

energy is defined as BE = Eads – Eslab – Egas, where Eads, Eslab, Egas are the total energies 

calculated for the slab with the adsorbate on it, the clean slab, and the adsorbate in the gas 

phase, respectively. The addition of a single adsorbate molecule to a metal slab with a (2 

× 2) surface until cell corresponds to ¼ ML adsorbate coverage. The climbing image 

nudged elastic band (CINEB) method 57  was used to calculate transition state and 

activation energy barriers. All transition states were verified by identifying a single 

imaginary frequency along the reaction coordinate. Direction and magnitude of electronic 

charge transfer between Sn and Pt upon alloying was calculated using Bader charge 

analysis58–61. All calculated energies were extrapolated to 0 K without zero point energy 

corrections. 

2.3 Results and Discussion 

2.3.1 Model PtxSn/Pt(111) Surfaces 

The phase diagram of platinum-tin alloys includes a number of bulk 

compositions, including Pt3Sn, PtSn, and PtSn2.
62 , 63  Two types of models for these 

surfaces have been reported previously in the literature: bulk alloys, where Sn is found 

throughout all layers of the alloy,17,19,40,42,44–47 and surface substitutional alloys, where Sn 

replaces Pt atoms in the surface layer only.18–19,40,43,45,48 In those studies which compared 



11 

 

  

 

results between substitutional surface alloys and bulk alloys, the composition of the 

subsurface (solely Pt atoms in a Pt(111) fcc structure in surface substitutional alloys, and 

Pt and Sn atoms in a bulk alloy) was far less important than the composition of the 

surface layer.19,40,45 For this reason, the use of surface substitutional alloys was chosen to 

model platinum-tin alloys of different alloy compositions. Experimental single-crystal 

studies have shown that surface substitutional alloys with the same or similar structures 

reported here form for the platinum-tin system.27–32,43,48 Using a (2 × 2) unit cell of fcc 

Pt(111) with four atomic layers, the model alloy surfaces employed in the current study  

consist of Pt3Sn/Pt(111) and PtSn/Pt(111), with ¼ ML and ½ ML of the surface layer Pt 

atoms substituted by Sn respectively (Table 2.1).  

Table 2.1 Structure of Pt(111) and platinum-tin  substitutional surface alloys used in this study. Grey spheres: Pt; 

Green spheres: Sn 0-1 

 Pt(111) Pt3Sn/Pt(111) PtSn/Pt(111) 

top view 

   

side view 

   

Sn 

coverage 
0 ML ¼ ML ½ ML 
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In the Pt3Sn/Pt surface, the Sn atoms are isolated from one another, with regions 

of uninterrupted Pt between them. Most importantly, the Pt ensembles form three-fold 

hollow sites (hcp and fcc sites) consisting of only Pt neighbors that are geometrically 

similar to those found on pure Pt(111). In the higher Sn alloy, PtSn/Pt, the Sn atoms are 

adjacent to one another (the lines formed are an artifact of the relatively small (2 × 2) 

surface unit cell), and the Pt ensembles are no longer arranged trigonally, such that all 

three-fold hollow sites consisting of three Pt atoms are eliminated. In this way, the two 

alloy surfaces used in this study illustrate the differences between low-Sn alloys, where 

trigonal Pt atom ensembles exist, and high-Sn alloys, where these ensembles do not exist. 

Surface segregation has been reported for the Pt-Sn alloy system,64,65 such that Sn is 

enriched in the surface layer and depleted from the interior of the alloy particle. 

2.3.2 Binding of CHx & H species 

 Table 2.2 gives the binding site preferences and binding energies of the hydrogen 

atom and CHx species (x = 0 to 4) on the Pt and alloy surfaces. 

Table 2.2 Binding energies and site preferences of reaction intermediates on (111) surfaces at ¼ ML adsorbate 

coverage.0-2  

  Pt  Pt3Sn/Pt  PtSn/Pt 

Adsorbate  Site BE  Site BE CNSn Site BE CNSn 

H hydrogen Fcc a -2.76  Fcc -2.72 0 Top -2.44 0 

H2 dihydrogen * -0.02  * -0.02  * -0.02  

C carbon Fcc -6.97  Fcc -6.28 0 Fcc -5.69 b 1 

CH methylidyne Fcc -6.70  Fcc -6.07 0 Fcc -5.28 1 

CH2  methylene Bridge -4.14  Bridge -3.79 0 Bridge -3.57 0 

CH3  methyl Top -2.07  Top -1.85 0 Top -1.71 1c 

CH4 methane * -0.03  * -0.04  * 0.04  

BE is the binding energy in eV. CNSn is the coordination numbers of the adsorbate to Sn at the binding site. 

*CH4 and H2 physisorb weakly with no site preferences.  
a Hydrogen shows a weak preference for binding to higher coordinated sites, with binding to a top site 

being only 0.06 eV less favorable.  
b

 In this binding geometry, the Sn, Pt, and C atoms are nearly coplanar, with a Sn-Pt-Pt-C dihedral angle of 

only 8.9° 
c Binding to the top site of Pt is only 0.02 eV less favorable to binding to the top site of Sn. 
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The binding site preferences and energies calculated here for H and CHx species 

on Pt and on the ¼ ML Sn alloy are consistent with previous reports.44,66 –69
 Binding p

references for methyl, methylene, and methylidyne radicals are consistent with sp3-

hybridized tetravalent carbon: the number of metal-carbon bonds is 4 – x, where x is the 

number of C-H bonds in the radical. Methyl, with three C-H bonds, binds to the surface 

through a single metal-carbon bond at a top site. Methylene binds to the surface through 

two metal-carbon bonds at a bridge site. Methylidyne binds to the surface through three 

metal-carbon bonds at an fcc site. The binding energies for these three species increase 

with increasing number of metal-carbon bonds on each surface studied here. Following 

this trend, the carbon atom should form four metal carbon bonds but this is not possible 

on the (111) surface of Pt or its alloys, and so binds to a three-fold hollow site with three 

metal-carbon bonds. Consequently, the binding energies for carbon and methylidyne are 

within 0.5 eV of each other, while the binding energy per carbon-metal bond in each 

species is roughly 2 eV. Closed-shell species such as CH4 and H2 have weak interactions 

with the surface (physisorption), and consequently the binding energies calculated are 

small (<0.05 eV) and binding site preferences are negligible. 
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Figure 2.1: Best binding geometries of H and CHx species on Pt and alloy surfaces.0-1 

 The addition of Sn to the Pt surface contributes to two different effects on the 

binding of adsorbates on the metal surface, an electronic or ligand effect and a geometric 

effect.70 Here, we use the term electronic effect to account for the increase in electron 

density of the Pt atoms surrounding Sn as seen through Bader charge analysis. A surface 

Sn atom substituted into Pt(111) enriches the surrounding surface Pt atoms with +0.22 e- 

per Pt atom while two Sn atoms enrich the adjacent Pt atoms by +0.43 e-. This effect can 

be termed “indirect” if the adsorbate does not bind to the Sn atoms itself, as the effect is 

only to influence the strength of the platinum-carbon bonds. The electronic effect 

dominates the difference in binding energies between Pt(111) and the Pt3Sn/Pt surfaces. 

On the Pt3Sn/Pt surface, all adsorbates strongly prefer binding to sites that avoid 

interaction with Sn atoms, with identical coordination numbers to platinum as seen on 

Pt(111). In Figure 2.1, the binding similarity of binding geometries between the two 

surfaces can also be seen. With no significant changes in binding geometries, the 
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weakening of binding energies is attributed to a purely electronic effect from the 

neighboring Sn atoms. This weakening increases with the number of metal-carbon bonds, 

ranging from 0.22 eV for methyl to 0.69 eV for atomic carbon. As shown in Table 2.3, 

binding sites that require coordination to Sn are significantly weaker (0.8-1.0 eV) 

compared to similar sites with no Sn atoms. The exception is for methyl on a top site, 

where the difference is smaller, only 0.5 eV between binding to Pt and binding to Sn. 

Table 2.3 Comparison of binding energies and site preferences of reaction intermediates on Pt3Sn/Pt with no 

coordination to Sn (preferred) and the best possible binding with at least one bond between C and Sn at ¼ ML 

adsorbate coverage.0-3 

   Best Binding Site   C-Sn Bonding Sites   

Adsorbate   Site BE CNSn C-Pt a Site BE CNSn C-Pt a C-Sn a 

C carbon  fcc -6.28 0 1.96 fcc -5.33 1 1.92 2.39 

CH methylidyne  fcc -6.07 0 2.02 fcc -5.21 1 2.01 2.22 

CH2  methylene  bridge -3.79 0 2.07 bridge -2.98 1 2.08 2.20 

CH3  methyl  top -1.85 0 2.09 top -1.36 1 - 2.21 

BE is the binding energy in eV. CNSn is the coordination numbers of the adsorbate to Sn at the binding site. 
a C-M bond distance in Å. 

On the higher Sn-loading ½ ML surface, a distinct contribution from the 

geometric effect could be seen that was absent on the ¼ ML surface. With the elimination 

of three-fold Pt sites, methylidyne and carbon prefer to bind to sites consisting of two Pt 

atoms and one Sn atom. In Figure 2.1, it can be seen that the tin-carbon bond is greatly 

elongated relative to the platinum-carbon bonds on the same surface, and compared to the 

platinum-carbon bonds seen on any of the surfaces. Together, the geometric effect and 

the increased electronic effects arising from higher Sn content in the surface layer lead to 

binding energies that are even weaker on PtSn/Pt surfaces as compared to Pt3Sn/Pt 

surfaces. However, the additional effect on the binding energy was quantitatively similar 

to the effect of adding a smaller amount of Sn to the Pt surface – i.e. the additional 

weakening of the binding energies observed between the ¼ ML Sn and ½ ML Sn 

surfaces were comparable to the difference between Pt(111) and the ¼ ML Sn alloy. The 
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sole exception was for the H atom where the electronic effects of adding ¼ ML of Sn to 

Pt(111) were minimal (0.04 eV), but the geometric effects when adding ½ ML increased 

the difference to 0.32 eV. On Pt(111) and Pt3Sn/Pt, H prefers to bind to a three-fold Pt 

site, but the elimination of all such sites on the PtSn/Pt leads to a top site over a Pt atom 

to be the preferred binding site. Carbon and methylidyne bind to three-fold hollow sites; 

the very weak interaction between carbon and tin leads to elongated C-Sn bonds (2.39Å 

and 2.22 Å respectively), as compared to the C-Pt bonds (1.96 Å and 2.02 Å). On the 

PtSn/Pt surface, methyl shows a slight preference for binding to a Sn top site over Pt with 

a difference in binding energy of 0.02 eV. 

2.3.3 C-H bond-breaking steps in CHx species 

The potential energy surfaces for the successive dehydrogenation of CHx species, 

beginning with CH4(g), on each catalyst surface are given in Figure 2.2. The reaction and 

activation energies for each elementary step are given in Table 2.4. On Pt(111), the 

breaking of the first C-H  bond in methane is essentially thermoneutral (with an 

activation barrier of 0.91 eV) and the second C-H bond is slightly uphill (0.18 eV, similar 

barrier). The subsequent dehydrogenation of methylene is downhill by 0.53 eV, as the 

formation of methylidyne and the migration of the CH species to a three-fold hollow site 

has a stabilizing effect on the binding energy. Removing the final hydrogen to reach 

atomic carbon is both the most endothermic and highest barrier step. The addition of Sn 

makes each elementary reaction in this pathway more endothermic, and increases the 

activation energy barrier of each reaction. The effect is monotonic with Sn content – the 

greater the tin content in the alloy the greater the reaction endothermicity and activation 

energy barrier for each individual step. On Pt(111) the total reaction energy from 
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methane to atomic carbon is 0.28 eV while on PtSn/Pt it is tenfold  larger at 2.82 eV. The 

highest barrier to fully dehydrogenate methane to atomic carbon is 1.07 eV on Pt(111) 

and 3.44 eV on PtSn/Pt. The C-H cleavage of methylene to methylidyne, -0.54 ev on 

Pt(111), becomes less exothermic (-0.23 eV) on the low-Sn Pt3Sn/Pt alloy, and becomes 

endothermic (+0.55 eV) on the high-Sn PtSn/Pt alloy. 

 

Figure 2.2: Two-dimensional potential energy surfaces for successive dehydrogenation of CHx species beginning with 

CH4(g) on Pt(111) and Pt/Sn alloys. Ordinate is energy relative to CH4 in the gas phase. Gaseous species are indicated; 

all others are adsorbed on the metal surface. All species are at infinite separation. Hydrogen atoms remain on surface at 

infinite separation, and are omitted from labels for clarity. Potential energy surface on Pt(111) shown in black, on 

Pt3Sn/Pt shown in red, and  on PtSn/Pt shown in blue.0-2  

As was seen with the best binding geometries, the reaction pathways for the 

dehydrogenation steps on the Pt(111) and Pt3Sn/Pt surfaces are geometrically equivalent. 

The initial and final state structures for each elementary step (Table A.1) for these two 

surfaces are very similar. Once again, as the three-fold hollows of Pt atoms are preserved, 

this is reasonable. Perhaps more remarkable is that this is also true for the transition state 

structures. For each of the elementary reaction transition state structures on these two 

surfaces, the metal-carbon and carbon-hydrogen bond lengths are nearly the same. 
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Taking the dehydrogenation of methylidyne as an example, methylidyne starts in a three-

fold hollow consisting of only Pt atoms. The C-H bond scission begins with the hydrogen 

approaching the top site of an adjacent Pt atom where the bond is cleaved, followed by 

diffusion of the free hydrogen atom away from the carbon. The similar mechanisms 

imply the increase in the dehydrogenation activation energy barrier is due to the indirect 

electronic effects of the neighboring Sn atom only.  

With the elimination of three-fold hollow sites consisting only of Pt atoms on the 

PtSn/Pt surface, the pathways for the dehydrogenation steps differ from the pure Pt and 

low Sn surfaces, both energetically and geometrically. Once again using methylidyne as 

an example, the initial state is no longer geometrically equivalent. On the PtSn/Pt surface, 

methylidyne initially adsorbs to a three-fold hollow site consisting of two Pt atoms and 

one Sn atom. The C-H bond scission proceeds via elongation of the C-H bond over the 

top site of a Pt atom, but the surface rearranges such that the carbon atom occupies a 

bridge site between two Pt atoms, including the Pt atom over which the bond is breaking. 

This is in sharp contrast to the Pt(111) and low Sn-coverage surfaces, where the carbon 

atom is more closely associated with the two Pt atoms not directly participating in the C-

H bond cleavage. The transition state on the high-Sn coverage surface only directly 

involves Pt atoms, just as with the other surfaces. However, only two Pt atoms are 

available to bind carbon and break the C-H bond, unlike the other surfaces. The final 

state for this elementary step also differs, in that the best binding site for the coadsorbed 

H atom is atop a Sn atom as all the Pt atoms are bonded to carbon in the CH species. 
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Table 2.4 Activation energy and heat of reaction for all elementary steps. All species are surface species except for 

gaseous species as noted.0-4 

 

* following a surface species indicates a species bound to the surface, by itself denotes an empty adsorption 

site 

Ea is the activation energy barrier in eV. ΔE is the energy of reaction in eV. ∞FS is the energy of reaction at 

infinite separation in eV. 
a Not an elementary step. Reaction proceeds via isomerization of ethylidyne to vinyl followed by 

dehydrogenation of vinyl to vinylidene. Values given are net of both steps. Isomerization barrier is the 

higher of the two and is the reported barrier. 

 

Using the values in Table 2.4, the contributions of the purely electronic effect of 

Sn in Pt3Sn/Pt(111) to raising reaction energy barriers and increasing the endothermicity 

of the elementary reaction can be compared to the electronic and geometric effects found 

in the PtSn/Pt(111) alloy. For most C-H bond breaking steps, the increase in reaction 

energy was greater than the increase in activation energy for each addition of Sn to the 

 

 

 

 

Pt(111) Pt3Sn/Pt(111) PtSn/Pt(111) 

 

Reaction Ea ΔE ∞FS Ea ΔE ∞FS Ea ΔE ∞FS 

1 H2(g) + 2* → 2H* 0.05 -0.86 -0.94 0.15 -0.76 -0.87 0.38 -0.38 -0.31 

2 CH4(g) + 2* → CH3* + H* 0.91 0.12 0.03 1.19 0.42 0.28 1.48 0.49 0.63 

3 CH3* + * → CH2* + H* 0.89 0.35 0.18 0.98 0.45 0.34 1.27 0.96 0.70 

4 CH2* + * → CH* + H* 0.29 -0.35 -0.54 0.58 0.07 -0.23 1.60 0.74 0.64 

5 CH* + * → C* + H* 1.43 0.86 0.64 1.46 1.08 0.74 1.43 1.13 0.81 

6 CH3CH3(g) + 2* → CH3CH2* + H* 0.91 0.13 0.02 1.19 0.40 0.28 1.58 0.59 0.71 

7 CH3CH2* + * → CH3CH* + H* 0.91 0.27 0.11 1.04 0.38 0.27 1.28 0.84 0.69 

8 CH3CH2* + * → CH2CH2* + H* 0.89 0.06 -0.16 1.07 0.15 0.01 1.28 0.66 0.36 

9 CH3CH* + * → CH3C* + H* 0.24 -0.55 -0.74 0.49 -0.20 -0.36 1.53 0.73 0.63 

10 CH3CH* + * → CH2CH* + H* 0.82 0.06 -0.14 0.94 0.19 0.00 1.23 0.52 0.52 

11 CH3C* + * → CH2C* + H* 1.42 0.65 0.41 1.33 0.81 0.34 
a
1.77 

a
0.74 

a
0.74 

12 CH2CH2*+ *  → CH2CH* + H* 0.90 0.32 0.13 1.01 0.45 0.26 1.48 0.85 0.85 

13 CH2CH* + * → CH2C* + H* 0.68 0.05 -0.19 0.82 0.45 -0.01 1.23 0.68 0.52 

14 CH2CH* + * → CHCH* + H* 1.04 0.38 0.00 1.12 0.49 0.16 1.35 0.88 0.42 

15 CH2C* + * → CHC* + H* 1.67 1.43 1.10 2.00 1.43 1.13 1.47 1.03 0.96 

16 CHCH* + * → CHC* + H* 1.68 1.24 0.91 1.79 1.25 0.95 1.96 1.14 1.07 

17 C2H* + * → C2* + H* 1.69 1.15 0.98 1.88 1.53 1.12 1.56 0.99 0.33 

18 CH3CH3(g) + 2* → CH3* + CH3* 3.26 0.73 0.19 2.82 1.06 0.62 2.45 1.19 0.95 

19 CH3CH2* + * → CH3* + CH2* 1.89 0.80 0.35 1.98 1.07 0.69 2.30 0.95 0.91 

20 CH3CH* + * → CH3* + CH* 1.48 0.08 -0.29 1.51 0.46 0.19 2.40 0.39 0.87 

21 CH3C* + * → CH3* + C* 2.21 1.41 1.10 2.23 1.30 1.29 2.10 0.76 1.04 

22 CH2CH2*+ *  → CH2* + CH2* 2.24 1.24 0.69 2.10 1.20 1.02 1.93 1.43 1.23 

23 CH2CH* + * → CH2* + CH* 1.70 0.70 0.03 2.15 0.76 0.53 1.72 1.54 1.02 

24 CH2C* + * → CH2* + C* 2.89 1.34 0.87 2.22 1.52 1.28  1.96 1.90 1.31 

25 CHCH* + * → CH* + CH* 1.36 0.27 -0.50 2.47 0.73 0.14 3.09 1.58 1.24 

26 CHC* + * → CH* + C* 1.23 0.30 -0.77 1.84 0.91 -0.08 3.77 2.26 0.99 

27 C2* + * → C* + C* 1.23 0.32 -1.10 1.60 0.99 -0.46 3.42 3.03 1.47 

28 CH3CH*→ CH2CH2* 2.00 -0.26 -0.26 2.09 -0.26 -0.26 2.21 -0.33 -0.33 
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alloy surface. Additionally, these increases were greater for the increase in Sn loading 

between the low-Sn and high-Sn alloys, and smaller between the pure Pt and low-Sn 

alloy surfaces. This suggests that the geometric perturbation of surface binding sites has a 

larger impact on the thermodynamics and barriers for these dehydrogenation steps as 

compared to the purely electronic effect of the Sn atoms on their neighboring Pt atoms. 

2.3.4 Binding of C2Hx species 

The binding site preferences and binding energies of the C2HX species (x = 0 to 6) 

on the Pt and alloy surfaces are given in Table 2.5, and the structures are depicted in 

Figure 2.3. The binding geometries and C-C bond lengths for the best binding sites for 

these species are generally consistent with sp3-hybridized carbon, with both carbons in 

the adsorbates centered in tetrahedral binding geometries with four bonds (C-H, C-Pt, or 

C-Sn), just as seen with the CHx species. In all cases, Sn weakens the binding energy as 

compared to binding on pure Pt(111), with a more pronounced effect at higher Sn 

content. Closed-shell species such as ethene and acetylene bind to all alloy surfaces more 

weakly than the molecular fragment radicals, and the binding energies of all species 

generally increase with the number of carbon-metal bonds, as seen previously with CHx 

species.  

In most C2Hx adsorbates, both carbons are unsaturated in hydrogen atoms and 

therefore bind to surface metals atoms, occupying two neighboring binding sites. In 

CH3CHx species, one of the carbons is saturated and does not interact with the surface, 

and so binding modes are similar to those seen for CHx species, with the -CH3 group 

replacing –H. For example, ethyl (CH3CH2) preferentially binds to top sites and displays 

minimal preference between binding to top sites over Pt and over Sn (<0.01 eV 
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difference on the PtSn/Pt alloy). Ethene forms a di-σ bond with two tops sites atop Pt 

atoms, regardless of Sn loading, with tetrahedral geometry around each carbon, consistent 

with sp3 hybridization. Ethylidyne adsorbs to a three-fold hollow site even when this 

forces a C-Sn bond to form on PtSn/Pt, just as seen with methylidyne. Vinyl has a unique 

binding geometry as the -CH end of the molecule binds to a bridge site on Pt(111) and 

Pt3Sn/Pt surfaces, while the -CH2 end of the molecule binds to a Pt top site. The 

adsorbate thus occupies a three-fold hollow of three Pt atoms, with both carbons sp3 

hybridized. With no such sites available on the PtSn/Pt surface, vinyl takes on a very 

different binding geometry. The –CH end of the molecule binds to a top site atop Pt and 

takes on a perpendicular-tilted orientation to the surface plane of the slab. In this 

orientation, the –CH2 end of the molecule does not interact with the surface, and both 

carbons display sp2-hybridiztion and planar geometry. This suggests that the energetic 

penalty for sp2-hybridization is less than that for forming C-Sn bonds. Vinylidene takes 

on a similar orientation and hybridization as vinyl. On the surfaces of Pt and Pt3Sn/Pt, 

vinylidene binds to three-fold hollows through the -C end of the molecule while the -CH2 

group binds to an adjacent top site. On PtSn/Pt, vinylidene takes a perpendicular 

orientation with the –C group binding to a site bridging two Pt atoms and with the -CH2 

group pointing away from the surface. Once again, a carbon-carbon double bond with sp2 

hybridization is favored over binding to Sn. When three-fold hollow sites of only Pt 

atoms are available, acetylene attaches to two adjacent bridge sites surrounding a three-

fold hollow site of Pt atoms, approximating a tetrahedral geometry around each carbon 

atom. For the PtSn/Pt surface, acetylene binds to two adjacent top sites with a double 

bond between the carbon atoms and planar geometry. Acetylidene is a species that 
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displays geometric changes between the Pt and Pt3Sn/Pt surfaces. On Pt(111), the –C of 

acetylidene rests in a three-fold hollow site of Pt atoms with the –CH on an adjacent 

bridge site. On the Pt3Sn/Pt surface, the –C of acetyildene again rests in a three-fold 

hollow site of Pt atoms but with the –CH binding to a top site. The site preference 

between these two geometries is only 0.06 eV on the Pt(111) surface, and given the small 

difference in site preference between these sites, the orientation that places a larger C-Sn 

distance is slightly favored energetically on the low-Sn alloy. On the high-Sn alloy, 

acetylidene takes the same geometry as adsorbed acetylene with both carbon atoms atop 

Pt atoms. 

Table 2.5 Binding energies of C2Hx species on Pt and PtSn alloys 0-5  

  Pt  Pt3Sn/Pt  PtSn/Pt 

Adsorbate  Site BE  Site BE CNSn Site BE CNSn 

CH3CH3 Ethane  * -0.07  * -0.06 0 * -0.06 0 

CH3CH2 Ethyl  Top -1.89  Top -1.65 0 Top -1.50 1 

CH3CH Ethylidene  Brg -3.85  Brg -3.48 0 Brg -3.20 0 

CH3C Ethylidyne  Fcc -5.92  Fcc -5.20 0 Fcc -4.21 1 

CH2CH2 Ethene  Top-top -1.01  Top-top -0.64 0 Top-top -0.42 0 

CH2CH Vinyl  Brg-top -3.10  Brg-top -2.63 0 Top -2.10 0 

CH2C Vinylidene  Fcc-top -4.35  Fcc-top -3.72 0 Brg -2.95 0 

CHCH Acetylene  Brg-brg -2.19  Brg-brg -1.58 0 Top-top -1.09 0 

C2H Acetylidene  Fcc-brg -4.54  Fcc-top -3.92 0 Brg-top -3.60 0 

C2 Dicarbon Fcc-hcp -5.94  Fcc-hcp -5.20 1 a Fcc -5.96 1 

BE is the binding energy in eV. CNSn is the coordination numbers of the adsorbate to Sn at the binding site. 

