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 ABSTRACT OF THE DISSERTATION 

Alkane Conversion on Heterogeneous Catalysts from First Principles and 
Descriptors 

 

by 

 

Victor Fung     

 

Doctor of Philosophy, Graduate Program in Chemistry 
University of California, Riverside, June 2019 

Dr. De-en Jiang, Chairperson 
 

The selective conversion of alkanes to high value products remains a monumental 

catalytic challenge. Significant gaps in our knowledge remain regarding the mechanistic 

details of alkane activation and the chemical nature of the catalytically active sites for this 

class of reactions. In this thesis, systematic and thorough first principles studies of alkane 

activation on several major classes of promising materials, ranging from metal oxide 

surfaces to metal clusters and single metal atom sites, have provided us with the insight to 

tackle these open questions. To further expand these findings towards a comprehensive 

search of catalytically active materials, we developed chemical and catalytic descriptors 

which can predict these properties at a fraction of the computational cost. We find on 

oxide surfaces, the homolytic C-H activation pathway is favored, and correlated with the 

reducibility of the lattice oxygen. We identify hydrogen adsorption energy and vacancy 
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formation as strongly correlated energetic descriptors for C-H activation energy and CH3 

adsorption energy, which we use to predict catalytic properties of doped Co3O4 and 

compositionally diverse perovskite surfaces. To provide a structure-activity link between 

the oxygen and alkane activation, we developed a generally applicable coordination 

number descriptor, ‘ACN,’ which can quickly predict C-H activation barriers on various 

oxides. Furthermore, we identify a bulk descriptor, the metal-oxygen crystal orbital 

Hamilton population, which is correlated to the adsorption energy of radical adsorbates 

such as hydrogen and methyl. Meanwhile on metal clusters, structural fluxionality plays a 

pivotal role in catalytic performance. In the model system of Pt10-13, we utilize various 

structural features to identify Pt10 as a magic number cluster with low fluxionality which 

can explain its experimental inertness to alkanes. On single atoms, we demonstrate how 

heterolytic C-H cleavage pathway can be tuned through the metal d-orbital occupation 

and the substrate electronic band gap. These findings have allowed us to identify 

promising single atom catalysts with the elusive low-temperature methane activation 

ability. The work in this thesis aims to provide valuable descriptors and design principles 

for alkane activation and theoretical predictions of promising catalysts. 
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1 Introduction 

1.1 Heterogeneous catalysis 

Catalysis, derived from the Greek word καταλεινν, was first coined by Berzelius in 

1835 in which he described it as the “the property of exercising on other bodies an action 

which is very different from chemical affinity. By means of this action, they produce 

decomposition in bodies, and form new compounds into the composition of which they 

remain apart.” (Berzelius 1836) This idea of ‘catalytic power’ attributes certain 

substances as having the ability to “to awaken affinities, which are asleep at a particular 

temperature.”1 Prior to this definition, the concept chemical reactions occurring only 

when in contact with a specific substance had been proposed by Mitscherlich, known as 

‘contact theory’ or ‘contact action.’2 However, catalysis as a phenomenon had already 

been thoroughly utilized for many millennia, though had not yet been characterized as 

such. The earliest catalytic processes used by humanity were biological in nature, from 

the enzymatic production of alcoholic beverages with yeast, to other foodstuffs such as 

bread, vinegar and cheese. The first intentional use of inorganic catalysts could possibly 

be traced back to the 16th century with the sulfuric acid catalyzed conversion of alcohol to 

ether by Valerius Cordus.3-4 Half a century after Berzelius, Ostwald argued “catalysis is 

the acceleration of a chemical reaction… which occurs without alteration of the general 

energy relations.”5 In our modern definition of catalysis, it is the process of increasing the 

rate of a reaction via a catalyst by providing an alternative reaction pathway with a lower 

activation energy without changing the thermodynamics of the reaction. Catalysts can be 
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homogeneous or heterogeneous, in which they are either in the same or different phase as 

the reactant molecules, respectively.  