*C2H6 physisorbs weakly with no site preferences. 
a Dicarbon enlarges the fcc site through the displacement of the Sn atom, 2.4 Å up from the surface and 1.7 

Å in the lateral direction away from the dicarbon 
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The binding energy of 

dicarbon on the PtSn/Pt alloy is 

stronger than expected, as the 

binding energies of all other 

species were calculated to be 

weaker on the PtSn/Pt alloy than 

on the Pt3Sn alloy, except for 

dicarbon, which has a stronger 

binding energy on the higher tin 

alloy. This discrepancy arises due 

to the species displacing a Sn atom 

and partly binding to the 

subsurface Pt layer rather than 

solely to the surface layer. The 

large displacement of the Sn atom 

is not seen with other adsorbates, 

and may be an artifact of adjacent 

images interacting across the 

periodic boundary conditions used 

in these calculations. The next-

best binding geometry, in which 

dicarbon binds to the surface layer 

of PtSn/Pt in a similar geometry as 
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Figure 2.3: Best binding geometries of H and CHx species on Pt and 

alloy surfaces.0-3 
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on Pt3Pt/Pt, is 0.70 eV weaker in binding energy, and is also weaker than the binding 

energy on the lower-Sn alloy, consistent with the trends seen for the other adsorbates. 

2.3.5 Hydrogen coadsorption with CxHy species 

Experimental studies have indicated that catalyst deactivation during alkane 

dehydrogenation can be reduced by adding H2 gas to the feed stream.34,71,72 To investigate 

the source of this effect, the binding energies of hydrogen atoms coadsorbed with the 

CxHy species were calculated (Table 2.6). Typically, hydrocarbon adsorbates did not 

change their preferred binding geometries in the presence of coadsorbed hydrogen. 

Hydrogen coadsorption had minimal impact on CxHy binding geometries. The 

exceptions were acetylidene and ethene on PtSn/Pt. Acetylidene has numerous binding 

geometries on all observed surfaces that are similar in binding energy (a total of 12 

orientations ±0.12 eV on all surfaces), so the slight perturbation of nearby spectator 

hydrogen atoms causes some of these structures to be destabilized relative to others, 

resulting in apparently different best binding geometries, with similarly weak preferences 

in the presence of a hydrogen atom (±0.12 eV). 

Table 2.6 Binding energies (in eV) of C2Hx species in the presence of a hydrogen observer: BE = Eslab(H + CxHy) – 

Eslab(H) – ECxHy 0-6 

Surface Pt(111) Pt3Sn PtSn 

CH3CH2+H -1.77 -1.52 -1.62 

CH3CH+H -3.69 -3.37 -3.05 

CH3C+H -5.73 -5.04 -4.12 

CH2CH2+H -0.79 -0.5 -0.12 

CH2CH+H -2.91 -2.43 -2.11 

CH2C+H -4.1 -3.26 -2.79 

CHCH+H -1.81 -1.25 -0.63 

C2H+H -4.21 -3.62 -3.53 

C2+H -5.76 -4.78 -5.29 
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For coadsorption with CxHy species, hydrogen binds to an empty site several 

angstroms away from the carbon species. It has a fairly strict binding priority depending 

on available sites: beginning with a three-fold Pt site as the most stable, Pt top, Pt bridge, 

and finally with Sn top as the least stable. The binding energy difference between Pt 

adsorption locations is relatively small (<0.06 eV) while the Sn top location is 

significantly more unfavorable at 0.59 eV uphill on PtSn/Pt above the top site of a Pt 

atom. 

Noteworthy is the case of hydrogen coadsorption with ethene on PtSn/Pt. Ethene 

has a weak binding energy, even on Pt(111), which is further decreased by the presence 

of Sn. The weak binding of ethene, a closed-shell molecular species, makes desorption 

relatively facile. Both hydrogen and ethene prefer binding to Pt top sites on PtSn/Pt. 

Coadsorbing ethene and hydrogen at ¼ ML coverage on the (2 × 2) surface unit cell used 

in these calculations leads to competition between the two adsorbate species for the 

preferred binding sites atop Pt atoms. Because hydrogen’s binding energy at a Pt top site 

is twice as strong as that of ethene while requiring half as many adsorbate-Pt bonds, H 

outcompetes with ethene, and ethene is forced to desorb from the surface rather than bind 

to Sn atoms. Together with the experimental observations that have been reported, this 

suggests that hydrogen atoms compete with ethene for binding sites, and thereby promote 

desorption of the desired ethene product. This in turn improves the selectivity of the 

reaction by decreasing the rate of subsequent dehydrogenation of ethene and therefor the 

quantity of coke formed, which also reduces catalyst deactivation. 
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2.3.6 C-H bond-breaking steps in C2Hx species and ethene formation 

The stepwise dehydrogenation of ethane to diatomic carbon increases in 

activation energy barrier and endothermicity with increasing Sn content as seen in the 

potential energy surfaces in Figure 2.4. There are several different dehydrogenation 

pathways, which branch whenever a C-H bond may be cleaved on either end of an 

asymmetric C2Hx adsorbate, and the paths intersect when C-H cleavage of different 

species leads to the same product. The three main pathways can be described by the key 

intermediates that distinguish them, and are the ethene/vinyl/vinylidene pathway, the 

ethylidene/ethylidyne/vinylidene pathway, and the ethylidene/vinyl/acetylene pathway. 

The reaction energies and barriers for all C-H bond-breaking steps are given in Table 2.4, 

and the transition state structures are given in Tables A.2-A.4. 

On Pt(111), several C-H bond cleavage steps are nearly thermoneutral and several 

intermediates are nearly as stable as gas-phase ethane (with hydrogen atoms coadsorbed 

at infinite separation included in the product state energy). The activation energy barriers 

for most of the C-H bond cleavage steps are similarly close to one another (0.88 ± 0.20 

eV). The most stable species, ethylidyne, is 0.68 eV below ethane gas, and represents the 

thermodynamic global minimum on the potential energy surface on Pt(111). Ethylidyne 

has high surface coordination making it highly stable when located at three-fold Pt sites. 

The reaction energy to form ethylidyne is consequently exothermic and the barrier is 

much smaller than the other dehydrogenation steps. The highly dehydrogenated products 

acetylidyne and diatomic carbon are significantly uphill in energy (>1 eV) and have high 

barriers for their formation (>1.5 eV). This is due to the lower extent of coordination (and 

therefore hybridization) in these products, making their formation highly unfavorable. 
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Based on the potential energy surface in Figure 2.4a, the formation of gaseous 

ethene is unfavorable compared to the formation of more highly dehydrogenated species 

such as ethylidyne, which is also the thermodynamic minimum for the system and may 

therefore be expected to be the most abundant surface intermediate. Looking at the 

selectivity for adsorbed ethene species, the desorption energy of ethene (1.01 eV) is 

larger than the ethene dehydrogenation barrier (0.90 eV). Together, these point to pure 

Pt(111) being an unselective ethene formation catalyst, making coke formation more 

favorable. 

The addition of a small amount of Sn in the Pt3Sn/Pt alloy improves the predicted 

performance of the catalyst slightly. The general trends are very similar to Pt(111), 

except each step is slightly more endothermic with slightly higher activation energy 

barriers. These increases are due to electronic effects, as the geometries and structures of 

the reactants, intermediates, and transition states are largely unchanged relative to 

Pt(111). The higher endothermicity of the dehydrogenation steps shifts the global 

thermodynamic minimum to an earlier species in the reaction sequence – adsorbed 

ethane. Ethylidyne, due to its highly favorable binding to three-fold Pt sites on the 

Pt3Sn/Pt alloy, occupies a local thermodynamic minimum and is more effectively 

stabilized than other dehydrogenated species. The activation barriers also increase 

compared to pure Pt (1.03 ± 0.21 eV). The increased dehydrogenation barriers favor the 

formation of gaseous ethene, as ethene desorption (0.64 eV) is now competitive with the 

barrier for ethene dehydrogenation (1.01 eV), though the transition state energy for 

ethylidyne formation from ethylidene is still comparable to ethene desorption (Figure 

2.4b). The high thermodynamic stability of ethylidyne and the relatively low barrier to its 
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formation remain as challenges to obtaining high selectivity towards ethene at low Sn 

coverage. 

As before, the elimination of three-fold hollow sites of Pt atoms has a large effect 

on the potential energy surface for ethane dehydrogenation (Figure 2.4c). At 50% Sn 

coverage in PtSn/Pt, the geometries of intermediates and transition states (Table A.4) 

differ significantly from lower (Table A.3) and zero Sn coverage (Table A.2). Every 

dehydrogenation step is significantly more difficult, being more energetically uphill and 

having a larger activation energy barrier (1.37 ± 0.21 eV). The greatest effect is the 

destabilization of ethylidyne, which rests at a highly distorted three-fold hollow with two 

short Pt-C bonds and one long Pt-Sn bond. This unfavorable geometry leads to the 

formation of ethylidyne becoming endothermic (+0.63 eV) only on the PtSn/Pt surface, 

while on Pt (-0.74 eV) and Pt3Sn/Pt (-0.36 eV) the formation of ethylidyne was 

exothermic, and a large barrier for its formation (1.53 eV) on the PtSn/Pt surface. The 

destabilization of the ethylidyne intermediate causes the mechanism of ethylidyne 

dehydrogenation to differ significantly on PtSn/Pt as compared to the other surfaces. On 

PtSn/Pt, no direct pathway for ethylidyne dehydrogenation is feasible, so ethylidyne first 

isomerizes to vinyl, which then undergoes C-H bond cleavage (forming either vinylidene 

or acetylene). The large barrier for this isomerization reaction (1.77 eV) places the 

transition state higher in energy compared to those for the subsequent dehydrogenation 

steps, as noted in Table 2.4. 

Nearly all dehydrogenation step barriers increase with increasing Sn content, 

except for vinylidene dehydrogenation, where the barrier increases upon the addition of 

some Sn, but decreases between the low-Sn and high-Sn alloys. The decrease in the 
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barrier at the higher Sn coverage arises due to the low-stability π bonded geometry that 

vinylidene is forced to take on the crowded high-Sn surface. On the lower Sn surfaces, 

the availability of three-fold Pt sites allows vinylidene to bind more strongly with only σ 

bonds, giving a more stable reactant state, and therefore a larger barrier. 

The destabilization of ethylidyne and the more difficult C-H bond cleavage 

reactions favors the formation of the desirable ethene product on PtSn/Pt. Adsorbed 

ethane remains the global minimum on the potential energy surface, but now with a 

significant thermodynamic advantage, making it a good candidate for most abundant 

surface intermediate. The desorption of ethene is relatively facile (0.42 eV) compared to 

ethene dehydrogenation (1.48 eV), so the higher Sn content is predicted to improve 

ethene selectivity.  

From the transition state geometries in Tables A.2-A.4, the similarity in the C-H 

bond cleavage mechanism in all CxHy species can be seen. Every C-H bond cleavage step 

for both CHx and C2Hx species, regardless of the surface, involves the leaving-hydrogen 

atom moving to a top site over an adjacent Pt atom in the transition state. This affinity for 

hydrogen atoms for top sites over Pt provides a stabilizing effect, effectively lowering the 

activation barrier for the dehydrogenation reaction. Due to less crowding around Pt 

coordination sites, the transition state structures for these steps on Pt(111) and Pt3Sn/Pt 

exhibit further stabilization as compared to PtSn/Pt, where both daughter species of a C-

H bond cleavage reaction occupy sites on the same Pt atom with short Pt-C bonds due to 

the smaller Pt atom ensembles.  
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It should be noted that both isomers formed from ethyl dehydrogenation are 

roughly equally likely to form, with no difference in kinetic (ΔEa<0.05 eV) driving forces 

and little difference in thermodynamic driving forces (ΔΔE~0.29 eV) between the 

formation of ethene and ethylidene on any of the three surfaces studied here. Neither Pt 

nor its alloys are selective for the formation of ethylene over ethylidene.  

Ethylidene dehydrogenation can also form two isomers: vinyl and ethylidyne. 

Ethylidyne, on Pt(111), is likely more prevalent than vinyl as the activation energy 

barrier for its formation is 0.57 eV lower and the reaction energy is 0.60 eV lower. 

Ethylidene dehydrogenation to ethylidyne also has a lower barrier on Pt3Sn/Pt. However 

when there are no three-fold Pt sites on PtSn/Pt, ethylidyne formation is disrupted and 

ethylidene dehydrogenation to vinyl is favored. This preference is noteworthy as vinyl 

can undergo hydrogenation to ethene, while ethylidyne cannot. 
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Figure 2.4: Two-dimensional potential energy surfaces for successive dehydrogenation of C2Hx species beginning with 

C2H6(g) on a) Pt(111), b) Pt3Sn/Pt, and c) PtSn/Pt. Ordinate is energy relative to C2H6 in the gas phase. Gaseous species 

are indicated; all others are adsorbed on the metal surface. All species are at infinite separation. Hydrogen atoms 

remain on surface at infinite separation, and are omitted from labels for clarity. Ethene/vinyl/vinylidene pathway shown 

in blue, ethylidene/ethylidyne/vinylidene pathway shown in red, and ethylidene/vinyl/acetylene pathway shown in 

black.0-4 

Given the importance of isomerization in the dehydrogenation mechanism for 

ethylidyne on PtSn/Pt, the isomerization of other C2HX species was studied. The 

isomerization mechanism involved a hydride migration from one carbon to the other 

within a given surface intermediate. The barriers for these isomerization reactions were 
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calculated, but were found to be significantly larger than the C-H cleavage barriers in all 

cases. The only case where direct isomerization is likely to have any kinetic relevance is 

in the case of ethylidyne due to the elimination of a direct C-H cleavage pathway for this 

intermediate. 

Direct isomerization can further be eliminated from consideration, as indirect 

isomerization has lower barriers in all cases. For example, the isomerization of ethylidene 

to ethene has a higher activation energy barrier than most dehydrogenation steps on all 

surfaces explored in this study. A lower energy pathway to the same overall 

isomerization is the hydrogenation of ethylidene, forming ethyl, followed by the 

subsequent dehydrogenation to ethene. The highest barrier in this multi-step pathway is 

1.09 eV, 1.02 eV, and 0.93 eV for Pt(111), Pt3Sn/Pt, and PtSn/Pt respectively. This is in 

contrast to the direct isomerization barriers of 2.00 eV, 2.09 eV, and 2.31 eV. As such, 

direct isomerization is not a predominant part of the ethene production pathway. 

2.3.7 C-C bond-breaking steps in C2Hx species 

The reaction energies and activation barriers for C-C bond cleavage is 

considerably more varied in magnitudes and trends on Pt(111) and the Pt-Sn alloys than 

for the C-H bond cleavage reactions reported above (Table 2.4).  The activation energy 

barriers to break C-C bonds (1.23 – 3.26 eV on Pt, up to 3.77 eV on the alloys) are 

significantly larger than those for C-H bonds. However, the trend with increasing Sn 

coverage depends on the specific reaction intermediate whose C-C bond is undergoing 

cleavage. For example, the barrier to break the C-C bond in adsorbed ethane is highest on 

Pt(111) (3.26 eV) and lowest on PtSn/Pt (2.45 eV), while C-C cleavage in ethyl follows 

the opposite trend – 1.89 eV on Pt(111) and 2.30 eV on PtSn/Pt. Still other species do not 
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follow monotonic trends, such as vinyl, where the barrier is largest for the Pt3Sn/Pt 

surface. For acetylene and further dehydrogenated species (acetylidene and dicarbon) on 

Pt(111), C-C bond cleavage has a lower activate energy barrier than C-H bond cleavage. 

The variation in C-C bond breaking energies is in part due to the influence of 

surface corrugation. When adsorbates and transition states interact with the metal atoms 

of the model surfaces used in this study, they may induce the movement of one or more 

metal atoms perpendicular to the metal surface. Atoms that move “upwards” in this way 

have less interaction with their neighbors, and greater interaction with the adsorbate or 

transition state to which they are bonded. No significant surface corrugation was 

observed on the Pt(111) surface in any of the reactions studied here, but the behavior was 

different for the alloys. In the presence of Sn atoms, the neighboring Pt atoms became 

more mobile and able to displace by up to 0.5 Å normal to the surface in the presence of 

C2Hx adsorbates. These effectively lower-coordinate Pt atoms were involved in several 

C-C cleavage mechanisms (but played little or no role in C-H cleavage), especially in the 

transition state where the degree of corrugation is exaggerated. For example, the C-C 

cleavage in adsorbed ethane takes place over a Pt atom that is displaced vertically by 1.16 

Å and 1.87 Å in the transition state on the Pt3Sn/Pt and PtSn/Pt surfaces respectively, 

effectively reducing the barrier for breaking the C-C bond as compared to Pt(111) where 

the corrugation displacement of Pt was only 0.29 Å in the transition state. However, since 

these transition state energies were very high, the effect of Pt atom corrugation on these 

C-C bond cleavage reactions may be of little more than academic interest. 

At high Sn coverage, both Pt atoms and Sn atoms were able to undergo significant 

vertical displacement, with Sn displacement apparently more prevalent in the calculations 
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performed in this study. The vertical displacement of Sn atoms, when observed, was 

always ~ 1.5 Å, regardless of the adsorbate inducing the surface corrugation.  Binding 

energies for these species with corrugation were ~0.2 eV stronger than in the absence of 

significant Sn atom displacement. The Sn atom corrugation also served to stabilize the 

product of many C-C bond cleavage steps, as methyl groups showed equal preference to 

top sites over Pt and Sn atoms (Table 2.2). In C-C cleaving reactions that produced a 

methyl product, the reaction energies to coadsorbed products were lower on the PtSn/Pt 

alloy than on the lower-Sn alloy, while the reaction energies for reactions without methyl 

products were significantly larger. The effect is not observed when considering the 

species at infinite separation, which eliminates the effects of competition for optimal 

binding sites and repulsion between adsorbates. In these cases where a methyl group was 

coadsorbed at a top site over Sn, the Sn atoms displacement normal to the surface was 

~1.5 Å. 

2.3.8 Minimum energy pathway to atomic carbon 

Without a priori information, atomic carbon seems a reasonable candidate as a 

coke precursor during high temperature alkane reactions under reducing conditions. One 

can imagine a combination of C-H and C-C cleavage steps that would lead to the 

formation of atomic carbon on a catalyst that would then oligomerize and aromatize to 

form graphitic coke. On the Pt and Pt-Sn alloy surfaces studied here, dicarbon was found 

to be very energetically unfavorable, such that it is unlikely to be a coke precursor via 

dehydrogenation of ethane. 

To produce atomic carbon on Pt(111), the minimum energy pathway is to 

dehydrogenate ethane to acetylene (independent of which isomeric intermediate is used) 
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before breaking the C-C bond. The highest barrier in the pathway is 1.27 eV (relative to 

gaseous ethane) to cleave the acetylene C-C bond to form two methylidyne species. The 

subsequent C-H cleavage in methylidyne is lower in barrier than the C-C cleavage step. 

The overall process to atomic carbon is essentially thermo-neutral (+0.06 eV). With a low 

barrier and minimal required energy, atomic carbon is possibly found on Pt(111). 

Due to the increased endothermicity for each C-H bond cleavage step on Pt3Sn/Pt, 

the minimum energy pathway to atomic carbon cleaves the C-C bond earlier (fewer C-H 

bond-breaking steps before breaking the C-C bond). The preferred pathway cleaves the 

C-C bond in ethylidene, and the highest energy transition state in the pathway (final C-H 

cleavage in methylidyne) is 2.14 eV higher in energy than gaseous ethane. The net 

reaction energy is 1.42 eV uphill. 

On PtSn/Pt, the pathway to carbon cleaves the C-C bond immediately in adsorbed 

ethane, followed by successive dehydrogenation steps. The highest barrier is once again 

to remove hydrogen from methylidyne to form atomic carbon, 3.61 eV higher than gas-

phase ethane, with a net reaction energy of 3.00 eV, even at high alkane dehydrogenation 

temperatures. 

On both alloys, the formation of atomic carbon is much less favorable than on 

pure Pt. On the higher Sn-content alloy, the energetics of atomic carbon formation have 

become so unfavorable that atomic carbon is not expected to be relevant to the pathway 

to forming coke.  

In the experiments, the addition of Sn has been shown to significantly decrease 

coke formation, perhaps consistent with the elimination of atomic carbon formation 
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predicted in these calculations. However, the formation of coke is not eliminated on Pt-

Sn alloys. This suggests that a different coke formation mechanism may operate on the 

alloys (possible also on pure Pt alongside or instead of an atomic carbon-based 

mechanism). The high formation energies and barriers to form dicarbon eliminate 

dicarbon as a viable intermediate as well, and acetylene has never been reported as a gas 

phase product, suggesting that the key coke precursors are less dehydrogenated species 

than acetylene. A possible mechanism for coke formation may involve the partial 

dehydrogenation of ethane to C2HX species, which themselves oligomerize and thereafter 

aromatize and dehydrogenate to yield the graphitic coke observed in experiment. 

2.4 Conclusions 

Density functional theory calculations have been performed to investigate the 

effect of alloying Pt with Sn on selectivity to ethene and coke during ethane 

dehydrogenation. The complete dehydrogenation pathway potential energy surface on 

Pt(111) was compared to Pt-Sn surface substitutional alloys with Sn coverage levels of ¼ 

and ½ ML (Pt3Sn/Pt and PtSn/Pt), including every C-H and C-C bond scission step. With 

the addition of ¼ ML Sn to the Pt surface, there was no disruption of three-fold Pt sites, 

so there was no change in preferred binding geometries and minimal changes to the 

reaction pathways. For the ½ ML Sn loading, the elimination of these sites caused 

significant changes to the binding geometries, transition state structures, and elementary 

reaction step pathways. 

Both alloy surfaces experienced an electron donating effect of Sn atoms to 

neighboring Pt atoms. This electronic modification decreased binding energies of 

adsorbates to Pt and increased the endothermicity and reaction barrier of each elementary 
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C-H and C-C bond breaking step. This increase favors ethene selectivity over unselective 

coke formation, as desorption of the product is more facile, and subsequent bond-

cleavage reactions are more unfavorable. 

The selectivity to the desired product ethylene and to coke (as atomic carbon) were 

compared on the basis of the net reaction energy and highest activation energy barrier 

(both relative to gaseous ethane) to each product on the three surfaces. On Pt(111), the 

reaction energy to form ethene is 0.80 eV and the  highest barrier is 0.85 eV. The reaction 

energy to atomic carbon from ethane is 0.06 eV with a barrier of 1.06 eV. Poor selectivity 

to ethene over atomic carbon is expected on Pt(111), as is seen in experiments. On the 

Pt3Sn/Pt surface, both reaction pathways are more endothermic (0.87 eV and 1.42 eV for 

ethene and carbon formation respectively) and have higher barriers (1.29 eV and 2.14 

eV), but the impact is greater on the carbon pathway so that ethene formation is more 

favorable than on the pure Pt surface, increasing predicted selectivity on the alloy. On the 

highest Sn-loading PtSn surface, the formation of ethene further increases to 1.44 eV 

uphill with a 1.94 eV barrier, while the formation of carbon is severely 

thermodynamically and kinetically hindered (3.00 eV and 3.61 eV respectively). These 

results point to increasing selectivity towards ethene with increasing Sn loading as well 

as suggesting that the coke-forming mechanism switches from an atomic carbon-

mediated mechanism to some other mechanism, as some coke formation is still observed 

experimentally over high Sn alloys. 
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2.A Supporting Information: Pictorial Mechanisms for CxHy 

dehydrogenation on Pt and PtSn alloys 

 

Table A.1 Initial, final, and transition state structures for each elementary reaction step for dehydrogenation of 

CHx species on Pt(111), Pt3Sn/Pt, and PtSn/Pt.0-7 

 Pt(111) 

Reaction Reactant state Transition state Product state 

CH4* + * → 

CH3* + H* 

   

CH3* + * → 

CH2* + H* 

   

CH2* + * → 

CH* + H* 

   

CH* + * → 

C* + H* 

   

 Pt3Sn/Pt(111) 

Reaction Reactant state Transition state Product state 
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CH4* + * → 

CH3* + H* 

   

CH3* + * → 

CH2* + H* 

   

CH2* + * → 

CH* + H* 

   

CH* + * → 

C* + H* 

   

 PtSn/Pt(111) 

Reaction Reactant state Transition state Product state 

CH4* + * → 

CH3* + H* 
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CH3* + * → 

CH2* + H* 

   

CH2* + * → 

CH* + H* 

   

CH* + * → 

C* + H* 

   

 

Table A.2 Initial, final, and transition state structures for each elementary reaction step for C2Hx species on Pt(111).0-8 

Dehydrogenation 

(reactant) 
Reaction 

Initial 

State 

Transition 

State 

Final 

State 

Ethane 

 

CH3CH3* + * → 

CH3CH2* + H* 

   

Ethyl 

 

CH3CH2* + * → 

CH3CH* + H* 

   

Ethyl 

 

CH3CH2* + * → 

CH2CH2* + H* 

   



41 

 

  

 

Ethylidene 

 

CH3CH* + * → 

CH3C* + H* 

   

Ethylidene 

 

CH3CH* + * → 

CH2CH* + H* 

   

Ethylidene 

(isomerization) 

 

CH3CH*→ 

CH2CH2* 

   

Ethylidyne 

 

CH3C* + * → 

CH2C* + H* 

   

Ethene 

 

CH2CH2*+ *  → 

CH2CH* + H* 

   

Vinyl 

 

CH2CH* + * → 

CH2C* + H* 

   

Vinyl 

 

CH2CH* + * → 

CHCH* + H* 

   

Vinylidene 

 

CH2C* + * → 

CHC* + H* 
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Acetylene 

 

CHCH* + * → 

CHC* + H* 

   

Acetylidene 

 

CHC* + * →  

C2* + H* 

   
C-C Cleavage 

(reactant) 
Reaction 

Initial 

State 

Transition 

State 

Final 

State 

Ethane 

 

CH3CH3* + * → 

CH3* + CH3* 

   

Ethyl 

 

CH3CH2* + * → 

CH3* + CH2* 

   

Ethylidene 

 

CH3CH* + * → 

CH3* + CH* 

   

Ethylidyne 

 

CH3C* + * → 

CH3* + C* 

   

Ethene 

 

CH2CH2*+ *  → 

CH2* + CH2* 

   

Vinyl 

 

CH2CH* + * → 

CH2* + CH* 
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Vinylidene 

 

CH2C* + * → 

CH2* + C* 

   

Acetylene 

 

CHCH* + * → 

CH* + CH* 

   

Acetylidene 

 

CHC* + * → 

CH* + C* 

   

Dicarbon 

 

C2* + * →  

C* + C* 

   
 

Table A.3 Initial, final, and transition state structures for each elementary reaction step for C2Hx species on 

Pt3Sn/Pt 0-9 

Dehydrogenation 

(reactant) 
Reaction 

Initial 

State 

Transition 

State 

Final 

State 

Ethane 

 

CH3CH3* + * → 

CH3CH2* + H* 

   

Ethyl 

 

CH3CH2* + * → 

CH3CH* + H* 

   

Ethyl 

 

CH3CH2* + * → 

CH2CH2* + H* 
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Ethylidene 

 

CH3CH* + * → 

CH3C* + H* 

   

Ethylidene 

 

CH3CH* + * → 

CH2CH* + H* 

   

Ethylidene 

(isomerization) 

 

CH3CH*→ 

CH2CH2* 

   

Ethylidyne 

 

CH3C* + * → 

CH2C* + H* 

   

Ethene 

 

CH2CH2*+ *  → 

CH2CH* + H* 

   

Vinyl 

 

CH2CH* + * → 

CH2C* + H* 

   

Vinyl 

 

CH2CH* + * → 

CHCH* + H* 

   

Vinylidene 

 

CH2C* + * → 

CHC* + H* 
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Acetylene 

 

CHCH* + * → 

CHC* + H* 

   

Acetylidene 

 

CHC* + * →  

C2* + H* 

   
C-C Cleavage 

(reactant) 
Reaction 

Initial 

State 

Transition 

State 

Final 

State 

Ethane 

 

CH3CH3* + * → 

CH3* + CH3* 

   

Ethyl 

 

CH3CH2* + * → 

CH3* + CH2* 

   

Ethylidene 

 

CH3CH* + * → 

CH3* + CH* 

   

Ethylidyne 

 

CH3C* + * → 

CH3* + C* 

   

Ethene 

 

CH2CH2*+ *  → 

CH2* + CH2* 

   

Vinyl 

CH2CH* + * → 

CH2* + CH* 
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Vinylidene 

 

CH2C* + * → 

CH2* + C* 

   

Acetylene 

 

CHCH* + * → 

CH* + CH* 

   

Acetylidene 

 

CHC* + * → 

CH* + C* 

   

Dicarbon 

 

C2* + * →  

C* + C* 

   
 

Table A.4 Initial, final, and transition state structures for each elementary reaction step for C2Hx species on PtSn/Pt 

0-10 

Dehydrogenation 

(reactant) 
Reaction 

Initial 

State 

Transition 

State 

Final 

State 

Ethane 

 

CH3CH3* + * → 

CH3CH2* + H* 

   

Ethyl 

 

CH3CH2* + * → 

CH3CH* + H* 

   

Ethyl 

 

CH3CH2* + * → 

CH2CH2* + H* 

   



47 

 

  

 

Ethylidene 

 

CH3CH* + * → 

CH3C* + H* 

   

Ethylidene 

 

CH3CH* + * → 

CH2CH* + H* 

   

Ethylidene 

(isomerization) 

 

CH3CH*→ 

CH2CH2* 

   

Ethylidyne 

 

CH3C* + * → 

CH2C* + H* 

 

proceeds via 

isomerization 

and then 

dehydrogenation 
 

Ethylidyne 

(isomerization) 

CH3C* → 

CH2CH* 

   

Ethene 

 

CH2CH2*+ *  → 

CH2CH* + H* 

   

Vinyl 

 

CH2CH* + * → 

CH2C* + H* 

   

Vinyl 

 

CH2CH* + * → 

CHCH* + H* 
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Vinylidene 

 

CH2C* + * → 

CHC* + H* 

   

Acetylene 

 

CHCH* + * → 

CHC* + H* 

   

Acetylidene 

 

CHC* + * →  

C2* + H* 

   
C-C Cleavage 

(reactant) 
Reaction 

Initial 

State 

Transition 

State 

Final 

State 

Ethane 

 

CH3CH3* + * → 

CH3* + CH3* 

   

Ethyl 

 

CH3CH2* + * → 

CH3* + CH2* 

   

Ethylidene 

 

CH3CH* + * → 

CH3* + CH* 

   

Ethylidyne 

 

CH3C* + * → 

CH3* + C* 

   

Ethene 

 

CH2CH2*+ *  → 

CH2* + CH2* 
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Vinyl 

 

CH2CH* + * → 

CH2* + CH* 

   

Vinylidene 

 

CH2C* + * → 

CH2* + C* 

   

Acetylene 

 

CHCH* + * → 

CH* + CH* 

   

Acetylidene 

 

CHC* + * → CH* 

+ C* 

   

Dicarbon 

 

C2* + * →  

C* + C* 
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Chapter 3: Light alkane dehydrogenation over various Pt Alloys 

3.1 Introduction 

Ethane is a common product of industrial hydrocarbon processing including 

petroleum cracking, Fischer-Tropsch synthesis, and ethane hydrocracking. Interest in 

obtaining ethene from ethane dehydrogenation has increased due to the recent 

development of shale deposits in North America, which are ‘wet,’ i.e. contain 

considerable amounts of natural gas liquids1. In North America, this influx of light 

alkanes has displaced naphtha cracking as the major source of light alkenes. 

There are many methods to dehydrogenate light alkanes from steam cracking to 

dehydrogenation to oxidative dehydrogenation.1-8 High temperature steam cracking 

generates significant amounts of carbonaceous deposits coating the reactor walls, thus 

requiring periodic reactor shutdowns to remove coke. Oxidative dehydrogenation 

eliminates hydrogen gas as a byproduct due to the water formation. It also suffers from a 

significant selectivity issue due to the competition between the oxidative dehydration 

reaction and the extremely fast combustion of the alkene product. Catalytic 

dehydrogenation requires lower temperatures than steam cracking, which lowers the coke 

formation. Without oxygen, the dehydrogenation process does not compete with the 

combustion reaction and forms the valuable byproduct, hydrogen gas. 

Among pure metal catalysts, Pt exhibits the highest activity, selectivity, and 

thermal stability for light alkane dehydrogenation, 7,8,26 but still suffers from significant 

deactivation due to coke formation,27-29 and exhibits undesired C-C bond cleavage 

activity leading to methane73 in addition to olefin products. Alloying Pt with Sn has been 

practiced industrially as a means to decrease catalyst deactivation by 60% and reduce 
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deactivation by 50%34 as compared to Pt alone. Research has also shown that alloying 

main group elements such as Ga and In8,30-34,74-76 show even less deactivation than Sn. 

Transition metal alloys such as Au,77 Cu,78 and Re79  have also been investigated as 

potentially useful alloys. The effect of Sn has been explained as a weakening of the 

bonding between the catalyst surface and the product alkene when compared to the pure 

Pt case, facilitating alkene desorption.27-32 In addition to weakening the ethene binding 

energy, the rates of dehydrogenation and C-C bond scission were also decreased. The 

activation energy barrier for dehydrogenation (of ethyl radicals derived from ethane) 

increased, suggesting that the alloy catalysts exhibit a reduction in activity along with an 

increase in selectivity.28 

Computationally, Density Functional Theory (DFT) has been a useful tool for 

explaining trends in the experimental data in light alkane dehydrogenation. DFT 

calculations of decreased alkene binding energy PtSn alloys as compared to pure Pt16-19 

are in good agreement with experimental measurements.27-32 DFT has shown evidence 

that coke formation precursors on Pt(111) are likely formed through the C-C bond 

cleavage of alkynes,39 which is highly unfavored on PtSn alloys. 80  In addition, the 

activation energy barrier for ethene80 and propylene40 dehydrogenation, are higher on 

PtSn alloys than the alkene desorption step, which leads to higher alkene selectivity and 

less coke formation due to alkene dehydrogenation. Calculations on PtAu alloys have 

shown that Au functions as an electron donor,81 and enriching Pt with electrons decreases 

its capability to break C-H bonds.82 

Previously, we have investigated the effect of Sn coverage in PtSn alloys on the 

predicted selectivity towards ethene and coke during ethane dehydrogenation using DFT 
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calculations.80 Our calculations showed that at ¼ ML Sn coverage, the alloy effect was 

entirely electronic, as three-fold hollow sites of Pt atoms were preserved from the pure Pt 

surface. Nonetheless, the barriers for C-H and C-C bond cleavage were significantly 

increased, and the binding energy of ethene was significantly reduced, suggesting an 

improvement in selectivity. At a higher Sn coverage of ½ ML, the geometric ensembles 

of Pt atoms were disrupted and three-fold binding to Pt atoms was no longer possible, 

leading to both geometric and electronic effects. The higher Sn coverage was predicted to 

have an even greater improvement in selectivity. This predicted selectivity difference is 

in good agreement with experimentally observed trends of lower coke formation with 

increasing Sn content.34,31,41,74, 75 We also found that both hydrogen and ethene compete 

for the same binding site, leading to enhanced ethene desorption, which is in good 

agreement with the experimental practice of cofeeding hydrogen during alkane 

dehydrogenation experiments to reduce coke formation.29,34,75 

In this work, we have expanded the scope of electronic structure calculations in 

alkane dehydrogenation to other Pt-alloy compositions. We have considered twenty-

seven Pt-transition metal alloys for metals from Groups 7-11, and Pt-post-transition metal 

alloys for metals from 12-15. Binding energies of C1 and C2 species derived from 

methane and ethane were calculated on low (¼ ML) and high (½ ML) coverage surfaces 

of these alloys, and the alloys grouped according to their preferred binding modes. The 

key selectivity descriptor for ethane dehydrogenation is the competition of ethene 

desorption (desired) with ethene dehydrogenation (undesired). The activation energy 

barrier for ethene dehydrogenation was calculated and compared to the ethene desorption 

energy to predict which alloys would potentially show enhanced selectivity to ethene at 
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low and high alloy coverages. The optimal alloy composition was predicted to be 

coverage dependent. A general approach to predicting the selectivity descriptor – itself an 

expensive calculation - was developed using a linear scaling relation with the 

computationally inexpensive calculation of the binding energies simple adsorbates.  

3.2 Methods 

Periodic, self-consistent DFT calculations were performed using the VASP 

code49,50 within the generalized gradient approximation (GGA-PW91)51 using projector-

augmented wave (PAW)52,53 potentials. The single-electron wave functions were 

expanded using plane waves with an energy cutoff of 400 eV. All metal slabs were based 

on the (111) surface of fcc Pt, and modeled by a (2 × 2) surface unit cell with four atomic 

layers for a total of 16 metal atoms (Pt or Sn). A larger (3 × 3) until cell was tested for 

periodic image interaction effects, but these effects were small (< 0.05 eV) and were 

consistent between adsorbates of different sizes (e.g. 0.006 eV difference between ethyl 

and methyl adsorbates). The choice of a smaller unit cell size therefore has a small effect 

on reported binding energies and a negligible effect on reaction energies. 

To generate the surface substitutional alloys, surface Pt atoms were substituted by 

Sn and the surface structure was reoptimized by relaxation. Substituting one Pt atom with 

the alloying element, M, in the surface layer creating a ¼ monolayer (ML) coverage 

alloy, and substituting two Pt atoms gives ½ ML coverage. The lattice constant of Pt was 

calculated to be 3.98 Å, in good agreement with experimental value of 3.92 Å.54 A 

vacuum layer of 12 Å was used to separate any two successive slabs in the z direction 

(normal to the surface), and a dipole correction was applied and the electrostatic potential 

was adjusted to ensure that interaction between the surface slab and its periodic images 
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was negligible.55 The Brillouin zone was sampled using a (6 × 6 × 1) Gamma-centered 

Monkhorst-Pack k-point mesh56 following a convergence test for adsorbate binding 

energies with respect to sampling mesh size. The bottom two layers of each metal slab 

were fixed in their bulk positions while the top two layers were allowed to relax in all 

calculations. Binding energy is defined as BE = Eads – Eslab – Egas, where Eads, Eslab, Egas 

are the total energies calculated for the slab with the adsorbate on it, the clean slab, and 

the adsorbate in the gas phase, respectively. The addition of a single adsorbate molecule 

to a metal slab with a (2 × 2) surface until cell corresponds to ¼ ML adsorbate coverage. 

The climbing image nudged elastic band (CINEB) method57 was used to calculate 

transition state and activation energy barriers. All transition states were verified by 

identifying a single imaginary frequency along the reaction coordinate. 

3.3. Results and Discussion 

In the dehydrogenation pathway from ethane to ethene, the first C-H bond 

cleavage step results in ethyl species. Being an asymmetric species, dehydrogenation of 

ethyl leads to two possible products: ethylidene and ethylene. Our previous work on Pt 

and PtSn alloys has shown that ethylidene isomerization is energetically unfavorable.80 

Further, the introduction of Sn increased the ethyl dehydrogenation barriers to both 

ethylidene and ethene by similar amounts due to the similarities in the C-H bond cleavage 

mechanisms. As such, it is unlikely that any alloy will alter the selectivity between 

ethylidene and ethyl in any significant way. Alloying with Sn also increased C-C bond 

cleavage barriers – as C-C cleavage in ethene was uncompetitive with respect to other 

reactions of ethene, it will similarly not be considered further here. The remaining 

reactions of primary interest are the dehydrogenation of ethene to form vinyl, and the 
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desorption of ethene. The reactions described above are summarized in Figure 3.1, with 

the reaction and activation energy barriers on the Pt(111) surface shown. 

 

Figure 3.1: The three possible pathways for adsorbed ethene with Pt(111) energies. BOLD is the thermodynamic 

change in energy and italic is the kinetic barrier in eV. 00-1 

As described in previous computational and experimental work, the key to 

improving dehydrogenation selectivity is loosening the interaction of the ethene with the 

catalyst surface, permitting its desorption prior to undergoing further reaction via 

dehydrogenation.83  Therefore the difference between the desorption energy of ethene 

(ΔEdes) and the activation energy for ethene dehydrogenation (Ea,ethene) is a key reactivity 

descriptor that will be useful to capture the intrinsic selectivity of a particular alloy, and 

in particular for comparing the predicted selectivities of different alloys. Here we define 

the selectivity descriptor as this difference (eq 3.1). ΔEdes is equal to absolute value of 

the binding energy of ethene.  

Selectivity Descriptor = Ea,ethene – ΔEdes   Eq 3.1 

  

The selectivity descriptor defined above appears as the exponential argument of 

the instantaneous selectivity (𝑆𝐷
𝑈⁄ ) calculated as the rate of desorption divided by the 

rate of dehydrogenation of ethene. ri and Ai are the rate and pre-exponential factors for 
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reaction i, A0 is the ratio of pre-exponential factors, θj is the surface coverage of species j, 

and * is a surface site. 

 𝑆D
U⁄ =

𝑟desorption

𝑟dehydrogenation
=

𝐴desorption𝑒
−𝚫𝑬des

𝑅𝑇 ∙𝜃𝐶2H4*

𝐴dehydrogenation𝑒
−𝑬a,ethene

𝑅𝑇 ∙𝜃𝐶2H4*∙𝜃*

= 𝐴0𝑒
𝑬a,ethene−𝚫𝑬des

𝑅𝑇 ∙
1

𝜃*
 Eq 3.2.  

3.3.1 Model PtxM/Pt(111) Surfaces 

 The phase diagrams of Pt alloys form numerous different bulk compositions. 

Following our previous work,80 we have modeled various alloys using a surface 

substitutional alloy model. A (2 × 2) unit cell of fcc Pt(111) with four layers was used as 

basis for the metal surface. The alloys were created by substitution of one surface Pt atom 

with the alloying element M in the case of Pt3M/Pt(111), giving a surface with ¼ ML 

coverage by M, and substitution of two surface Pt atoms with the alloying element M in 

the case of PtM/Pt(111), giving a surface with ½ ML coverage. The created surfaces are 

virtually identical in general appearance to the model PtSn alloys from earlier work. 80 

On Pt3M/Pt(111) surfaces, the guest M atoms are isolated from each other. This 

allows for two distinct types of three-fold hollow sites. Small clusters of Pt atoms form 

three-fold hollow sites consisting of three Pt atoms. Around the M atom, the three-fold 

hollow sites consist of two Pt atoms and one M atom. At higher alloy coverage, 

PtM/Pt(111), the three-fold Pt-only sites are removed, and all three-fold binding sites 

consist of one or two M atoms. 

The selection of alloying element M was made to include all experimentally 

reported alloys investigated for selective alkane dehydrogenation, common alloys of Pt 

used in catalysis, and elements from groups adjacent to these. The 27 elements selected 

for this study comprise the transition metals from Groups 7-11 and the post-transition 
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metals and from Groups 12-15. The post-transition metals (P-T) metals included Zn, Cd, 

Hg, Al, Ga, In, Tl, Ge, Sn, Pb, Sb, and Bi. The transition metals were further classified 

according to preferred binding site for a carbon atom. Those transition metal alloys where 

a carbon atom placed on a Pt3M/Pt(111) surface preferred to bind (larger absolute binding 

energy) to a three-fold hollow with 3 Pt atoms were labelled non-preferred transition 

(NT) metals, because carbon preferentially avoids the guest metal atom M. Conversely, 

transition metal alloys where the carbon atom preferred binding to a three-fold hollow 

with two Pt atoms and one guest M atom instead were labelled carbon-preferred 

transition (CT) metals. 

The preferred binding mode for carbon atoms on Pt3M/Pt(111) alloy surfaces for 

all alloys investigated in this this study are summarized in Figure 3.2. All the P-T metal 

alloys and the NT metal alloys showed the same best binding site, where the carbon atom 

prefers binding to Pt-only hollow sites. The NT metals included Mn, Fe, Co, Ni, Pd, (Pt), 

Cu, Ag, and Au. The binding geometry similarity between P-T and NT alloys permitted 

simple comparison of the electronic effect of the metal atoms, as binding geometries were 

largely unaltered between these alloys as compared to pure Pt at ¼ ML coverage. Nearly 

all the alloys considered at the low coverage were also considered at ½ ML coverage 

except the three largest atoms, Bi, Tl, and Pb. These three tended to rearrange their 

surfaces at high coverage in some calculations, and so these results were not considered 

further. The CT metals included Tc, Re, Ru, Os, Rh, and Ir. For all alloys, the preferred 

binding geometry for carbon atoms followed roughly the guest metal atom’s reactivity 

relative to platinum. Due to the different preferred binding sites for carbon atoms relative 
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to pure Pt and the P-T and NT alloys, the results on the C-T alloys comprise both 

geometric and electronic effects at ¼ ML coverage. 

Those transition metals more reactive than platinum (roughly those falling to the 

right of Pt in Groups 7-9) were CT alloys. The noble transition metals in Groups 11 and 

palladium were NT alloys. The first-row transition metals were a major exception to this 

general rule. Mn, Fe, Co, and Ni would be expected to be more reactive than Pt under 

normal circumstances – yet the preferred binding sites for carbon atoms were consistent 

with NT alloys. On these surfaces, carbon atoms prefer to avoid the guest metal atoms 

due to their high-spin electronic configurations (maximized unpaired electrons in the d 

orbitals of the guest metal atoms). When these four alloy surfaces were calculated 

without spin polarization, the electronic structure of the metals converged to low-spin 

solutions (maximizing paired electrons in the d orbitals), and carbon preferred to bind to 

the guest atom, similar to the CT alloys.  

 

Figure 3.2: Binding site preferences of carbon atoms on three categories of alloying elements: post-

transition (P-T) metals, non-preferred transition (NT) metals, and carbon-preferred transition (CT) metals. 

0-2 
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3.3.2 Binding of CHx & H species 

 For ¼ ML and ½ ML coverage alloys, the binding energies and site preferences of 

CHx and H species are listed in Table 3.1, Table 3.2 shows the resulting structures. The 

binding geometries of all NT and P-T surfaces were nearly identical to one another, so 

Table 3.2 shows the Pt3In/Pt(111) surface as a representative example. The binding 

geometries of all CT surfaces were also nearly identical to one another, and so are 

represented by Pt3Re/Pt(111) in Table 3.2. 

The binding preferences of CHx and H species followed a similar trend to that of 

atomic carbon. These species bind preferentially to binding that maximize bonding to Pt 

atoms on the P-T and NT alloys, and maximize bonding to sites with M atoms on the CT 

alloys. Additionally, the binding site preference for CHx species is to sites that allow sp3 

hybridization at the carbon atom, and carbon and hydrogen atoms prefer three-fold 

hollow sites. Following these rules, the binding site preferences in Tables 1 and 2 can be 

summarized rather concisely. On P-T and NT alloys H, C, and methylidyne (CH) prefer 

to bind to three-fold Pt hollows (Pt3) at ¼ ML coverage, and three-fold Pt2M hollows at 

½ ML coverage. Methyl (CH3) prefers to bind to Pt top sites at both coverages. On CT 

alloys H, C, and CH prefer to bind to three-fold Pt2M at ¼ ML coverage, and three-fold 

PtM2 hollows at ½ ML coverage. Methyl (CH3) prefers to bind to M top sites at both 

coverages.  

Alloys from the P-T and NT groupings generally weakened binding relative to 

Pt(111), while CT alloys generally strengthened binding. The P-T alloys had a larger 

effect on the binding energies than the NT alloys. These effects were more pronounced at 

higher alloy coverages than at lower coverages – CT alloys bound these species even 
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more strongly and P-T alloys bound these species even more weakly. PtMn alloys did not 

fit neatly in this trend, with much weaker binding energies at low coverage and much 

stronger binding at higher coverage. As stronger binding affinity for these species may be 

expected to correlate with stronger binding of other carbonaceous species as established 

for PtSn,80 this already suggests that P-T alloys will be preferable for higher selectivity 

during ethane dehydrogenation. Alloy compositions for which binding energies for CHx 

species were stronger than on Pt(111) at ¼ ML coverage were not calculated at the higher 

coverage. This eliminated PtZn among the P-T alloys, and all the NT and CT alloys 

except for PtMn. PtRe, PtCu, and PtAu were also calculated at the higher coverage as 

examples of NT and CT alloys for later calculations. 

Table 3.1 Binding Energies and Site Preferences for H & CHx species on various (111) Surfaces 0-1 

  Adsorbate BE (eV) 

¼ ML Surface H C CH CH3 

P-T (¼ ML) Binding Sitea  fcc (Pt3) fcc (Pt3) fcc (Pt3) Top (Pt) 

 
Pt3Zn/Pt -2.88 -7.10 -6.78 -2.08 

 
Pt3Cd/Pt -2.83 -6.90 -6.62 -1.94 

 
Pt3Hg/Pt -2.77 -6.67 -6.42 -1.85 

 
Pt3Al/Pt -2.86 -6.89 -6.59 -2.05 

 
Pt3Ga/Pt -2.83 -6.90 -6.50 -2.02 

 
Pt3In/Pt -2.79 -6.55 -6.31 -1.88 

 
Pt3Tl/Pt -2.73 -6.58 -6.20 -1.68 

 
Pt3Ge/Pt -2.79 -6.84 -6.39 -2.13 

 
Pt3Sn/Pt -2.72 -6.28 -6.08 -1.85 

 
Pt3Pb/Pt -2.68 -6.51 -6.29 -1.64 

 
Pt3Sb/Pt -2.67 -6.26 -6.03 -1.88 

 
Pt3Bi/Pt -2.62 -6.24 -5.97 -1.67 

NT (¼ ML) Binding Sitea  fcc (Pt3) fcc (Pt3) fcc (Pt3) Top (Pt) 

 
Pt3Mn/Pt -2.86 -5.27 -6.79 -2.08 

 
Pt3Fe/Pt -2.82 -8.34 -8.04 -3.39 

 
Pt3Co/Pt -2.83 -7.09 -6.78 -2.10 

 
Pt3Ni/Pt -2.86 -7.25 -6.93 -2.14 

 
Pt3Pd/Pt -2.79 -7.18 -6.87 -2.10 

 
Ptb -2.75 -6.97 -6.70 -2.07 
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Pt3Cu/Pt -2.88 -7.29 -6.95 -2.12 

 
Pt3Ag/Pt -2.84 -7.20 -6.87 -2.05 

  Pt3Au/Pt -2.78 -7.02 -6.74 -2.02 

CT (¼ ML) Binding Sitea  fcc (Pt2M) fcc (Pt2M) fcc (Pt2M) Top (M) 

 
Pt3Tc/Pt -2.79 -7.26 -6.96 -2.07 

 
Pt3Re/Pt -2.72 -7.31 -7.11 -2.02 

 
Pt3Ru/Pt -2.80 -7.38 -7.00 -2.09 

 
Pt3Os/Pt -2.78 -7.53 -7.22 -2.06 

 
Pt3Rh/Pt -2.84 -7.27 -6.88 -2.13 

 
Pt3Ir/Pt -2.80 -7.38 -7.06 -2.09 

½ ML Surface H C CH CH3 

P-T (½ ML) Binding Sitea  fcc (Pt2M) fcc (Pt2M) fcc (Pt2M) Top (Pt) 

 
PtCd/Pt -2.76 -5.83 -5.46 -1.84 

 
PtHg/Pt -2.57 -5.91 -5.46 -1.64 

 
PtAl/Pt -2.81 -6.01 -5.87 -2.03 

 
PtGa/Pt -2.75 -5.90 -5.75 -2.01 

 
PtIn/Pt -2.57 -5.38 -5.29 -1.69 

 
PtGe/Pt -2.68 -5.68 -5.53 -2.02 

 
PtSn/Pt -2.44 -5.69 -5.28 -1.69 

 
PtSb/Pt -2.58 -6.21 -5.78 -1.80 

NT (½ ML) Binding Sitea  fcc (Pt2M) fcc (Pt2M) fcc (Pt2M) Top (Pt) 

 
PtMn/Pt -5.68 -9.44 -9.16 -4.91 

 
PtCu/Pt -2.81 -6.86 -6.48 -2.15 

  PtAu/Pt -2.67 -6.29 -6.04 -1.94 

CT (½ ML) Binding Sitea fcc (PtM2) fcc (PtM2) fcc (PtM2) Top (M) 

  PtRe/Pt -2.74 -7.53 -7.24 -2.08 

a PtxMy indicates a three-fold hollow site (x+y=3) consisting of x Pt atoms and y guest metal M atoms. 
b Calculations on pure Pt(111) given for comparison 
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Table 3.0-2: Best binding geometries for CHx and H species on Pt and alloy surfaces. PtIn alloy shows the binding 

locations for all P-T and NT alloys. PtRe alloy shows the binding locations for CT alloys  

 

3.3.3 Binding of C2Hx 

The selectivity descriptor (eq 3.1) and the reaction pathway to ethene involve 

three C2Hx species, ethyl (C2H5), ethene (C2H4), and vinyl (C2H3), whose binding 

energies and site preferences on select alloy surfaces are given in Table 3.3. The choice 

of alloys investigated here was partly influenced by the results of the scaling relations in 

Section 3.3.6, and so only a subset of those alloys in Table 3.1 appear here. As with CHx 
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species, the C2Hx species were generally more stable when their carbon atoms were in sp3 

hybridization geometries regardless of alloy and alloy coverage. Also, the binding 

geometries avoided C-M bonds for P-T and NT alloys, and maximized C-M bonds in CT 

alloys regardless of coverage. Ethyl and ethene species showed little variability in their 

binding geometries across all surfaces (Table 3.4a). Both carbon atoms were in sp3 

hybridization with a single-bond character to the C-C bond. Ethyl bound to the surface 

via a top site above Pt atoms for P-T and NT alloys, and a top site above the guest metal 

atom for CT alloys regardless of coverage – binding modes consistent with the carbon 

atom binding preferences discussed in Section 3.3.1 above. Ethene bound to two top sites 

on Pt atoms on P-T and NT alloys regardless of alloying element coverage. On CT alloys, 

ethene bound to top site pairs above Pt and M atoms at low coverage of M, but at higher 

coverage were able to bind to two M atom top sites due to the proximity of M atoms. 