Today, up to 90% of industrial chemical processes use heterogeneous catalysis6 with 

an estimated global market share of 20 billion USD. One of the prime advantages of 

heterogeneous catalysts is the easy separation of the gaseous or liquid products from the 

solid catalyst and the higher stability of the catalysts at elevated temperatures and under 

harsh reaction conditions. Studies in heterogeneous catalysts has yielded several Nobel 

prizes, for Haber in 1918, Bosch in 1931, Langmuir in 1932, and Ertl in 2007. One of the 

most prominent examples of these is the catalytic nitrogen fixation process, commonly 

known as the Haber-Bosch process for its primary inventors. Early breakthroughs were 

made by the first realization by Haber and Nernst over the need for high pressures based 

on the Le Chatelier principle in 1903, followed by small-scale production several years 

later.7 Following further improvements beyond Os based catalysts and overcoming 

engineering challenges of high pressure reactors by Mittasch and Bosch respectively, this 

process eventually replaced the more inefficient Birkeland–Eyde and the Franck-Caro 

cyanamide processes to become the predominant method to fix nitrogen. The importance 

of this catalytic process cannot be overstated: two-fifths to one-half of the world’s 

population exists today due to the Haber-Bosch process due to its role as a “detonator of 

population explosion” by providing a source of synthetic fertilizer.8-9 Today, hydrogen 

from coal gasification or natural gas steam reforming and nitrogen distilled from the air 

are reacted at temperatures of 700-800K and pressures of 100-250 atm over primarily Fe 

promoted catalysts.  



3 
 

However, the specific mechanism and understanding of the catalytic process was only 

accomplished nearly a century later in large part from studies by Ertl and coworkers.10 

Much of these insights were made possible through advancements in surface chemistry. 

In particular, the development of ultra-high-vacuum conditions made it possible to study 

clean catalytic surfaces without contamination coupled with characterization by low-

energy electron diffraction, Auger electron spectroscopy and field emission and field ion 

microscopy.11 Ertl’s work on Fe single crystals yielded the first complete energy scheme 

and reaction pathway for ammonia synthesis.12-15 In it and subsequent works by other 

researchers, the extreme structural sensitivity of this reaction was observed.16-19 In 

particular, the rate determining step of N2 dissociation requires the presence of highly 

uncoordinated metal sites at the steps and kinks in order to progress. Subsequent 

computational modelling of N2 to NH3 conversion on these step sites yielded good 

agreement with experimental results.20     

The purpose of the above example of catalytic nitrogen fixation is to highlight the 

economic importance of catalysis, and the scientific hurdles which needed to be 

overcome in order to achieve detailed understanding of the process. In particular, 

computational studies have proven to be invaluable in this scientific process and the 

elucidation of the catalytic mechanisms. Compared to the history of catalysis, 

computational modelling has become a feasible approach for only a fraction of that 

period, but as computational hardware and theoretical methods continue to improve, its 

impact on the field continues to grow. The early attempts of finding viable catalysts were 

trial-and-error based studies requiring painstaking experimental tests of possible 
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candidates. For ammonia synthesis, the first viable and economical catalyst for the 

Haber-Bosch process was found through almost 20000 tests on thousands of catalysts 

over a period of several years.21 Today, through computational modelling, it is now 

possible to understand, design and test catalysts completely in silico without external 

experimental input (termed ‘first-principles,’ see Chapter 2).  

1.1.1 Surfaces 

Surfaces comprise of the portion of the heterogeneous catalyst which is accessible by 

the reactant. With the exception of amorphous catalysts, most naturally forming and 

stable surfaces exist as a low-index facet cleaved from a bulk single crystal. For example, 

single crystal surfaces such as Ni (111) and Pt (111) provide simple model systems for 

study in surface chemistry. As mentioned previously, different surface facets can have 

dramatic differences in catalytic activity due to different concentration and local structure 

of exposed active sites. Various synthesis methods or post-synthesis treatments have been 

able to control the facet of exposed surfaces for the purpose of tuning catalytic behavior 

for metals and metal oxide nanoparticles.22-26   

In many cases surfaces deviate from the pristine form, often by the formation of kinks 

or other defects. On oxides, these defects primarily take the form of oxygen vacancies, 

which are formed from a combination of high temperatures, reacted molecules desorbing, 

or both. In fact, it is most often the defect or high-index sites which provide the observed 

catalytic activity of a solid. This was recognized perhaps as early as the 1920s by Taylor 



5 
 

who deduced from CO adsorption on quartz and nickel that only “a small fraction of the 

surface is active” on specific sites on specific arrangements and spacings.27  

Further complications arise when the as-cleaved surfaces reconstruct to form more 

stable motifs or overlayers.28 Compared to the stable (111) facet, the (110) and (100) 

facets of noble metals may tend to reconstruct.28-32 The presence of specific adsorbates, 

such as CO which can strongly bind to the metal, can also promote surface reconstruction 

schemes.33-34 In metal oxides, reconstruction is a major phenomenon due to the 

possibility of cleaving polar surfaces which can lead to a diverging electrostatic potential 

or ‘polar catastrophe.’35-37 Reconstruction is one such mechanism of polar compensation, 

which leads to a distinct geometry on the topmost several layers.38-40 These 

reconstructions are important to take into consideration when studying the surface 

activity and catalysis.  

1.1.2 Clusters 

Metal clusters, specifically those in the sub-nanometer range represent a remarkably 

promising but complex system of study which is distinct from surfaces in several 

respects. First, they often exhibit unique physical and chemical properties which are 

distinct from the bulk. The high degree of surface to bulk atoms and coordinative 

unsaturation also suggests a great potential for high catalytic activity. Furthermore, sub-

nanometer clusters exhibit properties which can change dramatically from one size to 

another, varying by only a single atom.41-46 Therefore, minor changes in cluster size and 

composition to tune its catalytic properties is an appealing mode for creating more active 
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catalysts.44, 47-49 Metal clusters as a class of materials can exhibit two extremes in terms of 

its structural properties and dynamics. On one hand, magic-number and/or ligand-

protected metal clusters can be structurally precise down to the atomic level. On the 

other, most bare/unprotected metal clusters exhibit significant structural fluxionality at 

sizes under 50-100 atoms which precludes any identification of a single stable structure.  

For ligand-protected metal nanoclusters, significant advances in the past decade have 

allowed for the synthesis of atomically precise clusters containing Cu, Ag, Au and 

various metal dopants from tens to hundreds of atoms.50-53 Using X-ray crystallography 

and neutron diffraction, the atomic structure can furthermore be solved, allowing for 

precise structure-activity correlations for these systems. In particular, and their well-

define structures make it amenable for molecular level understanding of catalysis on 

these clusters, which are active for a variety of reactions50, 54   

Despite being structurally imprecise or dynamic, significant advances have also been 

made in the study of unprotected subnanometer clusters. Computational studies also need 

to consider the structural fluxionality of these systems. In particular, global optimization 

(see Chapter 2.4) is often necessary to sample the stable and energetically competitive 

cluster geometries prior to studying its chemical and catalytic properties.  

For real catalysis, metal clusters must be placed on a support, usually a metal oxide, 

in order to stabilize the particles and retard sintering under reaction conditions. The 

support may also intentionally or unintentionally play a significant role in altering the 

properties of the metal cluster, as well as provide additional active sites for the catalytic 



7 
 

reaction on its surface or at the interface with the cluster. Additionally, for specific 

combinations of metals and supports, a strong metal-support interaction (SMSI) may 

manifest,55 which can lead to the formation of oxide overlayers over the cluster and 

drastically change its catalytic properties. The computational modeling of supported 

metal clusters remains an ongoing and unresolved challenge (see chapter 1.2) due to the 

large system sizes of supported cluster models. Currently, simulations involving clusters 

larger than 10-20 atoms on a support are the exception rather than the norm due to the 

need to run cost-intensive global optimization or molecular dynamics to capture the 

structural dynamics of these clusters. 

1.1.3 Single-atoms 

Single atom catalysts refer to a class of materials where the active atoms for a specific 

catalytic reaction are (intentionally) singly dispersed in a framework or support, such as a 

metal oxide surface. The term single atom catalyst has only recently achieved widespread 

usage in the field since the past 5-10 years from the writing of this thesis.56 This is in 

large part due to improved synthesis techniques and more importantly advances in 

characterization with atomic level resolution to provide proof for this label. One such 

method is high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM), which can distinguish the single metal atoms from the support atoms 

when the difference in atomic number is sufficiently high. Another is synchrotron X-ray 

absorption spectroscopy which can identify oxidation states and local coordination 

environment of the single atom from X-ray absorption near-edge structure (XANES) and 

extended X-ray absorption fine structure (EXAFS), respectively. The appeal of single 
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atom catalysts is the hypothetical 100% utilization of the (often precious) metal atoms 

analogous to what can be observed in homogeneous catalysts, while retaining certain 

benefits of heterogeneous catalysts such as ease of separation and improved stability. 