These binding structures are given in Table 3.4a. 

The vinyl species showed more variability in binding modes than the other 

species, particularly at ½ ML coverage. On P-T and NT alloys at low coverage, vinyl 

species bound to the surface with sp3 hybridization with the CH2 group on a Pt top site 

and the CH group in a bridging geometry between two Pt atoms. On CT alloys, the 

binding mode was similar, with the CH group bridging between a Pt atom and an M 

atom, and the CH2 group atop Pt at low coverage and atom M at high coverage. On P-T 

and NT alloys at ½ ML coverage, the binding geometries varied significantly, as seen in 

Table 4b. Several alloys maintained the sp3 hybridization, and varied the orientation of 

the molecule. On PtMn, the CH2 group bonded to the guest metal atom, while the CH 

group bridged two Pt atoms. The much stronger binding energy on this alloy compared to 
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the other alloys is attributed to the high-spin electronic structure. PtGa adopted a similar 

binding geometry to PtMn, but with a binding energy similar to the other, low-spin 

alloys. On PtCu, PtAu, PtCd, PtAl, and PtGe, the CH2 group preferred a Pt atom instead, 

forcing the CH group to bridge a Pt-M atom pair, leading to a distorted geometry and a 

shortened C-C bond, indicating more double-bond character. In contrast to all the 

preceding examples, where vinyl bound in a bidentate η2 mode, on PtHg, PtIn, PtSn, and 

PtSb, vinyl bound in an η1 fashion where the carbon atoms retained sp2 hybridization and 

a Pt atom took the place of the missing H atom on the CH group. This binding geometry 

led to significantly weakened binding energy. As the geometric ensembles in the surface 

layer of the alloy were identical, a significant ligand effect of the guest M atoms was 

responsible for the changes in binding geometries.  

As PtSn alloys are commercially relevant light alkane dehydrogenation catalysts, 

and PtIn has been reported to be of significant interest in experimental studies,75 the 

binding energy and binding geometry of the vinyl species can be expected to have a 

significant role in determining the ultimate selectivity of the catalyst at high alloy 

coverage. Since dehydrogenation is energetically uphill (Table 3.5), a late transition state 

– one more resembling the final state than the initial state in an elementary reaction – 

may be expected. For the ethene dehydrogenation reaction (Section 3.3.4), this suggests 

that the structure of adsorbed vinyl will influence the activation energy barrier, Ea,ethene, 

and therefore the selectivity descriptor (eq 3.1). It should be noted that the binding energy 

of ethene (BEC2H4) = – ΔEdes. 
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Table 3.3: C2Hx BE & locations on Pt alloy 0-3 

    Adsorbate BE (eV) 

¼ ML Surface CH3CH2 CH2CH2 CH2CHb 

P-T (¼ ML) Pt3Cd/Pt Top(Pt) -1.71 Top(Pt)-Top(Pt) -0.79 Top(Pt)-Brg(Pt&Pt) -2.85 

 
Pt3Hg/Pt Top(Pt) -1.63 Top(Pt)-Top(Pt) -0.65 Top(Pt)-Brg(Pt&Pt) -2.67 

 
Pt3Al/Pt Top(Pt) -1.85 Top(Pt)-Top(Pt) -1.00 Top(Pt)-Brg(Pt&Pt) -3.04 

 
Pt3Ga/Pt Top(Pt) -1.84 Top(Pt)-Top(Pt) -0.99 Top(Pt)-Brg(Pt&Pt) -3.07 

 
Pt3In/Pt Top(Pt) -1.65 Top(Pt)-Top(Pt) -0.67 Top(Pt)-Brg(Pt&Pt) -2.69 

 
Pt3Tl/Pt Top(Pt) -1.43 Top(Pt)-Top(Pt) -0.35 Top(Pt)-Brg(Pt&Pt) -2.32 

 
Pt3Ge/Pt Top(Pt) -1.94 Top(Pt)-Top(Pt) -0.99 Top(Pt)-Brg(Pt&Pt) -3.01 

 
Pt3Sn/Pt Top(Pt) -1.65 Top(Pt)-Top(Pt) -0.64 Top(Pt)-Brg(Pt&Pt) -2.63 

 
Pt3Pb/Pt Top(Pt) -1.35 Top(Pt)-Top(Pt) -0.25 Top(Pt)-Brg(Pt&Pt) -2.22 

 
Pt3Sb/Pt Top(Pt) -1.67 Top(Pt)-Top(Pt) -0.71 Top(Pt)-Brg(Pt&Pt) -2.72 

 
Pt3Bi/Pt Top(Pt) -1.41 Top(Pt)-Top(Pt) -0.35 Top(Pt)-Brg(Pt&Pt) -2.30 

NT (¼ ML) Pt3Mn/Pt Top(Pt) -1.87 Top(Pt)-Top(Pt) -1.05 Top(Pt)-Brg(Pt&Pt) -3.14 

 
Ptc Top(Pt) -1.89 Top(Pt)-Top(Pt) -1.01 Top(Pt)-Brg(Pt&Pt) -3.10 

 
Pt3Cu/Pt Top(Pt) -1.94 Top(Pt)-Top(Pt) -1.16 Top(Pt)-Brg(Pt&Pt) -3.28 

  Pt3Au/Pt Top(Pt) -1.82 Top(Pt)-Top(Pt) -0.94 Top(Pt)-Brg(Pt&Pt) -3.02 

CT (¼  ML) Pt3Re/Pt Top(M) -1.92 Top(M)-Top(Pt) -1.12 Top(Pt)-Brg(M&Pt) -3.38 

 
Pt3Os/Pt Top(M) -1.98 Top(M)-Top(Pt) -1.20 Top(Pt)-Brg(M&Pt) -3.46 

½ ML Surface CH3CH2 CH2CH2 CH2CH 

P-T (½ ML) PtCd/Pt Top(Pt) -1.59 Top(Pt)-Top(Pt) -0.61 Top(Pt)-Brg(Pt&Pt)a -2.36 

 
PtHg/Pt Top(Pt) -1.39 Top(Pt)-Top(Pt) -0.32 Top(Pt) -2.10 

 
PtAl/Pt Top(Pt) -1.81 Top(Pt)-Top(Pt) -0.93 Top(Pt)-Brg(Pt&Pt)a -2.79 

 
PtGa/Pt Top(Pt) -1.79 Top(Pt)-Top(Pt) -0.93 Top(M)-Brg(Pt&Pt) -2.44 

 
PtIn/Pt Top(Pt) -1.46 Top(Pt)-Top(Pt) -0.38 Top(Pt) -2.15 

 
PtGe/Pt Top(Pt) -1.81 Top(Pt)-Top(Pt) -0.91 Top(Pt)-Brg(Pt&Pt)a -2.62 

 
PtSn/Pt Top(Pt) -1.50 Top(Pt)-Top(Pt) -0.42 Top(Pt) -2.10 

 
PtSb/Pt Top(Pt) -1.20 Top(Pt)-Top(Pt) -0.29 Top(Pt) -1.83 

NT (½ ML) PtMn/Pt Top(Pt) -4.68 Top(Pt)-Top(Pt) -3.88 Top(M)-Brg(Pt&Pt) -5.57 

 
PtCu/Pt Top(Pt) -1.96 Top(Pt)-Top(Pt) -1.24 Top(Pt)-Brg(Pt&Pt)a -3.37 

  PtAu/Pt Top(Pt) -1.74 Top(Pt)-Top(Pt) -0.83 Top(Pt)-Brg(Pt&Pt)a -2.50 

CT (½ ML) PtRe/Pt Top(M) -1.88 Top(M)-Top(M) -1.08 Top(M)-Brg(M&Pt) -3.67 
aAdjacent top and bridge sharing one Pt atom 
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Table 3.4 Best binding geometries of C2Hx species on Pt, NT, and P-T alloys. b) Expanded table for vinyl on PtM 

alloys 0-4 
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Table 3.4b Expanded table for vinyl on PtM alloys 

Pt PtAu/Pt PtAl/Pt PtGe/Pt 

    

PtMn/Pt PtCd/Pt PtGa/Pt PtSn/Pt 

  

 
 

PtCu/Pt PtHg/Pt PtIn/Pt PtSb/Pt 

    

 

3.3.4 Ethene Dehydrogenation Mechanism 

The selectivity (and selectivity descriptor) of a particular surface is a strong 

function of how much more difficult it is to remove hydrogen from ethene than it is to 

remove ethene from the surface. The C-H bond cleavage barriers for ethene, Ea,ethene, on 

select alloys at high and low coverage were calculated and are given in Table 3.5. Due to 

the higher computational cost of nudged elastic band calculations for computing barriers 

relative to structure optimization calculations reported throughout the rest of this work 

the number of alloy surfaces considered here was kept small, and the alloys tested were in 
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part selected from the analysis in Section 3.3.6. Since the high binding energies observed 

on CT alloys in Sections 3.3.2-3.3.3 suggested poor selectivity for CT alloys, they were 

not considered here. 

Table 3.5: Activation Energya and Reaction Energya for ethene dehydrogenation (in eV), CH2CH2* + *  CH2CH* + 

H*  0-5 

 

 

 

 

 

 

 

 

 

 

 

 

At ¼ ML alloy coverage, the reaction mechanism on P-T and NT alloys were 

visually similar, and the initial, transition, and final states are represented in Figure 3 by 

PtIn. The similarities in transition states for the different alloys can be seen in Table S1. 

The differences in barriers and reaction energies between the alloys can be attributed to a 

combination of the electronic ligand effects and strain effects (especially for the larger M 

atoms) of the guest metal atoms. Ga and Au lowered the barrier to dehydrogenation, 

while the remaining alloys increased the barrier, though the effects were small. The 

 
  Ethene Dehydrogenation 

¼ ML Surface Ea,ethene ΔE ∞FSb 

P-T (¼ ML) Pt3Hg/Pt 0.98 0.43 0.18 

 
Pt3Ga/Pt 0.76 0.27 0.05 

 
Pt3In/Pt 0.96 0.40 0.17 

 
Pt3Tl/Pt 1.05 0.51 0.32 

 
Pt3Sn/Pt 1.01 0.45 0.26 

 
Pt3Pb/Pt 1.09 0.59 0.28 

 
Pt3Sb/Pt 0.99 0.51 0.28 

 
Pt3Bi/Pt 1.12 0.68 0.39 

NT (¼ ML) Ptc 0.90 0.32 0.13 

 
Pt3Au/Pt 0.86 0.40 0.12 

½ ML Surface Ea,ethene ΔE ∞FS 

P-T (½ ML) PtHg/Pt 1.41 0.71 0.62 

 
PtGa/Pt 1.43 0.97 0.73 

 
PtIn/Pt 1.49 0.70 0.63 

 
PtSn/Pt 1.48 0.85 0.85 

 
PtSb/Pt 1.48 0.90 0.85 

NT (½ ML) PtAu/Pt 1.27 0.87 0.61 
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barrier on Pt(111) was 0.90 eV, and the largest barrier at ¼ ML alloy coverage was 1.12 

eV for Pt3Bi, and most of the alloys were within 0.1 eV of the Pt value. As would be 

expected for a late transition state reaction, the reaction energies followed a similar trend 

to Ea,ethene, in that the range was small, and Pt3Bi had the most endothermic reaction at  

0.68 eV, compared to 0.32 for Pt. 

3.3.5 Selectivity 

The binding energies and barriers from Tables 3.3 and 3.5 allow the calculation of 

the selectivity descriptors (eq 3.1) for those alloys were activation barriers were 

calculated and are given in in Table 3.6. At ¼ ML alloy coverage, PtPb had the highest 

selectivity descriptor at 0.84 eV. That is to say that cleaving the C-H bond in ethene was 

calculated to be 0.84 eV more difficult than desorbing the ethene, suggesting that this 

surface would show a low preference for coke formation pathways and a higher 

selectivity towards gaseous ethene. This compares favorably to PtSn, which is used 

commercially, for which the selectivity descriptor at low coverage was 0.37, and very 

favorably compared to pure Pt(111), for which the selectivity descriptor was negative, 

indicating a preference for coke formation pathways ethene desorption. PtAu and PtGa 

also had negative selectivity descriptors. Of the other alloys calculated, PtBi and PtTl 

also showed large values for Ea,ethene – ΔEdes, while the remaining alloys calculated were 

similar to Pt Sn, albeit slightly poorer. 

Increasing the alloy coverage improved the selectivity descriptor for all alloys, 

and even alloys with negative selectivity descriptors at low coverage were more favorable 

at high coverage. The three best low-coverage alloys, Pb, Bi, and Tl could not be 

evaluated at higher coverage with the current alloy model due to their large atomic radii 
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as discussed in Section 3.3.1. The selectivity descriptor of PtSn improved to 1.05 eV at 

the higher coverage. The selectivities for the alloys of Hg, In, and Sb improved by larger 

amounts, such that all three were slightly more selective than PtSn at the higher coverage, 

with PtSb at 1.18 eV. It should be noted that the ordering of the selectivities at low 

coverage did not match the ordering at high coverage. For example, PtSb was the best P-

T alloy calculated at high coverage, but the worst (excepting PtGa) at lower coverage. 

Table 3.6: The DFT-calculated selectivity descriptor values on Pt alloys (in eV) 0-6 

   
Selectivity 

Descriptor 

Alloy ¼ ML ½ ML 

P-T Hg 0.33 1.09 

 Ga -0.23 0.49 

 In 0.28 1.11 

 Tl 0.70 -- 

 Sn 0.37 1.05 

 Pb 0.84 -- 

 Sb 0.28 1.18 

 Bi 0.78 -- 

NT Pta -0.12 -- 

 Au -0.08 0.43 

 

These results suggest that it is possible to improve upon the intrinsic selectivity of 

the PtSn alloy, but the choice of alloying element depends strongly on the coverage of the 

alloying element in the surface of the synthesized metal alloy nanoparticles. If low 

coverage prevails, PtPb shows promise, as do PtBi and PtTl. At high coverage, PtSb 

appears the best, followed closely by PtIn and PtHg.84 However, PtSn represents the best 

compromise that may reflect conditions in industrial catalyst manufacturing. When tight 

control over the ratio of elements in the catalyst particle surfaces is not achievable or is 

not sought, the best alloy may be one that performs well at any alloy concentration. In 
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fact, many nanoparticle synthesis techniques produce a distribution of alloy 

concentrations across different particles, and so both high and low coverages will be 

present in a real catalyst powder or particle concurrently. In this regard, PtSn is a strong 

choice at both low and high alloy coverages.  

3.3.5 Scaling Relations 

Due to the high computational cost of calculating barriers and sampling many 

binding geometries of C2Hx species, the selectivity descriptor in eq 3.1 is not easily 

computed over a large range of alloys and concentrations. Even in this study, only a 

subset of alloys was calculated using DFT. As such, scaling relationships were developed 

to accurately predict both parts of the selectivity descriptor: the ethene desorption energy 

(ΔEdes) and the ethene dehydrogenation barrier (Ea,ethene). To minimize the computational 

cost of the calculations required to accurately predict selectivity, correlations were sought 

with simple data sets computed with DFT for CHx species and requiring only structure 

optimization calculations.  

A separate scaling relation for each term of the selectivity descriptor was sought. 

For the desorption energy (i.e. -binding energy) of ethene, a correlation was with the 

binding energy of a methyl group (BECH3) on the same surface. In both bound ethene and 

methyl groups, carbon atoms are sp3 hybridized, species bind to top sites, and the binding 

preferences between a Pt atom and a guest metal atom are preserved for both species. 

That is, P-T and NT alloys have both ethene and methyl bound to Pt atoms, while CT 

alloys prefer binding through the guest metal atom. These factors contribute to a 

reasonably linear scaling relation between ΔEdes and BECH3, as seen in Figure 3.4 for 

both high and low coverage of the alloying element. Other species that bind to top sites 
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gave similarly good correlations, such as between ethyl and methyl groups. Correlation 

between ΔEdes and other CHx species was also tested, such as carbon, but was poorer than 

with methyl. This indicates that the nature of the binding site (i.e. a top site or a three-fold 

hollow) is important in the predictive power of the calculation. The equation for the line 

correlating ΔEdes and BECH3 for the lower coverage alloys is given below, where α1 and 

β1 are the slope and intercept, with values of -1.64 and -2.40 eV respectively. 

 ΔEdes = α1BECH3 + β1     Eq. 3.3 

   

Figure 3.3: A relationship between methyl binding energy (BECH3) and desorption energy of ethene (ΔEdes) at a) ¼ ML 

and b) ½ ML coverage. NT alloys in blue, P-T alloys in black, and CT alloys in red. 0-3 

 Finding a scaling relation for Ea,ethene was less straightforward. The Brønsted–

Evans–Polanyi relation has been extensively used to relate reaction energies to activation 

energy barriers85–87. Typically, one might correlate the barrier for ethene dehydrogenation 

to the reaction energy for dehydrogenation. Instead, a relation that relied only on the 

binding energy calculations of simple CHx species would be much more computationally 

efficient, and so a representative C-H bond-cleaving step was desired. Ea,ethene is the 

difference in energy between the transition state and adsorbed ethene. An analysis of the 

bonding changes between these structures suggests a reasonable set of variables to use for 
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the correlations. As seen in Figure 3.3, between the initial and transition states a C-H 

bond is weakened, and a Pt-H bond is forming, and a second new bond will form between 

carbon and platinum. Among reactions of CHx species, methylidyne dehydrogenation is 

the simplest because the reaction does not involve the breaking or formation of any C-M 

or C-Pt bonds, so that the C-H bond breaking and Pt-H/M-H bond formation energies can 

be isolated, as both the reactant and product involve carbon in a three-fold hollow site. 

CH* +*→ C* + H*    

While reaction energy for methylidyne dehydrogenation, ΔECH, includes the 

breaking of the C-H bond and the formation of the Pt-H bond, it does not adequately 

account for the nascent interaction between carbon and platinum in the transition state of 

ethene dehydrogenation. To account for this interaction, it was found that adding BECH3 

to ΔECH accounted for the changes in bonding encapsulated in Ea,ethene, such that a linear 

correlation between the sum and the barrier was found. The correlation for the lower 

alloy coverage of ¼ ML, given in Figure 3.5, was only possible because the transition 

state structures in all these alloys were so similar. CT alloys were left out of this 

correlation, as Ea,ethene values were not calculated for these alloys, and their transition 

state structures would be expected to differ from the P-T and NT alloys due to the 

different initial and final state structures (Table 3.4a).  

At ½ ML coverage by the alloying element, the transition state structures varied 

to such an extent (see Table B1) as to make a simple correlation impossible - a separate 

correlation would be needed for each reaction mechanism, and the mechanism followed 

by a particular alloy would not be known a priori. The structure of the vinyl adsorbate 

(obtained from a structure minimization calculation) was predictive of the transition state 
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structure (obtained from the more expensive transition state searching calculation), but 

the authors felt that the value of separate correlations for much smaller subsets of metal 

alloy surfaces would be of little value. For this reason, no further correlations on the high 

alloy coverage surfaces were sought. The equation for the line correlating Ea,ethene and 

BECH3 and ΔECH for the lower coverage alloys is given below, where α2 and β2 are the 

slope and intercept, with values of 0.46 and 1.53 eV respectively. 

 Ea,ethene = α2(BECH3 + ΔECH) + β2    Eq. 3.4 

 

Figure 3.4: A linear relationship between the methylidyne dehydrogenation reaction energy (ΔECH) plus the methyl 

binding energy (BECH3) verses ethene dehydrogenation barrier (Ea,ethene) for alloys at ¼ ML coverage. NT alloys in 

blue, and P-T alloys in black.0-4 

As the values for BECH3 and ΔECH were calculated previously in populating 

Table 3.3 (summarized in Table 7), eq 3.3 and eq 3.4 can be used to predict values of 

ΔEdes and Ea,ethene from a scaling relation that were not calculated by DFT, saving 

significant computational expense. These are included in Table B2. Since the selectivity 

descriptor eq 3.1 is simply the difference between Ea,ethene and ΔEdes, subtracting eq 3 

from eq 4 results in a scaling relation between BECH3 and ΔECH and the selectivity 

descriptor (eq 5), where α = (α2- α1) = 2.1, α2 is as before, and β = (β2 - β1) = 3.93 eV. 

Sn 

Pt 
Sb 

In 

Hg 

Au 

Ga 

Bi 

Tl Pb 
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 Selectivity Descriptor = Ea,ethene – ΔEdes = αBECH3 + α2ΔECH + (β2 - β1) Eq. 3.5 

Table 3.7 Selectivity Predictors and descriptors for ethene dehydrogenation for ¼ ML coverage alloys. 0-7 

    
  

Ea,ethene – ΔEdes 

  

¼ ML Surface 
BECH3 ΔECH 

Scaling 

Relationa 
DFTb 

P-T Pt3Pb/Pt -1.63 0.76 0.84 0.84 

 
Pt3Bi/Pt -1.67 0.77 0.76 0.78 

 
Pt3Tl/Pt -1.67 0.56 0.66 0.70 

 
Pt3Sn/Pt -1.85 0.74 0.37 0.37 

 
Pt3Hg/Pt -1.85 0.64 0.33 0.33 

 
Pt3Sb/Pt -1.88 0.75 0.30 0.28 

 
Pt3In/Pt -1.88 0.64 0.27 0.28 

 
Pt3Cd/Pt -1.93 0.55 0.10 - 

 
Pt3Ga/Pt -2.02 0.42 -0.15 -0.23 

 
Pt3Al/Pt -2.05 0.51 -0.15 - 

 
Pt3Zn/Pt -2.07 0.47 -0.22 - 

  Pt3Ge/Pt -2.13 0.42 -0.37 - 

NT Pt3Au/Pt -2.01 0.60 -0.04 -0.08 

 
Pt -2.07 0.65 -0.13 -0.12 

 
Pt3Ag/Pt -2.05 0.50 -0.16 - 

 
Pt3Pd/Pt -2.10 0.56 -0.24 - 

 
Pt3Co/Pt -2.10 0.51 -0.27 - 

 
Pt3Cu/Pt -2.13 0.44 -0.35 - 

 
Pt3Ni/Pt -2.14 0.47 -0.37 - 

 

With this scaling relation, the selectivity for each alloy considered at the simplest 

level of DFT calculation (binding of CHx species only) could be predicted, and the alloys 

ranked from most promising to least promising (Table 3.7). Many alloys were predicted 

to be more selective than pure Pt, and the alloys of Pb, Bi, and Tl were predicted to be 

more selective than PtSn. With the exception of Au, only P-T alloys were predicted to be 

more selective than Pt, and even then Au was only slightly more selective. The remaining 

NT transition metals were predicted to be less selective than pure Pt(111). Some high 

spin alloys such as Fe and Mn did not fit the trend formed by the remaining alloys, and so 
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are not included in Table 3.7. The CT alloys are omitted as the parameters in (eq 3.5) 

were developed without CT alloy data.  

Table 3.7 shows predictive power for selectivity in low coverage alloys, as the 

DFT values (when available) are in good agreement with the scaling relation. Due to the 

lack of correlation for activation energy barriers at the higher coverage alloys, a similar 

scaling relation could not be made. While it is tempting to predict that the relative 

ordering of the alloys would not change between low and high coverage, this was not the 

case as seen even in the relatively small number of DFT-calculated selectivity descriptors 

in Table 3.6. This illustrates that scaling relations to predict selectivity can be coverage 

dependent for binary metal alloy surfaces. 