Furthermore, the properties of the single atom can be tuned electronically by changing 

the nature or geometry of the support.   

Prior to atomic resolution characterization and the widespread usage of the single-

atom label, substitutionally doped oxides had been synthesized and characterized for 

catalysis for many years.57  These studies have used doping primarily as a means of 

altering the existing properties of a base oxide rather than creating a new catalyst 

centered around the catalytic properties of the single atom. Furthermore, less importance 

is given to the isolated nature of the dopants, which is not necessary for doped oxides to 

function property. In the context of catalytic reactions which occur over the lattice 

oxygen of metal oxides, particularly following the Mars-van-Krevelen mechanism, the 

dopant acts indirectly on catalysis by tuning the properties and activity of the neighboring 

oxygen. One such example is the doping of stable oxides such as MgO and CaO with 

alkali dopants such as Li to create a high-performing catalyst for methane oxidative 

coupling to ethylene pioneered by Lunsford and coworkers.58-61 An early computational 

example is the doping of CeO2 with various transition metals for oxidative coupling by 

Janik and coworkers.62-64 

A large number of recent literature studies for single atoms has demonstrated their 

effectiveness for a variety of catalytic reactions. The earliest reports of single atom 

catalysts include Rh on MgO for propane combustion,65 Pd on MgO for acetylene cyclo-
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trimerization,66 and Au and Pt on CeO2 for water-gas shift.67 More recent work in single 

atom catalysts include Pt, Au, Pd or other transition metal single atoms on oxides such as 

FeOx,68-69
 Fe3O4,70 TiO2,71-72

 CeO2,73 Ni(OH)x,74 ZrO2,75 SiO2,76-77 Al2O3,
78-79 and 2D 

materials including MXenes,80 MoS2
81-83, graphene,84 and g-C3N4.85 Another sub-class of 

single atoms feature the metal atom supported in another metal, forming a so-called 

‘single atom alloy.’86-89 Here, single atoms of reactive metals such as Pt, Pd and Ni can 

be placed in an otherwise inert metal support such as Cu to improve stability and 

poisoning resistance. Furthermore, spillover of reactant intermediates and bifunctional 

properties between the single atom and the support can be observed.   

1.2 Computational surface chemistry and catalysis 

Computational studies have provided a path towards the understanding of catalysis to 

the atomic level. Over the past two to three decades, computational modeling, primarily 

via first principles techniques, has grown exponentially become a widely accepted 

technique for the field of catalysis.90-93 This has been made possible in large part with the 

development and widespread development of density functional theory (DFT). 

1.2.1 Surface properties and reactions 

A typical workflow for a contemporary computational study on heterogeneous 

catalysts will now be described briefly. Technical details for the procedures outlined can 

be found in Chapter 2.  

1. The system (i.e. the catalytically relevant region) must first be identified and built 

within the confines of computational feasibility. Identifying the catalytically 
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relevant region is not a trivial step; often insights from a combination of 

experimental studies are needed, starting from determining the crystal structure, 

the surface structure geometry down to the exposed surfaces/sites of the catalyst. 

Oftentimes such data is not available, especially when predicting new, unstudied 

catalysts is the goal. In such cases, further work is needed to determine the 

thermodynamic stability and overall feasibility of the models synthesized in silico 

which we will not go into too much detail.  

Another consideration is the system size; typical ranges go from 100-200 atoms 

for contemporary studies. Although electronic structure and adsorption 

calculations can be performed up to 500-1000 atoms in contemporary first 

principles studies, a significant limiting factor for the system size in a 

computational catalysis work is the cost of the transition state search. For 

heterogeneous catalysts, the model to be used will usually take the form of a slab 

several atomic layers thick (in the z-direction); the surface properties of the slab 

can be highly thickness dependent – in such cases the thickness will need to be 

determined via an energy convergence criterion. The area of the slab (the x and y-

direction) must also be chosen to avoid interactions between periodic images 

(unless coverage effects is one of the goals of the study).  

2. The adsorption or bond-activation sites must either be verified or found starting 

from the initial reactants to the intermediates and products. This is often the most 

expensive portion of a study in terms of human resources. For nearly all systems 

studied today, a full potential energy scan or global optimization of adsorbates on 
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the surface is not possible due to computational cost. Instead, adsorbates are 

placed on the surface and relaxed locally through geometry optimization via the 

input and intuition of the computational chemist. Then, the relative energies are 

compared to obtain the most stable configurations for subsequent study; multiple 

likely candidates are often chosen if the energies are similar.   

3. Probing reaction pathways and barriers occurs concurrently with the previous 

step. This is often the most expensive portion in terms of computational resources 

due to the cost of the transition state search methods (see Chapter 2.2 for details). 

Nudged elastic band (NEB) for example, requires the simultaneous optimization 

of several linked geometries, which has a multiplicative effect on the 

computational cost. Typical studies will first find the most stable initial reactant 

geometries and intermediate geometries and calculated the reaction barrier from 

the reactant to the intermediates. However, this may not necessarily lead to the 

most favored reaction path with the lowest barriers; as a result several competing 

pathways should be tested simultaneously even if they are thermodynamically less 

attractive. Sometimes the final and initial states may not be intuitive, saddle point 

searching methods such as the dimer method do not require a final state and can 

be used to explore unexpected pathways. Ab inito molecular dynamics 

simulations can also be used to that effect. 

4. Obtaining kinetics is the last step of the study once the DFT-obtained adsorption 

energies and reaction barriers are complete. Microkinetics and kinetic Monte 

Carlo (KMC) are the two most commonly used kinetic modelling techniques used 
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for catalysis. Whereas microkinetics is a mean field technique, kinetic Monte 

Carlo can explicitly account for surface diffusion, coverage and adsorbate-

adsorbate interactions. Both techniques generally require an exhaustive list of 

elementary steps and their corresponding thermodynamic quantities and energy 

barriers; this is especially the case for KMC.  

Comparisons with experimental studies can take many forms.92 First, adsorption 

calculations can yield adsorption geometries and adsorption energies, which can be 

matched with experimental microcalorimetric or TPD results along with RAIRS and 

EELS/HREELS for surface structure. Computational studies can also yield predicted 

vibrational frequencies using the harmonic approximation which can be compared with 

FTIR or neutron scattering data. Reaction mechanism studies can also yield predictions 

of stable intermediates and rate determining steps. These intermediate species can be 

observed via operando spectroscopy and SSITKA experimentally.94 Rate determining 

steps can be compared with experimental observations and kinetic isotope effect studies.  

It is important to point out that the example study outlined here is only a small 

window into the study of computational heterogeneous catalysis. There exists a 

significant gap between model surface slabs and real catalysts under working 

conditions.95 Obtaining the structure and morphology of working catalysts remains an 

ongoing experimental and theoretical challenge. As DFT is a 0K method, bridging the 

temperature and pressure gap is also necessary for valid predictions. A fine balance must 

be struck between computational feasibility and modelling accuracy while keeping in 

mind the limitations of any simulation method. 



13 
 

1.2.2 Descriptors 

Although ab-initio calculations are now routinely performed to map out reaction 

pathways and obtain activation barriers for catalytic predictions, it is still highly impractical 

to perform the entire calculation steps as a means of screening different materials. One 

popular approach uses ‘descriptors’ which are specific features (such as an adsorption 

energy) correlated to a more general property (such as catalytic activity/activation barriers) 

usually via linear correlation. 

1.2.2.1 Linear scaling relationships 

Linear scaling relations underlie most descriptors for adsorbates on surfaces. These are 

broadly defined as linear correlations between adsorption energies for two or more 

adsorbates on various surfaces.96 The major benefit of linear scaling relationship is the 

reduction of the parameter space down to one or two key properties, usually adsorption 

energies, for which other energies can be obtained from. These linear scaling relationships 

based on thermodynamic quantities have been applied extensively for a wide number of 

systems, particularly for the transition metals,97-99 though correlations on transition metal 

compounds  have also been observed.100-104  

Most descriptors of reaction barriers derive from the Brønsted-Evans-Polanyi (BEP) 

relationship101, 105-108 where the activation barrier Ea is related to the enthalpy of the reaction 

ΔH via this expression: 