 

3.4. Conclusions 

Density functional theory has been applied to determine the effects of alloying Pt 

with various elements on the selectivity of ethene. The binding energy and geometry of 

methane derivatives has been calculated in a comprehensive manner on Pt3M/Pt(111) 

surface substitutional alloys where M was transition metals and main group elements. 

Using the binding energies and geometries a relationship was derived between the C1 

species methyl and the C2 species ethene to predict binding energies. C-H bond scission 

was done in a similar manor using the Brønsted–Evans–Polanyi relation to predict the 

dehydrogenation barrier of ethene with C1 derivatives. These two factors were then 

combined to predict the difference between the ethene dehydrogenation barrier and 

desorption with a high degree of accuracy.  
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A similar approach was applied to alloys with ½ ML of the alloying element to 

predict the ethene dehydrogenation barrier and binding energy with C1 species. The 

binding energies of C1 species were able to predict the binding energies of C2 species 

with similar binding geometries but not species whose binding geometry changed. C-H 

bond scission could not be properly correlated between C1 and C2 due to altered binding 

locations leading to multiple dehydrogenation mechanisms between alloys.  

Selectivity was found to be dependent on alloy coverage. At ¼ ML coverage, 

PtSn was found to be much better than at ½ ML. Hg, Sb, and In alloys showed lower 

selectivity than Sn at low coverage but higher selectivity at higher coverage. 

The Pt alloys found to have the highest selectivity at ¼ ML coverage were the 

PtBi, PtTl, and PtPb, none of which appeared viable for ethane dehydrogenation due to 

melting point issues. These alloys are possibly the best alloy for propane 

dehydrogenation as it shows high selectivity for ethane dehydrogenation at low alloy 

concentrations. PtIn was found to have higher selectivity than PtSn at ½ ML coverage 

and could be better at ethane dehydrogenation if local alloy concentration is monitored 

and maintained. 
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3.A Supporting Information: PtM alloys 

 

Table A.1: Initial, final, and transition state structures for ethene dehydrogenation mechanism on Pt3M/Pt 

and PtM/Pt.  

 C2H4* → (C2H3 + H)* 

¼ ML 

Surface 
Reactant state Transition state Product state 

P-T 

Pt3Hg/Pt 

   

Pt3Ga/Pt 

   

Pt3In/Pt 

   

Pt3Tl/Pt 
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Pt3Sn/Pt 

   

Pt3Pb/Pt 

   

P-T 

Pt3Sb/Pt 

   

Pt3Bi/Pt 

   

NT Pt3Au/Pt 
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Table A.2: Ethene dehydrogenation barrier and desorption energy calculated through scaling relations (in 

eV). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Because the relation for predicting Ea,ethene was developed 

using a data set that excluded all CT alloys, these values cannot 

be calculated using the same relation. 

 

  

    Scaling Relation 

 ¼ ML Surface Ea,ethene  ΔEdes 

P-T Pt3Pb/Pt 1.13 0.28 

 

Pt3Bi/Pt 1.11 0.35 

 

Pt3Tl/Pt 1.01 0.35 

 

Pt3Sn/Pt 1.01 0.64 

 

Pt3Hg/Pt 0.97 0.64 

 

Pt3Sb/Pt 1.00 0.70 

 

Pt3In/Pt 0.96 0.69 

 

Pt3Cd/Pt 0.89 0.78 

 

Pt3Ga/Pt 0.79 0.93 

 

Pt3Al/Pt 0.81 0.97 

 

Pt3Zn/Pt 0.79 1.00 

  Pt3Ge/Pt 0.74 1.10 

NT Pt3Mn/Pt 1.64 0.91 

 

Pt3Au/Pt 0.87 1.00 

 

Pt 0.87 0.97 

 

Pt3Ag/Pt 0.81 1.05 

 

Pt3Pd/Pt 0.81 1.06 

 

Pt3Co/Pt 0.79 1.10 

 

Pt3Cu/Pt 0.74 1.12 

 

Pt3Ni/Pt 0.75 1.00 

  Pt3Fe/Pt 0.21 1.04 

CT Pt3Tc/Pt -a 1.17 

 

Pt3Ru/Pt - a 1.09 

 

Pt3Re/Pt - a 1.18 

 

Pt3Rh/Pt - a 1.23 

 

Pt3Ir/Pt - a 0.28 

  Pt3Os/Pt - a 0.35 
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Chapter 4: Density Functional Theory Investigation of the Role of 

Cocatalytic Water in Water Gas Shift Reaction over Anatase TiO2 (101) 

4.1 Introduction 

Clean energy production and conversion are among the biggest challenges of the 

21st century. These include effective utilization of energy resources, as well as clean end-

use applications that limit emissions of CO2 and other pollutants. Hydrogen gas is a 

promising clean-burning energy carrier as water is the only byproduct of its consumption. 

Steam reforming of methane is the primary method for industrial hydrogen production 

today, producing over 50% of the world’s hydrogen, 88 - 90  and coproducing carbon 

monoxide. Chemical synthesis with hydrogen such as Fischer-Tropsch synthesis utilizes 

the water gas shift reaction (WGS) reaction to adjust the critical ratio of hydrogen gas to 

carbon monoxide.91 Primary fuel uses of hydrogen gas such fuel cells heavily depend on 

WGS to increase hydrogen yield and remove carbon monoxide from the hydrogen 

stream, as many hydrogen fuel cell catalysts are easily poisoned by carbon monoxide.92 

CO + H2O ↔ CO2 + H2 

Many catalysts have been studied for the WGS reaction, most of them consisting 

of metal particles supported on metal oxides.93-101 Typically the role of the metal is to 

bind carbon monoxide,93,102,103 while the reducible metal oxide, such as titanium dioxide 

or cerium oxide, binds and disassociates the water. 104 - 106  Effective catalysts rely on 

cooperativity between the metal and metal oxide to catalyze the reaction.107,108 Pt-based 

catalysts have attracted interest due to high CO conversion101 compared to other 

transition metals, and there is evidence of an advantageous metal-support interaction with 

Pt, especially with TiO2.
109-111 
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An important operating variable in the WGS reaction is the water/carbon 

monoxide feed ratio, as it greatly impacts both conversion and the extent of coke 

formation. Higher water content in the feed increases conversion and decreases coking.112 

The effect of water concentration on surface chemistry is complex. For industrial Cu/ZnO 

catalysts, non-empirical rate laws are available113 ,114  for low water/carbon monoxide 

ratios, but these elementary rate laws did not fit behavior at higher water/CO ratios and 

empirical power-law equations are needed for accurate rate prediction.115 One reason for 

the large concentration effect is likely due to the site competition between water and 

WGS intermediates.116 The surface water concentration therefore seems to be able to 

affect the dominant WGS mechanism. Several WGS reaction pathways have been 

proposed including a simple redox reaction,117 and pathways involving carboxyl (CO2H) 

or formate (HCOO) intermediates.118,119 On Pt120 and Cu,121 carboxyl appears to be the 

key WGS intermediate. For both of these pathways, however, the activation and 

chemisorption of water has been shown to be kinetically important.122 

The common TiO2 polymorphs are anatase and rutile. Anatase is preferred in 

many catalytic applications due to smaller particle sizes leading to larger specific surface 

areas. For photocatalytic purposes, it is tempting to suggest that rutile, the polymorph 

with the smaller band gap energy at 3.03 eV,123 would be preferred. However anatase is 

the more effective photocatalyst despite the slightly larger band gap energy, 3.20 eV,123 

due to higher mobility of electron-hole pairs, leading to less bulk recombination.124,125 

Anatase has been used as a support material in WGS reactions with a number of metals, 

including Pt, Pd, Rh, Ru, Au, Ag, and Cu.99-101,126-128 
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Density functional theory (DFT) is a powerful computational tool that has been 

used to predict reaction mechanisms on catalyst surfaces. DFT has successfully given 

insight into activation energy barriers, reaction energies, binding energies, and binding 

geometries. Over the past decade, advances in methodology and computational power 

have allowed for accurate treatment of systems with localized electrons, expanding the 

scope of DFT into catalysis on metal oxide surfaces.129-132 DFT has been applied to the 

mechanism of WGS on Pt120 and Cu121 metal surfaces. Other works have focused on the 

Pt-metal oxide interfaces, where Pt8/CeO2(111) was found to disassociate water more 

exothermically than on Pt(111),109 and on Pt8/TiO2(110) where a redox mechanism 

dominated over associative pathways at high and low temperatures.110,111 DFT has also 

been used to successfully describe the interaction of water with TiO2 surfaces.133-136 

In the present work, DFT is applied to investigate the role of water in the WGS 

reaction steps on the anatase TiO2 (101) surface. The binding energies and structures for 

WGS reaction intermediates are calculated and minimum energy pathways for three 

possible WGS mechanisms are compared – direct CO oxidation, and associative 

mechanisms with carboxyl and formate intermediates. Beyond acting as a reactant, the 

effect of water as a non-innocent cocatalyst in the elementary steps of WGS is 

investigated. Cocatalytic water can play a larger role in the hydrogenation and 

dehydrogenation steps by acting as a bridging hydrogen acceptor/donor on the low 

density anatase (101) surface. Based on kinetic reaction barriers, the formate pathway is 

favored only slightly over the carboxyl pathway, with the direct oxidation pathway being 

unfavorable. These results help interpret the role of water and the oxide support for 

practical WGS catalysts consisting of a precious metal supported on anatase TiO2. 
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4.2 Methods 

Periodic DFT calculations were performed using the VASP code49,50 within the 

generalized gradient approximation (GGA-PBE) 137  using projector-augmented wave 

(PAW)52,53 potentials. Corrections to the on-site Coulomb interactions have been 

accounted for through the Hubbard term (DFT+U).138 Dudarev’s approach139 was applied 

to increase the accuracy of the band gap and reaction kinetics with a Ueff = 4 for titanium 

atoms. This Ueff was chosen to align both the band gap and lattice parameters with 

experimental values as well as prevent electron delocalization.140–142 The single-electron 

wave functions were expanded using plane waves with an energy cutoff of 400 eV.  

All oxide slabs were based on the (101) surface of anatase TiO2, and modeled by 

a (2 × 2) surface unit cell with four atomic layers for a total of 32 Ti atoms and 64 O 

atoms. The lattice constants used for anatase TiO2 were a = 3.784 Å and c = 9.515 Å.143 

A vacuum layer of 24 Å was used to separate periodic images of the slab in the z 

direction (normal to the surface), and a dipole correction was applied and the electrostatic 

potential was adjusted to ensure that interaction between the surface slab and its periodic 

images was negligible.55 The Brillouin zone was sampled using a (2 × 2 × 1) Gamma-

centered Monkhorst-Pack k-point mesh56 following a convergence test for adsorbate 

binding energies with respect to sampling mesh size. All four layers were allowed to 

relax in all calculations.  

Binding energy is calculated as BE = Eads – Eslab – Egas, where Eads, Eslab, Egas are 

the total energies calculated for the slab with the adsorbate, the clean stoichiometric slab, 

and the adsorbate in the gas phase, respectively. Formation energies were used in 

analyzing oxygen vacancy formation, defined as FE = Evo-slab + Eo-gas – Eslab, where Evo-
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slab and Eo-gas were the total energies for the oxygen vacancy slab and the oxygen atom in 

the gas phase, respectively. The addition of a single adsorbate molecule to a slab with a 

(2 × 2) surface unit cell corresponds to ¼ monolayer (ML) adsorbate coverage. The 

nudged elastic band (NEB) method57 was used to find transition states and calculate 

activation energy barriers. 

4.3 Results and Discussion 

4.3.1 Model Anatase TiO2 (101) Surface 

The most stable facet of anatase is the (101) face with one Ti-O bond cleaved per 

two surface titanium atoms. Cleaving along the (101) facet of anatase in the (2 × 2) unit 

cell used here breaks a total of eight Ti-O bonds, leaving eight under-coordinated surface 

atoms; four each of O and Ti. In addition there are twelve other surface atoms that are 

coordinatively saturated in the surface layer, with the same valency as their 

corresponding bulk atoms; eight O atoms and four Ti atoms. 

 Figure 1 labels the unique O and Ti atoms near the (101) surface of anatase in the 

(2 × 2) unit cell used in the calculations. Each unique atom is repeated four times in the 

(2 × 2) surface unit cell. Titanium atoms are labelled with two digits and oxygen atoms 

with three digits. The first layer has two unique titanium atoms, Ti#10 and Ti#11, along 

with four unique oxygen atoms, O#100, O#110, O#101, and O#111. Ti#10 and O#100 are 

coordinatively unsaturated. O#111 is the only first layer atom that is not directly accessible 

from the surface. 
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a)   b)  

Figure 4.1 Anatase (101) unit cell used in calculations a) side view with near-surface unique atoms numbered and b) 

top view. Titanium atoms (grey) are labelled with two digits and oxygen atoms (red) by three digits. Edges of 

calculation unit cell are shown by black borders. Oxygen atoms O#100, O#101 and O#110 are accessible from the 

surface and O#100 is coordinatively unsaturated. Titanium atoms Ti#10 and Ti#11 are accessible from the surface with 

Ti#10 coordinatively unsaturated. Each unique atom repeats four times per unit cell. 0-1 

Because hydrogen atoms are small enough to bind to subsurface oxygen atoms in 

interstitial positions, these sites themselves are labelled with four digits. The first three 

digits indicate the oxygen atom to which the hydrogen atom is bound. The fourth digit 

indicates the position of the hydrogen atom since it may take a position either “above” or 

“below” oxygen. A “0” indicates that the hydrogen atom is closer to the vacuum. For 

example, H#1100 and H#1101 are bonded to O#110, where H#1100 is closer to the vacuum. 

Oxygen vacancy (VO) sites are named after the oxygen atom they displace, such 

that VO#100 denotes a vacancy formed by removing O#100. 

4.3.2 Binding of WGS intermediates 

The WGS mechanism has been postulated to involve direct oxidation of CO to 

CO2 or an associative mechanism where CO reacts with surface species to give carboxyl 

or formate intermediates which then dissociate to release CO2. Even within these three 

pathways, there are numerous possible ways for the reaction to occur on a reducible 
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metal oxide surface. Possible elementary steps considered in the present study are 

summarized in Scheme 4.1.   

For the direct oxidation of CO, there are several possible oxidants. For example, 

CO oxidation can occur via an oxygen adsorbate O* (1), or via a lattice oxygen resulting 

in a vacancy VO* (2).  

The associative carboxyl pathway involves CO reacting with a hydroxyl group to 

form a carboxyl intermediate CO2H*. This mechanism can either involve an OH* 

adsorbate species (3) or can involve a hydroxyl group where a proton is bonded to a 

lattice oxygen atom, resulting in a lattice oxygen vacancy (4). Subsequent 

dehydrogenation of the carboxyl intermediate yields CO2(g) (5). 

The association formate pathway involves the initial formation of an intermediate 

by reaction of CO* with a hydrogen adsorbate H*. Hydrogenation occurs either at the C-

position, making formyl CHO* (6), or at the O-position, making hydroxymethylidyne, 

COH* (10). Both of these mechanisms were considered initially, and (10) was excluded 

from further consideration due to the large difference in reaction energies starting from 

CO* + H*. The formation of formyl (6) on anatase (101) was calculated to be 0.73 eV 

downhill, making it thermodynamically favorable, while the formation of 

hydroxymethylidyne (10) was 0.85 eV uphill. With a 1.58 eV difference between the 

isomers, pathways involving COH were eliminated from further consideration. 

Formyl oxidation gives formate, and possible oxidants include adsorbed oxygen 

(7) and hydroxyl (8). Formate can then cleave the C-H bond to give CO2* and H* (9). 
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The adsorption/desorption of reactants and products are considered in steps (11-

14). The role of water may be as a source of OH* or H* in the preceding steps, so partial 

dissociation of molecularly adsorbed water is included in the mechanism (15), and for 

steps where atomic oxygen adsorbate is invoked, total dissociation of water to atoms is 

included (16).  

The binding energies and geometries of the intermediates in these elementary 

reactions are discussed in Sections 4.3.2.1-4.3.2.5 

 CO* + O* ↔ CO2* + * (1) 

 CO* + * ↔ CO2* + VO* (2) 

 CO* + OH* ↔ CO2H* + * (3) 

 CO* + H* ↔ CO2H* + VO* (4) 

 CO2H* + * ↔ CO2* + H* (5) 

 CO* + H* ↔ CHO* + * (6) 

 CHO + O* ↔ HCOO* + * (7) 

 CHO + OH* ↔ HCOO* + H* (8) 

 HCOO* + * ↔ CO2* + H* (9) 

 CO* + H* ↔ COH* + * (10) 

 CO(g) + * ↔ CO* (11) 

 CO2(g) + * ↔ CO2* (12) 

 H2(g) + * ↔ 2H* (13) 

 H2O(g) + * ↔ H2O* (14) 

 H2O* + * ↔ H* + OH* (15) 

 OH* + * ↔ H* + O* (16) 
Scheme 4.1 Elementary steps in WGS considered in the present study. 

 

In the discussion that follows, the * notation to indicate an adsorbed species (e.g. 

CO*) is omitted (e.g. CO) and all species are in the adsorbed state unless it is specifically 

indicated that they are in the gas phase (e.g. CO(g)). 

 

4.3.2.1 Hydrogen Adsorption 

Hydrogen atoms were found to bind only to oxygen atoms. Attempts to form Ti-H 

bonds when setting up calculations failed to find any local minima where such a bond 
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was possible. The binding energies of all stable binding sites are given in Table 4.1. The 

strongest hydrogen binding site, H#1000  (Figure 4.2), found at the under-coordinated 

surface oxygen atom O#100, was 0.6 eV stronger than at any other O atom. There was 

little variance between the hydrogen binding energies to fully coordinated O atoms near 

the surface compared to those deeper into the bulk of the slab, with most falling between 

-1.51 eV and -1.69 eV. Minor exceptions were found with H#1101, which bound hydrogen 

weaker (-1.22 eV) due to the placement of the binding site between two undercoordinated 

Ti atoms, and H#2000, which bound hydrogen slightly stronger (-1.80 eV). A major 

exception was found at H#1011 where no stable structure was found. 

Because the hydrogen atom is added to the TiO2 surface as a proton and an 

electron, calculating the charge densities on the adjacent atoms to the adsorbates can 

confirm relative electronegativities of the surface atoms relative to the adsorbates. To 

estimate charge densities, the partial occupancy of orbitals by electrons was used as a 

first order measure of electron localization. While this method perhaps does not provide 

quantitative differentiation between charges on similar atoms, it provides a clear picture 

of charge transfer from an adsorbate to the surface. In the case of the hydrogen atom, Ti4+ 

centers in the TiO2 would be expected to be more electronegative than a proton, and 

charge transfer from the hydrogen to the Ti atom is expected. This is exactly what was 

observed in the calculations, with a shift of approximately 0.85 electrons from hydrogen 

to titanium, leading to a +3.15 charge on the Ti center in the newly formed Ti-O-H group. 

This distribution is consistent with describing the adsorbate as a proton with a reduced 

Ti3+, or as a resonance structure with primarily H+/Ti3+ character. 

Ti4+-O-H ↔Ti3+-O-H+ 
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Table 4.1 Hydrogen binding energies in eV, and localized charge on adjacent Ti atoms.0-1  

Site 
BE 

(eV) 

Ti 

charged 
Site BE (ev) 

Ti 

charged 

1000a -2.39 +3.13 2000 -1.80 +3.16 

1010b -1.58 +3.14 2010 -1.62 +3.16 

1011b c 2011 -1.63 +3.16 

1100b -1.51 +3.13 2100 -1.51 +3.17 

1101b -1.22 +3.12 2101 -1.57 +3.17 

1110b -1.69 +3.10 2110 -1.66 +3.15 
a Coordinatively unsaturated oxygen atom site. b Coordinatively saturated surface atom. c No stable 

structure found. d Charge on Ti atom calculated from orbital electron occupancy. 

 

4.3.2.2 Water Adsorption 

Two modes of water adsorption were considered. Physisorbed water, H2O(p), 

represents molecular adsorption of a water molecule on the TiO2 surface. Activation of 

surface water leads to O-H bond cleaving, resulting in chemisorbed water, H2O(c), an 

OH/H pair on the surface. The best binding geometries for both water binding modes are 

shown in Figure 4.2. In the discussion that follows, chemisorbed water refers to OH and 

H coadsorbed on the same slab in a calculation. 

In H2O(p), the oxygen atom interacts with the coordinatively unsaturated Ti#10 

atom with the water molecule oriented parallel to the surface and a binding energy of -

0.87 eV (Scheme 1.14). In chemisorbed water, the OH and H fragments preferred to bind 

to the coordinatively unsaturated Ti#10 and O#100 (at the H#1000 position) sites to form two 

Ti-O-H groups sharing a Ti atom. Separating the two OH groups to distant sites on the 

same surface was +0.19 eV uphill, indicating that there is significant hydrogen bonding 

between the geminal groups. Unlike with H adsorption, no charge transfer to Ti was 

found, and instead heterolytic O-H bond cleavage formed an OH-/H+ pair. Despite 

hydrogen bonding, water chemisorption was +0.22 eV unfavorable compared to 

physisorption (Scheme 4.1.15), with an overall binding energy of -0.65 eV. This result 
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shows that new bonds formed with the anatase (101) surface are weaker than the OH 

bond in water. Prior studies have shown that water dissociation on the clean and defect-

free anatase (101) surface is an activated process, 133-135,144 which supports the 0.22 eV 

positive reaction energy from physisorbed water to chemisorbed water reported here. To 

investigate the barrier for water dissociation further, the transition state energy between 

physisorbed and chemisorbed water was calculated, giving an activation energy barrier of 

0.44 eV for water activation. This value is small enough that water activation may be 

trivial under temperatures relevant for WGS reaction.  

In water chemisorption, the OH group is reduced to OH- as opposed to the 

reduction of Ti4+ to Ti3+ observed with H atom adsorption. It is evident that the OH group 

is therefore more electronegative than Ti4+. This creates a problem when attempting to 

adsorb OH as a lone adsorbate, in the absence of an electron donor. In chemisorbed 

water, H acts as the electron donor. Calculations of OH adsorption alone showed that it 

remains as ∙OH, a high energy radical. It takes the same Ti#10 site without charge transfer. 

The calculated binding energy of ∙OH, -1.08 eV, is misleading out of context. This value 

is calculated relative to OH in vacuum. The energy to generate adsorbed OH from water 

gives a more meaningful figure. The energy to generate an isolated ∙OH from 

chemisorbed water involves two steps. First, the hydrogen bonding between the surface 

hydroxyls formed from H+ and OH- is broken by moving the species farther apart within 

the same calculation slab, resulting in a 0.19 eV penalty. In this geometry, the H+/OH- 

nature of the adsorbates is conserved. Separating the two adsorbates to separate 

calculation slabs (so-called “infinite separation”) breaks any possible interaction between 

the adsorbates; the two species are now H+ as in H#1000 and ∙OH. This reaction is 
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equivalent to moving an electron from the more electronegative OH- to less 

electronegative Ti4+, and is therefore substantially uphill at +2.37 eV. This energy state 

may not be easily reachable during thermal catalysis. It may be relevant in photocatalysis, 

where the high energy input may be provided when photon energy equivalent to the band 

gap energy of anatase is absorbed.145,146 Photoinduced water dissociation on anatase (101) 

has been experimentally observed.144  

As ∙OH from water is likely absent during thermocatalytic reaction without light 

input, (3) from Scheme 4.1 that relies on isolated OH species will be removed from 

consideration. However, reaction with OH- coadsorbed with H+ (i.e. H2O(c)) will be 

considered instead. This is the same logic by which other elementary reactions that can 

be written with OH as a reactant have been omitted from Scheme 4.1. 

In Scheme 4.1, (1) and (7) are written with atomic oxygen as an adsorbate. 

Similar to OH, O is more electronegative than Ti4+, leading to it adsorbing as a high 

energy radical (Figure 4.2). Formation of an isolated oxygen diradical at the Ti#10 site 

from O-H bond cleavage in ∙OH would require an additional +1.34 eV energy input, or 

+3.71 eV relative to H2O(c). This large energy is beyond the band gap energy of anatase, 

and hence such a species is not expected in photocatalysis nor thermocatalysis. Instead, 

coadsorption of an O atom and two H atoms was considered. This led to the expected 

formation of anionic O2- and two protons. The energy required to form this state by 

cleaving the final O-H bond in chemisorbed water (Scheme 1.16) was +0.65 eV. The 

barrier for this reaction was calculated as 0.88 eV. 
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Figure 4.2 Best binding orientations of adsorbates on anatase (101), including physisorbed water, H2O(p), 

and chemisorbed water, H2O(c) water. Reduced Ti3+ center is labelled in H#1000. H adsorbs as a proton, 

H2O(c) as a proton/hydroxide anion pair, OH and O as radicals, and H2O(p) adsorbs molecularly.0-2 

 

4.3.2.3 Cationic Adsorbates 

As was found with H atom adsorption, adsorbates less electronegative than Ti4+ 

ionized upon adsorption, and the calculated electron orbital populations showed a transfer 
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of charge from the newly formed cation to a newly reduced geminal Ti atom. The formyl 

(CHO) and carboxyl (CO2H) adsorbates were found to transfer an electron to Ti, such 

that they could be described as cations with nearby Ti3+ centers. The binding energies and 

structures are given in Table 4.2 and Figure 4.3 respectively. The binding geometries of 

both of these adsorbates were similar, with the carbonyl group in a similar orientation. 

The carbon atom bonded to undercoordinated O#100 and the carbonyl oxygen bonded to 

Ti#10. This orientation left the remaining part of the adsorbate (H for formyl and OH for 

carboxyl) oriented facing nearly perpendicular from the surface. 

Table 4.2 Binding energies of molecular and WGS intermediate species on anatase (101) in eV0-2 

Species BE 

H2O(p) -0.87 

H2O(c)
 a -0.65 

OH b -1.08 

O b -2.05 

CHO -2.29 

CO2H -2.27 

HCOO+H c -3.41 

CO -0.34 

CO2 -0.20 

a Equivalent to OH coadsorbed as an anion with a proton, b
 Radical adsorbates, c Coadsorbed as anion and a 

proton  

4.3.2.4 Anionic Adsorbates  

In Section 4.3.2.2 the effect of electronegativity on binding interaction for OH 

and O species was discussed. Without an electron donor, these species cannot be reduced 

and are adsorbed as high energy radicals. In the WGS reaction, formate (HCOO) is 

another such intermediate which would also form a high energy radical without an 

electron donor. While such free radicals may be relevant during photocatalysis, they are 

not expected during thermal catalysis in the WGS reaction. 
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Figure 4.3 Best binding orientations of CHxOy species on anatase (101). Reduced Ti3+ centers are labelled where 

present. CHO and CO2H adsorb as cations, HCOO adsorbs as an anion and is coadsorbed with a proton, and CO and 

CO2 adsorb molecularly. 0-3 

To calculate adsorbed states for formate, a hydrogen atom was coadsorbed on the same 

slab in all calculations involving formate. As with chemisorbed water, H acted as an 

electron donor to become an adsorbed proton, and the resulting anionic formate species 

adsorbed across two low-coordinate Ti-atom atop sites (Figure 4.3). The coadsorbed 

proton can also be seen binding to an adjacent oxygen site. The calculated binding energy 
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of -3.41 eV can therefore be thought of as the chemisorption energy of a formic acid 

molecule as an anion/proton pair. 

4.3.2.5 Molecular Adsorbates 

The molecular adsorbates CO and CO2 were found to interaction very weakly 

with the surface, with binding energies of -0.34 eV and -0.20 eV respectively. Both 

species adsorbed adsorb to a Ti top site (Figure 4.3) albeit through different atoms. CO 

bound through its carbon atom, with the C=O bond perpendicular to the surface. The 

interaction of CO2 with the surface was through the oxygen atom, with the molecule 

oriented perpendicular to the surface. Among close-shelled species, physisorbed water 

binds to the same open coordination site significantly stronger, and may be expected to 

compete with adsorbed CO and CO2.  

4.3.3 Oxygen Vacancies 

The oxygen atoms in the surface of anatase are known to be highly reactive and 

participate in chemical reactions as oxidizing agents.147,148 The removal of reactive lattice 

oxygen through chemical reaction creates an oxygen vacancy, VO. To account for the role 

of lattice oxygen in oxidation steps, the formation of oxygen vacancies from the 

stoichiometric TiO2 surface was investigated. The formation energies for VO in different 

lattice positions are given in Table 4.3. The under-coordinated O#100 was found to be the 

easiest to remove as it already had fewer Ti-O bonds to cleave. Surface O#110 was more 

difficult to remove than bulk oxygen, likely because it was bonded to multiple under-

coordinated Ti atoms, resulting in stronger Ti-O bonds. Saturated oxygen sites at the 

near-surface (O#101) and those in more bulk-like positions (O#201, O#210, O#211) showed 

similar vacancy formation energies.  
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Following removal of an oxygen atom, charge neutrality in the sub stoichiometric 

oxide structure was maintained as two Ti centers adjacent to the oxygen vacancy were 

reduced, and can be summarized as follows. 

Ti4+-O-Ti4+ → Ti3+-VO- Ti3+ + ½O2(g) 

Table 4.3 Oxygen vacancy formation energies in eV, identified by the O atom removed. Oxygen is removed as 

½O2(g).0-3 

VO 

Site FE 

100a 4.22 

101b 5.13 

110b 5.57 

111 c 

200 4.83 

201 5.08 

210 5.24 

211 5.11 
aCoordinatively unsaturated oxygen atom site. b Coordinatively saturated surface atom. c A vacancy 

“placed” at this site “migrates” to 100 – i.e. the O atom at 100 moves to 111 and Vo#100 forms instead. 

 

4.3.4 Elementary Reactions in WGS Reaction Mechanism 

Based on the results of the calculations for binding structure of the anionic 

adsorbates, it becomes clear that some of the elementary steps in Scheme 1 cannot 

proceed as written. (1) and (7) invoke isolated oxygen atoms, and (3) and (8) use OH. 

Reactions involving these intermediates can therefore be excluded from further 

consideration, except heavily modified to consider anionic species coadsorbed with 

protons. A similar modification is required for steps involving formate (7-9), where 

coadsorbed protons are included in all further discussion. Apart from chemisorbed water 

and coadsorbed formate/proton, all other species and energies in the following discussion 

report species at infinite separation, isolated on separate calculation slabs. Reaction 

energies and activation energies for elementary steps are summarized in Table 4.4. 
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The direct oxidation of CO by atomic O (1) can be excluded on energetic 

arguments. A transition state search was performed for this reaction regardless, but no 

viable mechanism was found with the current methods. Oxidation of CO by lattice 

oxygen (2) was feasible however. The reaction was calculated to be +1.10 eV uphill with 

a 1.86 eV barrier, reflecting the difficulty in forming oxygen vacancies.  

Table 4.4 Binding energy of chemisorbed water with and without water on the both sides of the slab 0-4 

 Reaction ΔΕ Ea 

(2) CO  CO2 + VO 1.10 1.86 

(3) b CO + H2O(c)  CO2H + H -0.23 1.32 

(5) CO2H  CO2 + H 0.04 0.48 

(6) CO + H  CHO -0.73 4.23 

(8) b CHO + H2O(c)  HCOO + 2H -0.33 0.92 

(9) c HCOO + H  CO2 + 2H 0.87 2.23 

(15) H2O(p)  H2O(c) 0.22 0.44 

(16) H + OH  2H + O 0.65 0.88 

 VO +  H2O(p)  2H -1.07 2.32 

 VO +  H2O(c)  2H -1.29 0 

ΔE is the energy of reaction. Ea is the activation energy barrier. All species are surface species at infinite 

separation except as follows: H2O(c) which is OH+H coadsorbed on the same slab, and HCOO+H which are 

coadsorbed on the same slab. a Without cocatalytic water. b Modified from Scheme 1 to use anionic OH- 

from chemisorbed water. c A spectator hydrogen atom is included in the calculation as formate must be 

coadsorbed with a proton for charge balance. 

 

The healing of these oxygen vacancies to complete a catalytic cycle was 

investigated. The reaction of an oxygen vacancy with chemisorbed water was found to be 

1.29 eV downhill and proceeded with zero activation energy barrier. In the reaction, the 

OH- anion moves to the vacancy, and enters the vacant lattice position, such that the final 

structure is equivalent to two adsorbed protons. In effect, the only barrier to healing 

oxygen vacancies with chemisorbed water was the barrier of 0.22 eV to form 

chemisorbed water (15). The direct reaction between physisorbed water and oxygen 

vacancies was far less favorable. Though the reaction energy was 1.07 eV downhill, the 

minimum energy pathway possessed a 2.32 eV activation energy barrier. Chemisorbed 

water is highly favored as an intermediate in healing oxygen vacancies. 
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The minimum energy pathway for the direct CO oxidation reaction is shown in 

Figure 4, where it is compared to the associative carboxyl and formate pathways. All 

three pathways share the same initial steps involving the adsorption of carbon monoxide, 

and the activation of physisorbed water to form chemisorbed water. The direct CO 

oxidation pathway then involves the oxidation of CO to CO2 with lattice oxygen, 

followed by healing the oxygen vacancy with chemisorbed water. The final step is 

desorption of CO2 and the associative adsorption of H2. As anatase TiO2 is known not to 

possess the proper active sites for hydrogen gas evolution,149 the H-H bond formation 

mechanism was not investigated on anatase (101). In the direct CO oxidation pathway, 

the highest apparent barrier is for the oxidation step, forming an oxygen vacancy, +0.87 

eV relative to the reactants CO(g) and H2O(g). In constructing the potential energy surfaces 

in Figure 4.4, an arbitrary choice was made to chemisorb water before the CO oxidation 

step. The effect is to raise the reactant state energy for that step relative to the gas phase 

by the chemisorption reaction energy, 0.22 eV. This also raises the apparent activation 

energy barrier by the same amount, so a barrier of 0.65 eV relative to the gas phase can 

be obtained instead by reversing the order of the oxidation and chemisorption steps. This 

does not change the comparison of the pathways, as all pathways share the same initial 

steps. Only the direct oxidation pathway does not require chemisorption before the initial 

high barrier, and may optionally place this step afterwards. The associative pathways 

involve reactions with chemisorbed water immediately, so their barriers are not affected. 

Scheme 4.1 identified two possible routes for CO oxidation in the carboxyl 

pathway requiring association between CO and an OH group to form CO2H. Step (3) as 

written has already been excluded as it involves high energy OH radical. Instead, 
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alternate OH groups can be considered as reactants in the carboxyl pathway. Step (4) 

involves an OH group consisting of a lattice-oxygen bonded to a proton. Reaction with 

CO, resulting in the formation of an oxygen vacancy, was calculated to be 1.06 eV uphill, 

once again reflecting the energetic penalty for forming oxygen vacancies.  By contrast, 

modifying step (3) to involve reaction with anionic OH- from chemisorbed water instead 

was -0.23 eV downhill. The reaction requires CO to be coadsorbed with H2O(c), which 

further weakens the already weak interaction between CO and the TiO2 surface. The 

resulting activation energy barrier for the reaction was 1.32 eV, of which 1.14 eV was the 

penalty relative to infinite separation of coadsorbing CO and chemisorbed water.  

The next step following carboxyl formation is carboxyl dehydrogenation (5), 

where the O-H bond is cleaved, yielding CO2 and a second proton. This reaction was 

facile compared to the previous step, with a nearly thermoneutral reaction energy of 

+0.04 eV and a low barrier of only 0.48 eV. This meant that the reaction of CO with OH- 

was the highest apparent activation energy barrier in the carboxyl pathway, 0.33 eV 

relative to the gaseous reactants (Figure 4.4). 
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Figure 4.4 Reaction pathways for direct CO oxidation (blue), associative carboxyl (red), and associative formate 

(purple) pathways. Common steps (CO and H2O physisorption, water activation to form H2O(c), and CO2 and H2 

desorption) are shown in black. All species are surface species at infinite separation except gases as indicated and as 

follows: H2O(c)¬ is OH+H coadsorbed on the same slab, HCOO+H are coadsorbed on the same slab, and CHO+OH 

are coadsorbed on the same slab. 0-4 

 

The formate pathway consists of three steps from Scheme 4.1: CO hydrogenation 

to formyl (6), formyl oxidation by OH (8), and formate dehydrogenation (9). As before, 

OH- from chemisorbed water was substituted for OH in (8), and the formate state in (8) 

and (9) involve a coadsorbed proton. The first step, forming a C-H bond between CO and 

H was found to be prohibitively difficult. Although the reaction energy was -0.73 eV, the 

barrier was 4.23 eV (3.24 eV above the gaseous reactants). The final formate 

dehydrogenation step was similarly disadvantaged, with a barrier of 2.23 eV. These two 

steps illustrate how difficult hydrogen transfer reactions on anatase (101) can be, which is 

discussed in further detail in the following section on the role of cocatalytic water. 

The modified formyl oxidation step (8) had a barrier of 0.92 eV and an unexpected 

mechanism. The minimum energy pathway from formyl to formate in the presence of 
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chemisorbed water is to strip a lattice oxygen atom to oxidize formyl, partly forming an 

oxygen vacancy, and healing the vacancy immediately with the coadsorbed OH species, 

all in a single step. Attempts to divide the mechanism into separate vacancy formation 

and removal steps failed, suggesting a concerted mechanism. No stable intermediate 

consisting of coadsorbed formate and chemisorbed water at or near an oxygen could be 

found either. 

In the unassisted reaction pathways in Figure 4.4, the formate pathway is 

considerably unfavorable, while the carboxyl pathway has the lowest apparent activation 

energy barrier, 0.54 eV lower than that for the direct CO oxidation pathway. 

4.3.5 Cocatalytic Water 

In the WGS reaction steps on anatase TiO2 (101), hydrogen transfer reactions are 

particularly difficult. This is at least in part due to the large distances spanned by the 

atoms that move in the transition states, with no transition state stabilization provided by 

interactions with the surface. This is illustrated in Figure 5 using the very difficult CO 

hydrogenation step. In the unassisted pathway, the transition state structure involves a 

hydrogen atom that is between a bridging lattice oxygen (initial state structure) and the 

carbon to which it will bind in the formyl adsorbate (final state structure). What is 

remarkable about this transition state structure is that the hydrogen atom is very far from 

both the initial state and the final state, which are 3.8 Å away from one another. There is 

no binding site located between the initial and final state structures to provide any 

stabilization for the transition state. Therefore, the hydrogen atom is essentially behaving 

as a gas, having desorbed from the bridging oxygen site, diffusing through the vacuum, 

and adsorbing at the carbon position of the adsorbed CO molecule. This gas-like state 
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leads to the very high activation energy barrier of 4.23 eV for this elementary step. Based 

on this step alone, the formate pathway is uncompetitive. Note that the binding geometry 

of CO in the initial state is very different from the best binding geometry of CO in Figure 

3. Instead of binding solely through a Ti-C interaction perpendicular to the surface when 

adsorbed alone, after coadsorbing H the CO molecule rotates to increase its interactions 

with the surface prior to the hydrogen transfer step. In this state, the CO has C-O, C-Ti, 

and O-Ti interactions with the surface. This state is higher in energy than the structure for 

isolated CO, but only by 0.34 eV, so the structural change is a very small fraction of the 

4.23 eV barrier for the reaction.  

Under normal reaction conditions, it is reasonable to expect that physisorbed or 

chemisorbed water may be adsorbed near the reactants of a hydrogen transfer reaction 

such as CO hydrogenation. If situated on an adjacent site, these waters can potentially 

participate in the reaction, acting as hydrogen acceptors and donors. One such 

arrangement is depicted in the initial state for the cocatalytic water case in Figure 4.5. In 

this case, a water molecule is physisorbed to Ti#10, which displaces the CO to the adjacent 

oxygen atom. This destabilization of adsorbed CO is costly – this configuration is 1.27 

eV uphill from isolated adsorbates. However, from this position, one of the protons of the 

water molecule is positioned facing the CO carbon. In the transition state, the two 

adsorbed molecules bend towards each other and a hydrogen transfer occurs. The water 

molecule is stabilizing the hydrogen that is being transferred, reducing the activation 

energy barrier significantly. The total barrier, including the CO displacement effect, was 

calculated to be 1.45 eV, significantly lower than the barrier of 4.23 eV for the unassisted 
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pathway. Note that the final state structure has formyl, a cationic adsorbate, coadsorbed 

with hydroxide, which therefore takes an anionic structure. 

The reaction depicted as catalytic water in Figure 5 has the stoichiometry 

CO + H2O(p) ↔ CHO + OH 

To make this reaction more directly analogous to (6), an adsorbed hydrogen is added to 

both sides of the reaction. Using the notation of Scheme 1, the overall stoichiometry can 

then be written as: 

CO* + H* + H2O* ↔ CHO* + OH* + H* (6’) 

As OH must be coadsorbed with a cationic adsorbate such as CHO or H, pairing it with H 

can be recognized as chemisorbed water. Using the notation of Table 4, the reaction is 

then: 

CO + H + H2O(p) ↔ CHO + H2O(c) 

This means that the net reaction energy of (6’) must be 0.22 eV less favorable than (6), as 

it includes the energy required to chemisorb water. This can be seen comparing Tables 4 

and 5. The unassisted mechanism is -0.73 eV, and the cocatalytic water mechanism is -

0.51 eV.  As water is not consumed in the reaction, only reversibly chemisorbing in the 

net reaction, this reaction can be said to be cocatalytic in water. 

 Despite the significant reduction in barrier for CO hydrogenation, the energetic 

penalty for displacing CO makes the value of 1.45 eV still large. However, it is now of 

similar magnitude to the barriers for direct CO oxidation (2) and CO hydroxylation to 

carboxyl (3) of 1.86 eV and 1.32 eV. To better understand if this makes the formate 

pathway more competitive than it was without cocatalytic water, the potential energy 

surfaces for the water-assisted mechanisms in Figure 6 were constructed. Included in 
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these mechanisms are additional elementary steps where adsorbed water may play a role 

in lowering the activation energy barriers for hydrogen transfer reactions.  

 

 Unassisted Cocatalytic water 

 
(side view) (top view)  (side view)  (top view) 

IS 

    

TS 

    

FS 

    

Figure 4.5 CO hydrogenation mechanism unassisted (without participation of a 

cocatalytic water molecule) and with cocatalytic water. The physisorbed water molecule 

acts as a hydrogen donor, bridging the spatial gap between donor and acceptor and 

reducing the activation energy barrier relative to the unassisted case. IS is the initial 

coadsorbed state, TS is the transition state, and FS is the final coadsorbed state. 0-5 

 

The two additional reactions where hydrogen transfer benefitted from cocatalytic 

water were carboxyl dehydrogenation and formate dehydrogenation. The new reaction 

stoichiometries including cocatalytic water are given as (5’) and (9’) below. A spectator 

hydrogen atom is included in (9’) as formate must be coadsorbed with a proton for charge 

balance. Of all the elementary reactions considered in the three WGS pathways, these 

were the only ones that involved hydrogen transfer. The reaction of formyl with 
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hydroxide to give formate does not involve hydrogen transfer, since the mechanism 

discussed in Section 3.4 was found to involve lattice oxygen instead. The reaction 

energies and activation barriers for all cocatalytic water steps are summarized in Table 5. 

  CO2H + H2O(c) ↔ CO2 + H + H2O(p)  (5’) 

  HCOO + H + H2O(c) ↔ CO2 + 2H + H2O(p) (9’) 

 Unlike in CO hydrogenation, (5’) and (9’) are dehydrogenation steps. As such, the 

role of water is to act as the hydrogen acceptor instead of the hydrogen donor. 

Chemisorbed water was found to be well suited for this role. When coadsorbed on an 

adjacent site, OH- was able to bend towards the donor hydrogen in carboxyl or formate, 

and hydrogen transfer was more facile in this stabilized transition state structure relative 

to the unassisted mechanism. As hydrogenation and dehydrogenation are microscopic 

reverses, the role of cocatalytic water on the reactions is the same in all cases, and differs 

only in the details. During dehydrogenation steps, chemisorbed water is converted to 

physisorbed water, so the reaction energies are 0.22 eV more favorable with cocatalytic 

water compared to the unassisted mechanisms, and the reverse effect is seen in 

hydrogenation.  

In formate dehydrogenation, competition for binding sites displaces formate from 

its preferred bidentate geometry atop two Ti atoms, much as CO was displaced in (6’). 

The effect is small as when OH takes one of the two top sites, formate takes a 

monodentate binding mode at only a 0.27 eV penalty relative to isolated adsorbates. The 

transition state stabilization by having OH act as the hydrogen acceptor reduced the 

barrier by 0.31 eV relative to the unassisted reaction. 
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Unassisted carboxyl dehydrogenation was already calculated to be nearly 

thermoneutral (+0.04 eV) with a relatively small barrier (0.48 eV). The addition of 

physisorbed water formation therefore made the net reaction exothermic (-0.18 eV). The 

coadsorption of water with carboxyl was exothermic by -0.40 eV relative to the isolated 

species due in part to hydrogen bonding between the adsorbed species. The transition 

state energy was calculated to be 0.32 eV above the energy of the coadsorbed reactants, 

which is lower than the 0.48 eV barrier of the unassisted mechanism. This transition state 

is 0.08 eV below the energy of the reactants at infinite separation, so the reaction appears 

to have no barrier relative to isolated species.  

Table 4.5 Reaction energies and activation energy barriers for elementary steps in WGS reaction mechanism where 

water acts as a cocatalyst. 0-5 

 Reaction ΔΕ Ea 

(5’) CO2H + H2O(c)  CO2 + H + H2O(p) -0.18 0 b 

(6’) CO + H + H2O(p)  CHO + H2O(c) -0.51 1.45 

(9’) a HCOO + H + H2O(c)  CO2 + 2H + H2O(p) 0.66 1.92 

ΔE is the energy of reaction in eV. Ea is the activation energy barrier in eV. All species are surface species 

at infinite separation except as follow: H2O(c) which is OH+H coadsorbed on the same slab, and HCOO+H 

which are coadsorbed on the same slab. a A spectator hydrogen atom is included in the reaction as formate 

must be coadsorbed with a proton for charge balance. b The coadsorbed reactants were -0.40 eV favorable 

compared to infinite separation, so the transition state energy +0.32 eV relative to the coadsorbed state was 

still below the infinite separation state energy by -0.08 eV. The reaction is therefore reported having 0 eV 

barrier relative to isolated species. 

 

The ability of adsorbed water to lower the activation energy barriers of key steps in the 

WGS reaction mechanisms leads to new minimum energy pathways as shown in Figure 

6. These were constructed with the cocatalytic water already chemisorbed. This preserves 

the comparison with Figure 4, as both include the heat of adsorption only once in the 

thermodynamics of the catalytic cycle. This also represents reaction on surfaces where 

adsorbed water may be more abundant, such as for high water/carbon monoxide ratios, 

whereas the unassisted mechanism represents reaction on surfaces with less adsorbed 
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water such as low water/carbon ratios. Since the unassisted pathways in Figure 4 place 

the water activation step first, the subsequent states are all raised in energy by 0.22 eV 

relative to the gas phase, the water dissociation energy. In Figure 6, chemisorption of 

water may occur at any point, and so it has been placed at the end of the catalytic cycle. 

Therefore, the heat of dissociation does not impact the energy of these states relative to 

the gas phase. 

 The direct CO oxidation mechanism did not involve any hydrogen transfer steps, 

and so there is no impact of cocatalytic water. The highest barrier is still the CO 

oxidation step, although moving the chemisorption of water to later in the mechanism 

makes it 0.65 eV above the gas phase energy for the reactants, 0.22 eV less than when 

water chemisorption was the first step.  

The hardest step of the associative carboxyl pathway was the formation of 

carboxyl (3), which did not involve hydrogen transfer. As a result, the transition state for 

this highest barrier in the water-assisted mechanism was unchanged, although moving 

water chemisorption to the end of the mechanism appears to reduce the barrier by 0.22 

eV relative to the gas phase, as with the CO oxidation mechanism. This reaction 

consumes chemisorbed water. In the unassisted pathway, the next step is 

dehydrogenation with a 0.48 eV barrier relative to adsorbed carboxyl. In the cocatalytic 

water mechanism, the dehydrogenation became barrierless, but required chemisorbed 

water to act as the hydrogen acceptor. Therefore, the 0.44 eV water chemisorption barrier 

took the place of the 0.48 eV dehydrogenation barrier. The result is that though the 

mechanism in the carboxyl pathway has changed, the energetics remains essentially 

unchanged. 
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Figure 4.6 Reaction pathways including the effect of cocatalytic water for direct CO oxidation (blue), associative 

carboxyl (red), and associative formate (purple) pathways. Common steps (CO and H2O physisorption, water 

activation to form H2O(c), and CO2 and H2 desorption) are shown in black. All species are surface species at infinite 

separation except gases as indicated and as follows: H2O(c)¬ is OH+H coadsorbed on the same slab, HCOO+H are 

coadsorbed on the same slab, and CHO+OH are coadsorbed on the same slab. 0-6 

Cocatalytic water plays a role in two steps of the associative formate pathways. 

The greatest impact was in the CO hydrogenation step to form formyl (6) and (6’). The 

reduction of nearly 3 eV in this barrier meant that the apparent barrier for the highest 

energy transition state was 0.24 eV above the gas phase energy for the reactants. This 

makes it compare favorably with the direct CO oxidation mechanism, and comparable to 

the 0.11 eV barrier for the carboxyl pathway. The formate pathway would be essentially 

impossible without cocatalytic water, such as for low water coverage, but becomes 

competitive at high water coverage when adsorbed water may serve as a cocatalyst. 

Without cocatalytic water, the formate dehydrogenation step was also difficult, with the a 

transition state energy 0.17 eV above the gas phase energy. In the water assisted 
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mechanism, this barrier, while still large relative to the adsorbed reactants, was lower in 

energy than the gaseous reactants. 

 

4.4 Conclusions 

Periodic density functional theory calculations were carried out to investigate the 

mechanism of the water gas shift reaction on the (101) surface of anatase TiO2. The 

interactions between WGS intermediates and the anatase surface revealed the role of 

electronegativity on the binding modes of cationic and anionic adsorbates and on the 

reduction of Ti4+ centers. Two different structures for adsorbed water were considered: 

molecularly physisorbed water and dissociatively chemisorbed water. Three possible 

WGS mechanisms were proposed from these adsorbed structures: direct CO oxidation 

and associative mechanisms with carboxyl and formate intermediates. The effect of 

coadsorbed water molecules on the activation energy barriers of elementary steps was 

explored, where chemisorbed water behaved as a hydrogen acceptor and physisorbed 

water behaved as a hydrogen donor. 

Direct CO oxidation was only possibly via lattice oxygen, where CO2 formation 

also created a surface oxygen vacancy. Healing these oxygen vacancies with chemisorbed 

water was barrierless, while molecular water showed a very high activation energy 

barrier. Without any hydrogen transfer steps, energetics of the CO oxidation pathway 

were unaffected by cocatalytic water. 

The carboxyl pathway showed the lowest apparent activation energy barrier of all 

three pathways. The formation of carboxyl came from CO hydroxylation by chemisorbed 

water and was the most difficult step. Without assistance from water, the subsequent 
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dehydrogenation of carboxyl was the second largest barrier in this mechanism. When the 

reaction was cocatalyzed by water, this reaction became barrierless, and instead the 

activation energy required to activate a second molecule of water replaced the 

dehydrogenation barrier. This meant that despite minor changes to the mechanism, the 

energetics of the carboxyl pathway were largely unaffected. 