𝐸𝐸𝑎𝑎 = 𝐸𝐸0 + 𝛼𝛼𝛼𝛼𝛼𝛼 
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where α is conventionally defined as the position of the transition state along the reaction 

coordinate from 0 to 1. In computational studies, E0 and α are usually empirically 

determined via linear regression from a set of training data. BEP relations work best (if at 

all), when the transition state remains similar through the different studied systems (i.e. on 

metals). One of the main benefits of the BEP relationship is the ability to affordably obtain 

Ea from ΔH once E0 and α have been found. This is due to the usually 1-2 orders of 

magnitude higher computational cost to obtain Ea compared to adsorption energies. BEP 

relationships, along with the broader linear scaling relationships for adsorbates, can be used 

to provide affordable and sufficiently accurate thermodynamic and kinetic input for various 

microkinetic and KMC models for high-throughput screening. 

Today, thousands of papers have been published which reference or utilize linear 

scaling relationships in some form or another, which is too extensive to list here.91, 109 Its 

widespread observation and adoption is evidence to suggest that these correlations between 

many thermodynamic and even kinetic properties of surface reactions must be an enduring 

and possibly universal one. This is true to the extent where many recent studies have 

focused now on trying to ‘break’ these linear scaling relationships, in order to access higher 

catalytic activities.110-117  

1.2.2.2 Catalytic descriptors and volcano relations 

Many descriptors of overall catalytic performance follow a ‘volcano plot’ where the 

peak performance is found at an intermediate value on the x-axis. This phenomenon can 

be attributed to the Sabatier principle.118-120 In this model, the optimal catalyst is proposed 
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to follow a ‘Goldilocks principle’ where the adsorption of intermediates with the catalyst 

should be just right: too strong and the product fails to desorb, too weak and the reactant 

fails to dissociate. This is observed for both traditional thermal catalysis119, 121-122 as well 

as electrocatalysis, including the oxygen reduction reaction123-124 and the hydrogen 

evolution reaction.125 

1.2.2.3 Electronic and coordinative descriptors 

In many cases, adsorption and bond activation on surfaces follows the same chemical 

rules which can be linked to their electronic properties. Especially for metals, many such 

theories exist which can explain the varying adsorption energies of adsorbates on their 

surfaces. The earliest of such theories proposed to provide a rigorous theoretical 

explanation for these scaling relationships were based on that of bond-order conservation126 

Shustorovich and van Santen127-132 and the effective medium theory.97, 133 In both 

approaches, there is an ‘optimal’ bond-order or electronic density of a surface atom, which 

is shared between the surface-surface bonds (such as metal-metal bonds) and the surface-

adsorbate bonds, and can be described via a linear analytic expression.  

A further extension of this model linking adsorption to electronic states obtained from 

first principles is the d-band theory for metals.134-135 This model is based on the observation 

that adsorbate interactions with a metal surface lead to the interaction between the 

adsorbate and metal s state(s) and the metal d state(s) to form bonding and anti-bonding 

states. The primary difference between metals and surface atoms lies in the change in 

position and filling of the d states. When the position of the d states or “d-band center” is 
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lower relative to the fermi level, the anti-bonding states are correspondingly lowered, and 

become progressively more occupied by electrons from the substrate, thereby weakening 

the interaction. Conversely, a higher d-band center corresponds to fewer filled anti-bonding 

states and a stronger adsorption energy.  

This approach can be taken to an even greater extreme by relating the information 

regarding the coordinative environment of the metal site to the adsorption energies directly 

– often referred to as coordination number descriptors or structural descriptors. A number 

of recent studies have used the first metal coordination shell,136 the first and second 

coordination shells,137-138 and metal site orbital characteristics139 to predict adsorption 

energies. For metals, the underlying reason why coordination number can predict 

adsorption energies is again related to their electronic properties, and strong correlations 

between coordination and d band position can be found.137  

Applying electronic models for adsorption analogous to the d-band theory to non-

metallic systems such as oxides remains an ongoing, non-trivial, challenge.96, 140-143 Much 

focus in the literature has been in predicting the adsorption properties of the metal sites in 

a metal oxide; including the d-election descriptors proposed by Shao-Horn et al. or Calle-

Vallejo et al.140, 144-147 applied to perovskite systems.  