The formate pathway could be ruled out in the unassisted mechanism due to the 

4.23 eV barrier to hydrogenate carbon monoxide in the first step. However, when assisted 

by water acting as a hydrogen donor, the barrier for this reaction dropped to 1.45 eV and 

the apparent barrier relative to gas phase reactants was only slightly larger than for the 

carboxyl pathway. The changes in the potential energy surfaces with participation from 

noninnocent coadsorbed water molecules were sufficient to make the formate pathway 

feasible on the (101) surface of anatase TiO2. 

These suggest that the concentration of adsorbed water, which would be expected 

to vary with water/carbon monoxide ration during WGS, can change the feasible reaction 

pathways on the TiO2 surface. The metal-free calculations on anatase have implications 

for TiO2-supported metal WGS catalysts, as the composition and concentrations of 

reactive species on the metal oxide surface are expected to vary with surface water 

concentration.    
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Chapter 5: Density Functional Theory Investigation of the Role of 

Cocatalytic Water in Methane Steam Reforming over Anatase TiO2 

(101) 

5.1 Introduction 

Hydrogen gas has potential as a clean-burning energy carrier that produces only 

water as a byproduct of combustion. Hydrogen fuel, when used in a fuel cell for 

stationary or transportation power, can provide higher thermodynamic efficiency than 

conventional internal combustion. However, elemental hydrogen is not found on earth, 

and must be chemically separated from one of its compounds such as water or methane. 

Commercially, methane steam reforming (MSR) is used to convert fossil methane to 

hydrogen gas and carbon monoxide (as syngas) at high temperature, providing over half 

of global hydrogen production.88-90 The reaction is endergonic and endothermic, requiring 

high energy input at high temperature.150-151 As a result, the reaction operates with poor 

atom efficiency as half of the methane must be burned to provide heat for the process,152 

which releases CO2, a greenhouse gas, into the atmosphere. Together with MSR, the 

water-gas shift (WGS) reaction takes places, where carbon monoxide reacts with water to 

form carbon dioxide and hydrogen.  

  CH4 + H2O → CO + 3 H2   CO + H2O → CO2 + H2  

 Many transition metal catalysts have been investigated for the methane steam 

reforming reaction, including Rh, Ru, Ni and Pt. Mechanistic studies on these metals 

have provided insight into the possible surface reaction pathways and rate limiting steps. 

Two primary pathways have been proposed for MSR. In the first, methane is fully 

dehydrogenated all the way to atomic carbon before undergoing any oxidation reactions. 
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Atomic carbon then oxidizes to carbon monoxide. An alternative mechanism involves 

oxidation at an earlier stage in the process, followed by subsequent dehydrogenation to a 

formyl intermediate and on to carbon monoxide. Over Ni catalysts, the rate limiting step 

was found to be the formyl dehydrogenation,151,153  while for Rh the initial methane 

activation step was found to be rate limiting.154,155 

Typically, alumina is used as the support for metal nanoparticles in MSR, but 

several advantages have been suggested for using TiO2 as a support instead, including 

lower coke formation, wider range of feasible steam to carbon ratios, and lower reaction 

temperature for supported Ni particles.156-158 The Ni/TiO2 system has been investigated 

for reforming of alcohols as well, including methanol, 159  ethanol,160  and glycerol,161 

where the interaction of the metal with the support has been implicated in the determining 

catalyst stability. 

The application of TiO2 and other semiconductors in methane steam reforming is 

potentially interesting as a photochemical alternative to the high-temperature 

thermocatalytic route in current industrial practice. Such a process, if it could lower the 

high-temperature requirement of MSR, could potentially double the atom efficiency by 

reducing or eliminating the need for fuel burn for heat generation, reducing carbon 

dioxide emissions and improving resource sufficiency. The Yoshida group has been 

investigating supported precious metals such as Pt and Rh on TiO2,
162 titanates,163,164 

tantalates,165,166, and gallium oxide,167 for photocatalytic MSR under mild conditions. In 

the reaction of water and methane over Pt/TiO2, CO2 was the primary carbonaceous 

product, with trace amounts of CO and ethane observed, and strong evidence for the 

formation of surface formates. 
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 The WGS reaction has also been investigated both experimentally and 

computationally over supported metal nanoparticles,93-101 where reducible metal oxides 

such as TiO2 have been implicated in the dissociation of water.104-106 The structure and 

behavior of water molecules on TiO2 surfaces has been probed with density functional 

theory (DFT) methods to give insight into binding geometries and energies.133-136 In 

Chapter 4 we investigated WGS mechanisms on the (101) surface of anatase TiO2 with 

density functional theory calculations. We found that under conditions of low water 

coverage, the associative pathway with carboxyl as the intermediate was favored. At high 

water coverage, adsorbed water molecules would take a cocatalytic role in hydrogen 

transfer steps by acting as a hydrogen acceptor or donor, reducing the activation energy 

barriers of such steps. This meant that the associative formate pathway was competitive 

with the carboxyl pathway when the cocatalytic role of water was taken into 

consideration. Formation of OH radicals was predicted to be restricted to photocatalytic 

reaction conditions due to the large formation energies, consistent with experimental 

reports.144-146 

In the present work, DFT is applied to the MSR reaction on anatase TiO2 (101). A 

series of potential reaction intermediates formed from dehydrogenation, O addition, and 

OH addition reactions with methane and its derivatives is considered. Using binding 

energies and structures for these intermediates, potential energy surfaces for multiple 

reaction pathways are generated. The most energetically unfavorable pathways are 

excluded from further consideration. The remaining pathways all involve formaldehyde 

dehydrogenation to formyl as an intermediate, via either methoxyl or methylene 

intermediates. Activation energy barriers for these remaining pathways are calculated and 
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compared, including the role of cocatalytic water. Chemisorbed water can assist in 

dehydrogenation steps by acting as a hydrogen acceptor, lowering the barriers for these 

steps. These results help interpret the role of TiO2 and water in methane steam reforming 

reactions. 

5.2 Methods 

Periodic DFT calculations were performed using the VASP code49,50 within the 

generalized gradient approximation (GGA-PBE)137 using projector-augmented wave 

(PAW)52,53 potentials. Corrections to the on-site Coulomb interactions have been 

accounted for through the Hubbard term (DFT+U). 138 Dudarev’s approach139 was applied 

to increase the accuracy of the band gap and reaction kinetics with a Ueff = 4 for titanium 

atoms. This Ueff was chosen to align both the band gap and lattice parameters with 

experimental values as well as prevent electron delocalization.140-142 The single-electron 

wave functions were expanded using plane waves with an energy cutoff of 400 eV. All 

oxide slabs were based on the (101) surface of anatase TiO2, and modeled by a (2 × 2) 

surface unit cell with four atomic layers for a total of 32 Ti atoms and 64 O atoms. 

The lattice constants used for anatase TiO2 were a = 3.784 Å and c = 9.515 Å. 143 

A vacuum layer of 24 Å was used to separate periodic images of the slab in the z 

direction (normal to the surface), and a dipole correction was applied and the electrostatic 

potential was adjusted to ensure that interaction between the surface slab and its periodic 

images was negligible.55 The Brillouin zone was sampled using a (2 × 2 × 1) Gamma-

centered Monkhorst-Pack k-point mesh56 following a convergence test for adsorbate 

binding energies with respect to sampling mesh size. All four layers were allowed to 

relax in all calculations. Binding energy is calculated as BE = Eads – Eslab – Egas, where 
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Eads, Eslab, Egas are the total energies calculated for the slab with the adsorbate, the clean 

stoichiometric slab, and the adsorbate in the gas phase, respectively. Formation energies 

were used in analyzing oxygen vacancy formation, defined as FE = Evo-slab + Eo-gas – Eslab, 

where Evo-slab and Eo-gas were the total energies for the oxygen vacancy slab and the 

oxygen atom in gas phase, respectively. The addition of a single adsorbate molecule to a 

slab with a (2 × 2) surface until cell corresponds to ¼ ML adsorbate coverage. The 

nudged elastic band (NEB) method57 was used to find transition states and calculate 

activation energy barriers. 

5.3 Results and Discussion 

5.3.1 Model TiO2 Surfaces 

In anatase, the (101) facet has the lowest surface energy, with the lowest extent of 

coordinative unsaturation. In the surface layer, one Ti-O bond is cleaved per two surface 

titanium atoms yielding 0.10 bonds cleaved per Å2. The model surface used in this study 

consists of a (2 × 2) surface unit cell of anatase (101). A total of eight Ti-O bonds are 

cleaved in the surface layer, leaving four atoms each of under-coordinated Ti and O 

atoms. The remaining surface Ti atoms (four) and O atoms (eight) are coordinatively 

saturated, with the same valency as in the bulk. The unit cell is the same as shown in 

Figure 4.1. 

The reducibility of surface titanium atoms is well-described in this model. 

Hydrogen atoms prefer to bind atop the coordinatively unsaturated oxygen atoms, and 

become protons by charge transfer to geminal titanium atoms, effectively capturing the 

nominal reduction from Ti4+ to Ti3+.Error! Bookmark not defined. Other adsorbates less e

lectronegative than a Ti4+ center were found to behave similarly, and could be viewed as 
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cations with a reduced titanium center, including formyl (CHO), hydroxymethylidyne 

(COH), and carboxyl (CO2H). By contrast, adsorbates more electronegative than Ti4+ 

would not oxidize upon adsorption, and when placed on the (101) surface alone formed 

high energy radical states. These adsorbates could be stabilized by coadsorbing H atoms 

in the same calculation slab. The significant stabilization in this binding arrangement can 

be interpreted by viewing the adsorbate and the hydrogen atom as an anion/cation pair, 

with H oxidized to a proton, and electron transfer to reduce the electronegative adsorbate 

to a cation. Hydroxyl (OH) and formate (HCOO) were found to take very high energy 

states when adsorbed alone, but were greatly stabilized as anions when coadsorbed with 

protons.  

The binding interactions of water molecules with TiO2 surfaces are of particular 

importance in the investigation of catalytic mechanisms involving water as a reactant and 

as a promoter or cocatalyst.105,106,133-136,144-146 Water may bind to the (101) surface of anatas

e molecularly as a physisorbed species or dissociatively as a chemisorbed species. The 

calculated structures are shown in Figure 5.1. In physisorbed water (H2O(p)), water binds 

atop the undercoordinated Ti atom, such that the oxygen atom occupies roughly the 

position of the Ti-O bond cleaved to form the (101) surface with a binding energy of -

0.87 eV relative to a free water molecule. Chemisorbed water (H2O(c)) consists of 

hydroxyl groups formed from the heterolytic cleavage of a water O-H bond, resulting in 

an OH- anion bound to the Ti atop site, and a proton bound to the undercoordinated 

bridging O atom, with a binding energy of -0.65 eV relative to a free water molecule. 

This means that the calculated energy to dissociate water was 0.22 eV, and the barrier for 
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water dissociation on the surface considered here was calculated to be 0.44 eV, consistent 

with reports that water dissociation is an activated process on anatase (101) .133-135, 144 

H2O(p) 

physisorbed water 

H2O(c) 

chemisorbed water 

  
Figure 5.1 Side view of the best binding orientations of water on anatase (101) in its physisorbed and chemisorbed 

states. Chemisorbed water is bound as an OH-/H+ anion/cation pair from the heterolytic cleavage of the O-H bond in 

physisorbed water. 0-1 

5.3.2 MSR Reaction Pathways and Intermediates 

The elementary reactions of surface intermediates involved in conversion of 

methane into CO or CO2 can be classified into three main types: cleavage of a C-H bond 

in a dehydrogenation step; direct oxidation by O to form a C-O bond; and addition of an 

OH group. Starting from methane, these successive steps are shown in Scheme 5.1. 

Following weak adsorption, the first step in the reaction is the initial and difficult C-H 

activation step. This is the only CHx species that may not undergo direct oxidation or OH 

addition, which would violate the preferred sp3 hybridization of carbon. After this initial 

C-H bond cleavage, the subsequent CHx species methyl (CH3), methylene (CH2), 

methylidyne (CH), and carbon may all undergo dehydrogenation (except carbon), direct 

oxidation, or OH addition, leading to a number of oxygenated intermediates, CHxO. 

Subsequent dehydrogenation of these species leads to additional reaction pathways 

without increasing the number of species under consideration, so thirteen total adsorbates 

need to be considered. 
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Ultimately, the pathways in Scheme 5.1 converge at adsorbed CO, which may desorb or 

itself react further in the water-gas shift reaction. The reactivity of CO towards water-gas 

shift, including the surface intermediates involved in the reaction are treated in detail in 

Chapter 4. These reactions are summarized in a single arrow in Scheme 5.1, but comprise 

of three possible mechanisms, direct CO oxidation and associative pathways with 

carboxyl and formate (HCOO) intermediates. Two of these mechanisms are directly 

comparable to the elementary O and OH addition steps considered in Scheme 5.1. The 

direct oxidation of CO was found to be kinetically unfavorable compared to the carboxyl 

mechanism, which begins with OH addition. The formate pathway begins with a 

hydrogenation step (as compared to dehydrogenation steps in Scheme 5.1) leading to 

CHO or COH. The reverse of both of these steps are also shown in Scheme 5.1. 

Unassisted, the formate pathway was found to be kinetically unfavorable on anatase 

(101) due to a very large 4.23 eV barrier for CO hydrogenation. However, adsorbed 

water functioned effectively as a hydrogen transfer agent, reducing the barrier of the 

reaction to 1.45 eV without being consumed in the reaction. Adsorbed water therefore 

played a cocatalytic role in assisting hydrogen transfer steps on the anatase (101) surface, 

and made the formate and carboxyl pathways competitive.  
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Scheme 5.1 Elementary dehydrogenation (blue arrows), direct oxidation (red), and OH addition 

(yellow) steps implicated in methane steam reforming to CO. Adsorption/desorption steps shown 

in green. Conversion of CO to CO2 in the water-gas shift reaction is summarized by the black 

arrow, and discussed in chapter 4. All species adsorbed on TiO2 surface except for gaseous 

species as indicated. 

 

5.3.2.1 Binding of CHx Species  

When placed near the TiO2 surface, methane showed little affinity for the surface 

(-0.01 eV binding energy) with no site preference. The binding geometry was essentially 
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that of a gaseous molecule far from the surface. The binding geometries and binding 

energies of dehydrogenated CHx species are given in Figure 5.2 and Table 5.1 

respectively. 

Removing a hydrogen atom from methane to form methyl created a cationic 

adsorbate binding to the undercoordinated oxygen atom with a binding energy of -1.38 

eV. Both the binding site and geometry were the same for CH3
+ as for a proton, including 

the reduction of the geminal undercoordinated Ti atom to Ti3+. The next best binding site 

on a coordinatively saturated oxygen atom was 0.93 eV higher in energy, indicating a 

very strong site preference for the undercoordinated sites. 

Methylene bonded to a Ti-O bridge site at the undercoordinated titanium and 

oxygen atoms. In analogy to CH3, CH2 may have been expected to bind to the 

undercoordinated surface oxygen atom and reduce the nearby titanium center. As the CH2 

radical has two unpaired electrons, this would have been expected to lead to doubly 

reduced Ti2+ or two Ti3+ centers. Instead, no reduction in the oxidation state of titanium 

was observed. Instead, CH2 formed an additional Ti-C bond with the undercoordinated Ti 

atom, leading to the bridging geometry in Figure 5.2. 

 Two binding modes for methylidyne were found. The first was similar to CH2 

and bound to the bridging Ti-O site consisting of the undercoordinated atoms with a 

binding energy of -3.87 eV. The alternative binding mode, shown in Figure 3, was 0.18 

eV more stable, with a binding energy of -4.05 eV. The CH group inserted into a Ti-O 

bond between a coordinatively saturated titanium atom and the unsaturated O atom. The 

resulting structure is equivalent to a formyl group (CHO) binding to an oxygen vacancy 
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formed by transferring the lattice oxygen to the adsorbate. This result is an unusual planar 

geometry around carbon. In either structure, a single Ti atom is reduced to Ti3+ while the 

remaining electrons from the CH group constitute the new Ti-C bond.  

Atomic carbon showed a similar effect to CH in that the preferred binding mode 

inserted into the lattice Ti-O bond, forming a CO molecule adsorbed to the oxygen 

vacancy by transferring the O atom to the carbon. The result was binding energy of -4.84 

eV. 

 
Side View Top View 

CH3 

 

methyl 

  

CH2 

 

methylene 

  

CH 

 

methylidyne 

  

C 

 

atomic 

carbon 
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Figure 5.2 Best binding orientations of CHx species on anatase (101). Reduced Ti3+ centers are labelled where 

present. CH3, CH, and C adsorb as cations, and CH2 adsorbs as a neutral species. 0-2 

On the (101) facet of anatase, the undercoordinated oxygen atoms are 3.8 Å apart. 

This large spatial distance means that small CHx species may only bind to a single 

binding site, meaning that methylidyne and atomic carbon with not be tetravalent around 

the carbon center. The binding modes of these adsorbates in Figure 5.2 circumvent this 

problem by insertion into the Ti-O bond, creating additional binding interactions at the 

oxygen vacancy that forms. Despite this stabilization, these species are still significantly 

uphill in energy relative to gaseous methane and clean TiO2 surfaces, as discussed below. 

5.3.2.2 Binding of CHxO Species 

 The addition of O or OH to the four CHx species in Figure 5.2 leads to the 

formation of the eight adsorbed CHxO species shown in Scheme 5.1. The structures of 

these species bound to the (101) surface of anatase are shown in Figure 5.3, and the 

binding energies are given in Table 5.1. The general trends in binding preferences 

followed those observed for CHx species and for water, and analogies can be drawn 

between them.  

 The interaction of methanol with the anatase surface most closely resembled that 

of physisorbed water. The O atom of methanol interacted with the undercoordinated Ti 

atom in a geometry not unlike the lattice position of the “missing” oxygen from the 

cleavage of the surface plane. The O-H bond was oriented parallel to the surface, as in 

water, but the methyl group pointed away from the surface, such that the plane of the 

molecule was orthogonal to the surface. The entirety of the water molecule was oriented 

parallel to the surface, probably due to its smaller size. As the methanol molecule is intact 
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in this binding structure, this can be thought of as physisorbed methanol, with a binding 

energy of -0.80 eV. 

  The methoxyl group, CH3O, was the only adsorbate more electronegative than 

Ti4+, and attempts to place it on a clean surface led to very high energy radical states. 

Similar phenomena were found with adsorption of hydroxyl and formate species and 

given that hydroxyl and methoxyl are isoelectronic adsorbates, the similar binding modes 

are sensible. Instead, the methoxyl species was added to a calculation slab already 

containing a hydrogen atom, similar to hydroxyl and formate cases, the resultant 

stabilization of the methoxyl can be described as an anionic CH3O
- group coadsorbed 

with a proton. The binding energy was -2.84 eV. In this structure, the methoxyl oxygen 

was in a similar position as in physisorbed methanol, atop the undercoordinated Ti atom. 

The proton was situated on an undercoordinated oxygen atom that did not share a bond 

with the binding site for the methoxyl group. In all discussion that follows, CH3O was 

coadsorbed with H in order to obtain the stabilized anionic structure rather than the high 

energy radical. During MSR reaction conditions, water activation would lead to the 

formation of adsorbed hydrogen atoms (as protons) and so this coadsorption model is 

reasonable.  

 Hydroxymethyl (CH2OH) took a binding geometry similar to that of methyl. In 

both adsorbates, a CH2 group sat atop the undercoordinated bridging surface oxygen and 

transferred charge to the geminal undercoordinated Ti atom, described as a Ti3+ center. In 

addition the OH group in hydroxymethyl pointed towards a different undercoordinated Ti 

atom not bonded to the bridging oxygen, forming a 2.55 Å O-Ti dative bond. This highly 

elongated bond is in contrast to 1.9-2.0 Å for lattice Ti-O bonds in the surface layer, and 
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the two Ti-O bonds of the bridging oxygen involved in bonding at 2.05 Å and 2.12 Å. 

This weak interaction did not stabilize the hydroxymethyl group by much (binding 

energy = -1.83 eV), and compared to CH3O, its isomer, hydroxymethyl was 0.62 eV 

unfavorable. 

 Formaldehyde is a molecular species with a double bond that is able to form an η2 

interaction with the two adjacent undercoordinated sites. The CH2 group bonded to an 

oxygen atom and the O atom bonded to a titanium atom. The π electrons of formaldehyde 

are implicated in the bonding interaction, as evidenced by the elongation of the C-O 

double bond. In calculations of free formaldehyde, the double bond was 1.21 Å, but in 

the adsorbed molecule, the bond had stretched to 1.40 Å, nearly as long as the single 

bond in free methanol (1.43 Å). 

 Hydroxymethylene (CHOH) is an isomer of formaldehyde and took a binding 

orientation nearly identical to that of methylene. The OH group of CHOH was positioned 

in the same orientation as one of the CH groups in CH2. By also taking a bridging binding 

site between the undercoordinated titanium and oxygen atoms, the CHOH group was also 

able to bind without transferring charge to the support, and no reduction of titanium was 

observed. Although the binding energy of CHOH (-1.92 eV) appears to be stronger than 

that of formaldehyde, the proper comparison is between the total energy of both isomers 

in their best binding orientations. This difference reveals that CHOH was 1.22 eV less 

favorable than formaldehyde.  

  Unlike formaldehyde, the C-O group in formyl retained its carbonyl character 

upon binding to the undercoordinated oxygen atom. The carbonyl oxygen formed a 

dative bond (2.25 Å) with a nearby Ti atom, but the C-O bond length was still only 1.25 
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Å, much more similar to the double bond in formaldehyde than the single bond in 

methanol. The isomer of formyl, hydroxymethylidyne, showed a stronger binding energy, 

but comparing the relative energies for the two isomers, formyl was more favorable by 

1.58 eV. Both isomers formed a reduced titanium center at the geminal Ti atom. 

Table 5.1 Binding energies of MSR intermediates species on anatase (101) in eV. 0-1 

Species BE 

CH4 -0.01 

CH3 -1.38 

CH2 -3.02 

CH -4.05 

C -4.84 

CH3OH -0.80 

CH3O + H a -2.84 

CH2OH -1.83 

CH2O -0.84 

CHOH -1.92 

CHO -2.29 

COH -2.57 

CO -0.34 

CO2 -0.20 
a Coadsorbed as anion and a proton. 

 

Between all isomer pairs in Scheme 5.1, the isomers with OH groups formed from 

cleavage of a C-H group in CHx-1OH species, or OH addition to CHx species, were 

always less stable than the isomers without OH groups. These more stable isomers were 

formed from O-H cleavage or from O atom addition to CHx species. The preference 

between isomers became larger as the adsorbates underwent successive hydrogenation, 

with a modest difference of 0.62 eV between methoxyl and hydroxymethyl, up to a 

significant difference of 1.58 eV between formyl and hydroxymethylidyne. 
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COH 

 

hydroxymethylidyne 

  

CO 

 

carbon monoxide 

  

CO2 

 

carbon dioxide 

  
Figure 5.3 Best binding orientations of CHxO species on anatase (101). Reduced Ti3+ centers are labelled where 

present. CH2OH, CHOH, CHO and COH adsorb as cations, CH3O adsorbs as an anion and is coadsorbed with a 

proton, and CH3OH, CH2O, CO and CO2 adsorb molecularly.0-3 

5.3.2.3 Binding of COx Species 

CO and CO2 interacted only weakly with the anatase (101) surface. Both 

molecules physisorbed to a top site over titanium in their preferred binding geometries, 

via carbon in CO and via oxygen in CO2 (Figure 5.3). With low binding energies of -0.34 

eV and -0.20 eV respectively, CO and CO2 must compete for these binding sites with 

many species, including molecularly adsorbed water, which binds to the Ti top site more 

strongly. 

 

5.3.3 Methane Steam Reforming Pathways 

Constructing reaction pathways consisting of elementary steps from methane to 

CO (or CO2) connecting all the intermediates in Table 5.1 using the three reaction classes 

identified in Section 5.3.2 (dehydrogenation, O addition, OH addition) requires 
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reconsideration once the very high energy of OH and O radicals is considered. Instead, 

alternate mechanisms involving water were considered. For OH addition steps, (steps 3, 

11, 17, 22 in Scheme 5.1), chemisorbed water is substituted in the reaction, such that the 

reaction occurs with the anionic hydroxyl and the proton is generated as a byproduct. In 

the absence of atomic oxygen, the direct oxidation by O (steps 4, 12, 18, 23 in Scheme 

5.1) may proceed either by pulling oxygen from the TiO2 lattice, generating an oxygen 

vacancy (VO), or by pulling oxygen directly from chemisorbed water.  

CHx + H  CHxO + VO + H   CHx + H2O(c)  CHxO + 2H  

The energetic penalty for forming oxygen vacancies is significant, and the difference 

between these two mechanisms comprises the energy required to heal a vacancy with 

chemisorbed water, VO + H2O(c)  2H, with calculated reaction energy of -1.29 eV. Due 

to this large difference in reaction energies, only the reactions with chemisorbed water 

were considered, and formation of lattice oxygen vacancies was not considered further. 

The reaction energies for all steps in the MSR reaction are given in Table 5.2. 

Using these reaction energies, the potential energy surfaces in Figure 5.4 were 

constructed. Nearly all dehydrogenation steps were endothermic, except for the 

dehydrogenation of high energy CHOH and COH species. OH addition was always 

exothermic, but O addition could be exothermic or endothermic depending on the 

reactant – CH3 oxidation by water was slightly uphill while all others were downhill. The 

pathways leading to adsorbed CHO or CO involved adsorption and activation of one 

molecule of water, which was consumed in either OH or O addition steps. From either 

CHO or CO to CO(g) required no additional water. The water-gas shift steps, starting from 

either CO or CHO, require adsorption and consumption of one additional water molecule. 
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The details of the water-gas shift reaction are discussed in Chapter 4 and are omitted 

from Figure 5.4 except for steps derived from CHO. The pathway from CHO to CO2 

appears to be more favorable than any pathway leading to CO(g). Experimental 

investigation of MSR on metal-free anatase TiO2 confirm that CO2 is the preferred COx 

product.168 

Table 5.2 Reaction energies for elementary steps in MSR mechanism.a 0-2 

 

ΔE is the energy of reaction in eV. All species are surface species at infinite separation except for gaseous 

species and coadsorbed species as follows: H2O(c) or OH+H, and CH3O+H which are coadsorbed as anions 

and protons on the same slab. a All steps in this table neglect cocatalytic water. b Modified from Scheme 1 

to use anionic OH- from chemisorbed water. c Modified from Scheme 1 to use water as oxidant. d A 

spectator hydrogen atom is included in the reaction as methoxyl must be coadsorbed with a proton for 

charge balance.  

 

Comparing the pathways in Figure 5.4, there are some reactions that are unlikely 

to occur based on energetics alone. Considering the reactions from CH2, the 

 Reaction ΔΕ 

(1) CH4(g)  CH4  -0.01 

(2) CH4  CH3 + H +0.97 

(3) b CH3 + H2O(c)  CH3OH + H -0.10 

(4) c CH3 + H2O(c)  CH3O + 2H +0.11 

(5) CH3  CH2 + H +0.94 

(6) CH3OH  CH3O + H +0.20 

(7) CH3OH  CH2OH + H +0.82 

(8) d CH3O + H  CH2O + 2H +0.81 

(9) CH2OH  CH2O + H +0.19 

(10) CH2OH  CHOH + H +1.42 

(11) b CH2 + H2O(c)  CH2OH + H -0.21 

(12) c CH2 + H2O(c)  CH2O + 2H -0.02 

(13) CH2  CH + H +1.38 

(14) CH2O  CHO + H +0.10 

(15) CHOH  CHO + H -1.13 

(16) CHOH  COH + H +0.45 

(17) b CH + H2O(c)  CHOH + H -0.18 

(18) c CH + H2O(c)  CHO + 2H -1.30 

(19) CH  C + H +0.51 

(20) CHO  CO + H +0.73 

(21) COH  CO + H -0.85 

(22) b C + H2O(c)  COH + H -0.23 

(23) c C + H2O(c)  CO + 2H -1.08 
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dehydrogenation reaction is +1.38 eV uphill compared to water chemisorption at +0.22 

eV followed by O or OH addition which are both downhill. Similarly CH2OH can 

undergo C-H scission at +1.42 eV or O-H scission at +0.19 eV. Adding the activation 

energy barriers over these large endothermic reaction energies would make these 

reactions even less favorable. Given the large discrepancy in reaction energies at these 

forks, these higher-energy pathways were excluded from further consideration. 

Eliminating CH formation from CH2 (step 13 from Scheme 5.1) and CHOH formation 

from CH2OH (step 10) means that steps forming atomic carbon and COH would also be 

excluded, as well as any further elementary reactions of these species. The four 

eliminated intermediates, CH, C, CHOH, and COH were the only adsorbed states on the 

potential energy surface higher in energy than adsorbed CO. Altogether, steps 10, 13, 15-

19 and 21-23 from Scheme 5.1 could be eliminated. 

The potential energy surface in Figure 5.4 also makes methanol synthesis from 

methane look quite feasible. This is a surprising result, as direct synthesis of methanol 

from methane has received significant research attention.169 Surely if methanol formation 

were possible, its desorption energy of only 0.80 eV would mean that it would be favored 

as a product over subsequent surface reactions to CO and CO2. Desorption of methanol 

would be roughly equivalent in energy to the bound CH2OH state in Figure 5.4. 

However, this reaction has not been reported experimentally, and experiments on metal-

free anatase do not detect methanol as a product.168 By contrast, formaldehyde is 

observed as a gas-phase product in these reactions at low yield, and so pathways 

involving formaldehyde as an intermediate can still be considered as relevant. The 

desorption energy of formaldehyde of 0.84 eV makes it comparable in energy to the 
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adsorbed CO state in Figure 5.4. That formaldehyde is seen, but not as a major product 

experimentally suggests that pathways leading from adsorbed formaldehyde to other 

products are kinetically and thermodynamically more favorable than formaldehyde 

desorption or conversion of formaldehyde to CO via CHO. This again points to the 

pathway from CHO to CO2(g) as appearing to be more energetically favorable than any 

pathway to CO(g).  

 

Figure 5.4 Potential energy surfaces for methane steam reforming mechanisms on anatase TiO2 (101). Elementary 

steps include dehydrogenation (blue), oxidation by O (red), and OH addition (yellow). Additional steps include water 

physisorption (purple), chemisorption (green), and water-gas shift reaction (black). WGS mechanism not shown in 

detail except for CHO/HCOO pathway. State of any water molecules present indicated by (g) gaseous, (p) physisorbed, 

(c) chemisorbed. Surface hydrogen atoms as products omitted for clarity, and associative desorption as H2 included 

with final CO and CO2 desorption steps. All species are surface species at infinite separation except for gaseous 

species and coadsorbed species as follows: H2O(c) or OH+H, and CH3O+H which are coadsorbed as anions and protons 

on the same slab.0-4 

After eliminating several pathways from methane to COx based on the above 

discussion, the pathways that remain all begin with methane dehydrogenation to methyl, 
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Step 2 in Scheme 5.1, and involve formaldehyde and CHO as intermediates. From methyl 

to formaldehyde there are three possible pathways. The methoxyl pathway involves 

oxidation of methyl by water to form methoxyl, Step 4, followed by methoxyl 

dehydrogenation, Step 8. Two other pathways begin with methyl dehydrogenation to 

methylene, Step 5. The direct methylene pathway is defined by the oxidation of 

methylene to formaldehyde by water, Step 12, while the indirect methylene pathway 

involves OH addition to methylene to form CH2OH, Step 11, followed by 

dehydrogenation to formaldehyde, Step 9. From formaldehyde, Step 14 is the 

dehydrogenation reaction to formyl. Formyl may take two pathways, the dehydrogenation 

pathway to CO, Step 20, or the WGS pathway to CO2 via formate. Adsorbed CO itself 

can desorb or undergo WGS via the carboxyl pathway to CO2. Activation energy barriers 

for these remaining steps are discussed in the following sections. 

5.3.4 Elementary Reactions without Assistance from Cocatalytic Water 

Methane activation is a challenging reaction for any catalyst surface due to the 

symmetry of the molecule and its four strong C-H bonds. Coupled with its weak 

interaction with the TiO2 surface, the dehydrogenation of methane to methyl is expected 

to be a challenging reaction. In the transition state structure (Figure 5.5), the carbon atom 

interacts with the undercoordinated surface bridging atom while one C-H bond stretches 

towards the undercoordinated Ti atom. This transition state resembles pentavalent carbon, 

and the product state for this mechanism places the hydrogen atom at an unfavorable 

position atop a Ti atom. Together, these factors contribute to a very large activation 

energy barrier of 4.96 eV when the reaction is unassisted and takes place on the clean 

anatase (101) surface. This barrier is likely prohibitive even at high temperatures, and 
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further reaction is unlikely if the initial barrier is unsurmountable. For this reason, the 

cocatalytic effect of water, which lowers activation energy barriers in WGS mechanism 

hydrogen transfer steps on anatase (101), was investigated for the MSR reaction 

pathways. Following the results for WGS, it is expected that water will greatly reduce 

some of the dehydrogenation barriers in the MSR pathway as well. The effect of 

cocatalytic water on this and all dehydrogenation steps is discussed in Section 5.3.5. 

The barriers for the remaining MSR reaction steps following methane 

dehydrogenation are reported in Table 5.3, and the reaction pathways are summarized in 

Figure 5.6. While the initial methane dehydrogenation barrier was large, similarly large 

barriers were found for other elementary dehydrogenation steps when unassisted by 

cocatalytic water. The dehydrogenation reaction of methyl to methylene, methoxyl to 

formaldehyde, and formyl to carbon monoxide all possessed barriers larger than 4 eV. As 

with methane, these reactions also had large endothermic reaction energies of >0.7 eV. 

Each of these reactions’ transition states were high in energy due in part to the large 

distance between active sites on the anatase (101) surface. Undercoordinated oxygen 

atoms, which were the preferred binding sites for many adsorbates including hydrogen 

atoms, are 3.8 Å apart. Any adsorbates that bind to these sites through the carbon atom 

must place carbon and hydrogen on these two distant sites in the final state, or else place 

the hydrogen in an energetically unfavorable binding site as in Figure 6. The transition 

state must therefore span a large physical distance without any stabilization from nearby 

surface atoms. In the case of hydrogen transfer between formyl and carbon monoxide, the 

hydrogen atom in this transition state was found to have a gas-like character, with no 

interaction with the surface. Another way to describe this effect is that when both 
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products from the C-H bond scission prefer the same site and site density is low, the 

competition for binding sites leads to long migration distances for the smaller daughter 

fragment – the H atom – and consequently large barriers.  

 Not all dehydrogenation reactions were equally difficult. C-H bond scission in 

formaldehyde was only 1.62 eV. The reaction energy of only 0.10 eV was also 

significantly less than with the previous four examples. This was because CH2O and 

CHO are the only adsorbates where both the reactant and the product interact with the 

surface via C and O atoms, and as such the transition state is somewhat stabilized relative 

to other C-H bond scission reactions. The O-H bond cleavage barrier in CH2OH was 

facile in contrast to all C-H cleavage reactions, with a barrier of only 0.48 eV. This is 

readily explained by the preferred binding structure of hydroxymethyl in Figure 5.3. The 

oxygen atom is trivalent in this structure, with the dissociating hydrogen atom dissociate 

pointing towards the hydrogen acceptor site, and an undercoordinated surface oxygen 

atom only 1.82 Å away. 

Unlike hydrogen atom transfer reactions including all the dehydrogenation 

reactions above, O and OH addition reactions are not expected to benefit from cocatalytic 

water, and use water as a reactant instead. This means that the barriers for methyl 

oxidation to methoxyl, methylene oxidation to formaldehyde, and methyl hydroxylation 

to hydroxymethyl are unchanged in pathways where cocatalytic water is considered. All 

three of these reactions had small reaction energies of +0.11 eV, -0.02 eV, and -0.21 eV 

respectively, and used chemisorbed water as a reactant.  

In methyl and methylene oxidation reactions, the OH group in chemisorbed water 

acts as the oxidant, transferring an O atom to the CHx species and transferring H to a 
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nearby lattice oxygen atom. The barriers for these reactions were similar, 2.06 eV and 

2.00 eV respectively. These large barriers arise due to the concerted cleavage of the O-H 

bond while forming the C-O bond and a new O-H bond in the transition states. Attempts 

to find step-wise mechanisms were unsuccessful. Taking methylene oxidation as an 

example, the hydrogen atom from chemisorbed water transferred to the surface oxygen 

atom already bonded to one H atom. The product of this elementary step is formaldehyde 

and a water molecule formed from a lattice oxygen atom, leaving an oxygen vacancy. 

This reaction therefore pays the same >1 eV energy penalty for forming the vacancy by 

placing two H atoms on the same oxygen atom. This energy is then recovered as the two 

hydrogen atoms diffuse away from each other on the surface, restoring the oxygen atom 

to its lattice position. Therefore, the overall 2.00 eV barrier for this step includes +1.18 

eV to form the formaldehyde/water/VO state and the overall reaction energy of -0.02 eV 

includes the -1.20 eV recovered by healing the vacancy. The reaction of water with 

oxygen vacancies is discussed in more detail in Chapter 4. 
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Table 5.3 Reaction energies and activation energy barriers in eV for elementary steps in MSR. 0-3 

 Reaction ΔΕ Ea 

(2) CH4  CH3 + H +0.97 4.96 

(2’) a CH4 + H2O(c)   CH3 + H+ H2O(p) +0.75 2.95 

(4) c CH3 + H2O(c)  CH3O + 2H +0.11 2.06 

(5) CH3  CH2 + H +0.94 4.55 

(5’) a CH3 + H2O(c)   CH2 + H+ H2O(p) +0.72 1.68 

(8) d CH3O + H  CH2O + 2H +0.81 4.33 

(8’) a,d CH3O + H + H2O(c)   CH2O + 2H + H2O(p) +0.60 1.69 

(9) CH2OH  CH2O + H +0.19 0.48 

(9’) a CH2OH + H2O(c)   CH2O + H + H2O(p) -0.03 <0.44e 

(11) b CH2 + H2O(c)  CH2OH + H -0.21 1.33 

(12) c CH2 + H2O(c)  CH2O + 2H -0.02 2.00 

(14) CH2O  CHO + H +0.10 1.62 

(14’) a CH2O + H2O(c)   CHO + H + H2O(p) -0.12 <0.44e 

(20) CHO  CO + H +0.73 4.97 

(20’) a CHO + H2O(c))  CO + H + H2O(p) +0.51 1.96 

ΔE is the energy of reaction. Ea is the activation energy barrier. All species are surface species at infinite 

separation except for gaseous species and as follows: H2O(c) or OH+H, and CH3O+H which are coadsorbed 

as anions and protons on the same slab. a Reaction i’ indicates water-assisted hydrogen transfer mechanism 

i.e. cocatalytic water. ΔE is -0.22 eV more exothermic due to net conversion of chemisorbed water to 

physisorbed water. b Modified from Scheme 1 to use anionic OH- from chemisorbed water. c Modified from 

Scheme 1 to use water as oxidant. d A spectator hydrogen atom is included in the calculation as methoxyl 

must be coadsorbed with a proton for charge balance. e The intrinsic barrier was less than the 0.44 eV water 

chemisorption barrier, so the larger of the two barriers is given. 

 

Compared to oxidation, methylene hydroxylation possesses a lower activation 

energy barrier. The mechanism was very different as well. The reaction did not proceed 

in a single step, but rather in two separate steps owing to the high degree of coordination 

between the CH2 adsorbate with anatase surface atoms. In the first part of the mechanism, 

the C-Ti bond broke and the methylene group only interacted with the surface via its C-O 

bond. This state was 0.78 eV higher in energy than the best binding orientation for CH2, 

and the transition state was an additional 0.26 eV higher, for a total activation energy 

barrier of 1.04 eV to reach this less-favorable binding geometry. The remainder of the 

reaction involved migration of the chemisorbed water OH group to methylene, forming a 

C-O bond. This reaction was 0.79 eV downhill with a 0.56 eV barrier. The highest energy 
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transition state for this reaction was 1.33 eV higher in energy than the reactants, and this 

barrier is reported in Table 5.3 and Figure 5.6.  

 

  
Unassisted 

(Side View) 

Unassisted 

(Top View) 

Water Assisted 

(Side View) 

Water Assisted 

(Top View) 

IS 

    

TS 

    

FS 

    

Figure 5.5 Methane hydrogenation mechanism unassisted (without participation of a cocatalytic water 

molecule) and with cocatalytic water. IS is the initial coadsorbed state, TS is the transition state, and FS is 

the final coadsorbed state. 0-5 

Considering the three possible pathways to formaldehyde from methyl in the 

absence of cocatalytic water (Figure 5.6A), the comparison between the indirect and 

direct methylene pathways favors the indirect pathway with only a 1.33 eV barrier to add 

OH to CH2 compared to 2.00 eV to add O. Both the indirect methylene and methoxyl 

pathways face steep dehydrogenation barriers for the dehydrogenation of a CH3 group – 

in methyl dehydrogenation for the indirect methylene pathway and in methoxyl for the 

methoxyl pathway. Compared to gaseous methane and water reactants, these effective 

barriers were similar in energy, 4.64 eV and 4.75 eV respectively, and were even higher 
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in energy than the effective dehydrogenation barrier of methane of 4.09 eV. These three 

barriers dominate the potential energy surfaces, and the similarity in effective barriers 

means that the indirect methylene and methoxyl pathways are both competitive for the 

formation of formaldehyde. The dehydrogenation of formaldehyde to formyl was much 

lower in barrier compared to other dehydrogenation steps.  

The elementary steps from formyl to gaseous CO and CO2 was been discussed in 

detail in Chapter 4. In the context of MSR, the dehydrogenation barrier to CO is the 

highest energy point in any of the pathways, 6.29 eV compared to gaseous reactants. This 

means that the direct conversion of formyl to CO2 was more favorable via the formate 

pathway. 

5.3.5 Effect of Cocatalytic Water on Dehydrogenation Steps and MSR Pathways 

Hydrogen transfer steps comprised the four largest kinetic barriers in the MSR 

pathways. These same steps can proceed with assistance from cocatalytic water, by 

having the OH group of chemisorbed water act as a hydrogen acceptor. The OH group 

can bridge the spatial gap between hydrogen adsorption sites and stabilize the energy of 

the transferred hydrogen in the transition state. This effect was previously described for 

hydrogen transfer steps in WGS, where it led to the formate pathway being competitive 

with the carboxyl pathway by lowering the CO hydrogenation barrier from 4.23 eV to 

1.45 eV. This elementary step is the microscopic reverse of formyl dehydrogenation, Step 

20 in Scheme 5.1, with a barrier of 4.97 eV in the absence of cocatalytic water. With 

cocatalytic water, formyl reacts with chemisorbed water (OH+H), and the products are 

CO and physisorbed water, with the adsorbed H from chemisorbed water acting as a 

spectator. The barrier is lowered to 1.96 eV. Due to the conversion of chemisorbed water 
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to physisorbed water, all reaction energies involving cocatalytic water appear -0.22 eV 

more exothermic in Table 5.3 than their unassisted counterparts. The activation of 

physisorbed water to form chemisorbed water is +0.22 eV uphill and closes the catalytic 

cycle. As chemisorption must precede any cocatalytic water reaction, the energy for 

water activation is included in the barriers of all such steps in Figure 5.6B. Further, for 

any dehydrogenation steps with intrinsic barriers less than the chemisorption barrier of 

0.44 eV, the water activation step is the highest barrier and therefore is the barrier listed 

in Table 5.3 and shown in Figure 5.6B. 

To investigate the cocatalytic effect of chemisorbed water in the dehydrogenation 

steps in MSR, reactants were coadsorbed on the same slab as OH+H. The minimum 

energy pathways to transfer hydrogen from the MSR intermediates to the OH group were 

calculated and the barriers for these water-assisted reactions are compared to the 

unassisted pathways in Table 5.3 and Figure 5.5. The effect on the initial methane 

activation step and its transition state structure are shown in Figure 5.5. One of the 

reasons for the very large barrier for methane activation was the lack of a suitable site 

near the product methyl adsorption site to place the removed hydrogen atom. In the 

unassisted pathway, this hydrogen was placed in a very unfavorable binding site atop Ti. 

In the presence of chemisorbed water, this site is occupied by OH which places a much 

better H-acceptor at roughly the same position. The transition state no longer involves 

five-coordinate carbon. Being an endothermic reaction, the late transition state resembles 

a gaseous CH3 radical and physisorbed water. This CH3 group then binds to the 

undercoordinated surface oxygen atom in the product state. The gas-like nature of the 

CH3 group in the transition state means that there is little stabilization from interaction 
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with the anatase surface, but the reduction in the activation energy barrier by taking 

advantage of the cocatalytic water is substantial. The new barrier was only 2.95 eV, 2.02 

eV lower than in the unassisted pathway. Though the barrier of nearly 3 eV is large, it is 

conceivable that reaction would occur at the very high temperatures used for methane 

steam reforming. It is also smaller than the band gap energy of anatase TiO2 of 3.20 

eV,123 suggesting that photocatalytic conditions may be able activate the C-H bond.  
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Figure 5.6 Reaction pathways without (A) and with (B) the effect of cocatalytic water on dehydrogenation barriers. 

Reaction steps common in all pathways shown in black, methoxyl pathway in green, direct methylene pathway in blue, 

indirect methylene (hydroxymethyl) pathway in yellow, CO/carboxyl WGS pathway in red, and formate WGS pathway 

in purple. See Figure 5.4 for labelling conventions. The energy to chemisorb water, +0.22 eV, is included in the barrier 

heights for reactions which utilize cocatalytic water in B. 0-4 

A 

B 
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Cocatalytic water played a similar role in lowering the activation energy barriers 

of dehydrogenation steps by having the OH group act as a hydrogen acceptor. The 

reactions with the largest unassisted dehydrogenation barriers, including methane 

dehydrogenation, showed the largest reductions. The barriers for dehydrogenating the 

CH3 groups in adsorbed methyl and methoxyl were 4.55 eV and 4.33 eV without water, 

and were reduced to 1.68 eV and 1.69 eV respectively with cocatalytic water. The highest 

energy state in Figure 5.6A was the transition state for formyl dehydrogenation with a 

barrier of 4.97 eV which was reduced to 1.96 eV. Together with methane 

dehydrogenation, these four steps showed barrier reductions of >2 eV, with the formyl 

dehydrogenation barrier dropping by the largest margin, 3.0 eV.  

These reductions in dehydrogenation barriers dramatically changed the 

appearance of the potential energy surfaces in Figure 5.6B. The methane activation 

barrier is only 2.29 eV relative to the gaseous reactants, and is comparable in energy to 

methyl oxidation (2.36 eV unchanged from Figure 5.6A) and methoxyl dehydrogenation 

barriers (2.33 eV). The methyl dehydrogenation transition state was previously higher in 

energy than the methane dehydrogenation transition state. Owing to its larger 

comparative barrier reduction, it is now slightly lower in energy (1.98 eV), no longer the 

highest energy state on the methylene pathways, and lower than both the methylene 

oxidation and hydroxylation transition states (2.58 eV and 3.24 eV respectively). The 

indirect methylene pathway is still preferred between these two, but its highest transition 

state, for the hydroxylation step, is slightly higher in energy than methane activation and 

any barrier in the methoxyl pathway. This gives a slight overall advantage to the 

methoxyl pathway. The highest point on any pathway is still the transition state for 
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formyl dehydrogenation. While the transition state for the cocatalytic dehydrogenation 

mechanism is now only 0.34 eV higher in energy than the gaseous CO(g) product state, 

WGS via the formate pathway still appears to be more favorable. As the highest barrier in 

the formate pathway was dehydrogenation, even this barrier was reduced by 0.31 

eV,Error! Bookmark not defined. bringing it below the desorption energies of all the products of t

he net reaction of methane to carbon dioxide. 

Dehydrogenation reactions with smaller barriers saw smaller benefit from the 

participation of cocatalytic water in the reaction. The O-H cleavage in hydroxymethyl 

was already only 0.48 eV, and cocatalytic water steps still require water chemisorption, 

so the effective barrier could not be reduced below the chemisorption barrier of 0.44 eV. 

The formaldehyde dehydrogenation barrier of 1.62 eV was reduced significantly 

(calculated at 0.27 eV), and so effectively the barrier is that for water activation instead 

of C-H bond cleavage. In the unassisted formaldehyde mechanism, the distance between 

the hydrogen donor and the acceptor (a lattice oxygen atom) was 3.83 Å, while in the 

cocatalytic water case, the distance between the hydrogen donor and the acceptor (now 

the OH group of chemisorbed water) was 3.09 Å.  

5.4 Conclusions 

 

Periodic density functional theory calculations were carried out to investigate the 

mechanism of the methane steam reforming reaction on the (101) surface of anatase 

TiO2. Based on binding energies for surface intermediates generated from 

dehydrogenation, oxidation, and hydroxylation of methane and its derivatives, potential 

energy surfaces were generated to compare the thermodynamics of possible pathways 

from methane to both carbon monoxide and carbon dioxide as products. Due to steep 
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energetic penalties in dehydrogenation of methylene and hydroxymethyl, pathways 

involving these intermediates were not considered further. This meant that all steam 

reforming pathways on anatase TiO2 were proposed to involve formaldehyde 

dehydrogenation to formyl. Three pathways were suggested. The methoxyl pathway 

involved oxidation of methyl followed by dehydrogenation of methoxyl. The direct 

methylene pathway involved dehydrogenation of methyl, followed by oxidation of 

methylene to formaldehyde. Due to the high barrier for CHO dehydrogenation, the water-

gas shift reaction is expected to make CO2, rather than CO, the preferred product during 

MSR over metal-free TiO2. 

Activation energy barriers calculated for reactions on clean anatase (101) surfaces 

showed very high >4.3 eV barriers for many dehydrogenation steps, especially the initial 

methane activation barrier to form surface methyl (4.96 eV), essentially making all MSR 

pathways equally unlikely. However, the addition of chemisorbed water to the anatase 

surface revealed the cocatalytic role of water in reducing the barriers of difficult 

dehydrogenation steps. The ability of the OH group to act as a hydrogen acceptor and 

form physisorbed water stabilized the most difficult dehydrogenation transition states by  

>2 eV. This led to much more feasible apparent activation energy barriers of 2.2-2.6 eV 

relative to gaseous methane and steam as reactants. Though differences were small, the 

methoxyl pathway was slightly preferred over the methylene pathways to form 

formaldehyde.  

Even elementary reactions without hydrogen transfer benefitted from the presence 

of chemisorbed water. Direct oxidation and hydroxyl mechanisms using chemisorbed 
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water as a reactant were thermodynamically favored over reactions involving removing 

lattice oxygen to form oxygen vacancies. 

These results further support the proposed active role of adsorbed water in 

catalyzing reactions on TiO2 surfaces. The cocatalytic activity of water has the potential 

to dramatically alter potential energy landscapes on anatase surfaces, changing the 

expected surface species and their concentrations under reaction conditions. The metal-

free calculations can help interpret the activity of the bare support for reactions of 

derivatives of methane, methanol, and formaldehyde on metal nanoparticles supported on 

anatase, and how intermediates of such reactions may interact with metal catalysts. 
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