1.3 Alkane activation and conversion 

Alkanes are abundant energy resources which are primarily sourced from oil and 

natural gas. Natural gas in particular is composed of a majority of methane, followed by 

other light alkanes such as ethane and propane. Estimates of known natural gas reserves 
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are in the 1014 m3 range, with an order of magnitude or higher additionally stored in the 

form of methane hydrates under the ocean or in permafrost. However, over 90% of 

natural gas is burned for heating or electricity production, and another 3% is flared. 

Reasons for this economic underutilization are due to its poor energy density (about ~50 

times lower than oil), and unresolved scientific and engineering challenges in economical 

alkane conversion. 

The fact that alkane, especially methane conversion, is routinely considered one of 

the holy grails of catalysis provides some notion of its difficulty and importance within 

the field.148-152 Methane for example, is a symmetric, nonpolar molecule with a wide 

HOMO-LUMO gap and four stable C-H bonds with a dissociation energy of roughly 440 

kJ/mol. These qualities make it resistant to both nucleophilic and electrophilic attack. 

Therefore, a chief property in catalyst design for alkane conversion involves finding 

materials and sites with facile C-H activating sites. A further issue arises from the first C-

H bond being stronger than the subsequent C-H bonds, which means any intermediates 

following C-H activation is less stable and more easily reacted than the reactant alkane, 

which leads to overoxidation into the thermodynamic well of CO2 and H2O. Other, 

engineering, challenges for alkane catalysis include the ever-present issue of catalyst 

deactivation from coking and sintering due to high temperatures needed. 

1.3.1 Conversion to products 

Many possible routes exist to create industrially useful products from alkanes. For 

methane, these processes include steam reforming, dry reforming, partial oxidation, direct 
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conversion, oxidative coupling, halogenation and aromatization.149, 152 Given the massive 

reserves there is a strong economic incentive for catalytic processes to convert alkanes to 

value added chemicals. Furthermore, there is a growing environmental incentive to avoid 

alkane conversion processes which are energy intensive and/or generate large amounts of 

greenhouse gases as the product. 

The steam reforming of methane to produce syngas (H2 and CO) is a mature 

technology in the industry, which provides much of the hydrogen for various processes 

such as ammonia and methanol production or directly to longer hydrocarbons via 

Fischer-Tropsch. The reaction,  

CH4(g) + H2O(g) ⇌ CO(g) + 3H2(g); ΔH = 206 kJ/mol 

is endothermic and consequently thermodynamically limited and energy intensive.  

Meanwhile, dry reforming is environmentally attractive due to the removal by 

catalytic conversion of the two major greenhouse gases CO2 and CH4 into syngas, 

however the energy required for this highly endothermic reaction must come from non-

fossil fuel sources to justify this argument. The reaction, 

CH4(g) + CO2(g) ⇌ 2CO(g) + 2H2(g); ΔH = 247 kJ/mol 

is similarly endothermic with the same drawbacks as steam reforming. However, a lower 

H2/CO ratio in this reaction is beneficial for Fischer-Tropsch. To date, dry reforming 

remains challenging due to the propensity of coking and deactivation. The sources of 

coking are methane pyrolysis 
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CH4(g) ⇌ C(s) + 2H2(g); ΔH = 75 kJ/mol 

and the Boudouard reaction 

2CO(g) ⇌ C(s) + CO2(g); ΔH = -171 kJ/mol 

leading to the generation of carbon on the catalytic surfaces and necessitating high 

temperatures and CO2 concentration for this process.153 Furthermore, the chemical 

inertness of both CO2 and CH4 requires finding catalysts which can activate both 

molecules effectively. While pyrolysis is a detrimental side reaction leading to coking in 

this example, pyrolysis can be intentionally harnessed as well to produce H2 gas.154 

In a similar vein, another conversion process without strong oxidants is methane 

aromatization, which converts methane to aromatics such as benzene and hydrogen gas 

without O2. For this reaction,  

6CH4(g) ⇌ C6H6 (g) + 9H2(g); ΔH = 532 kJ/mol 

the endothermicity is even more severe than the above examples, and the thermodynamic 

limit for conversion is approximately 15%.155 Most common catalysts take the form of 

metal atoms and clusters supported in zeolites such as ZSM-5,156-157 though recent 

catalysts such as Fe single atoms in silica may also be promising.158 Again, the high 

endothermicity, high temperatures and severe coking are major obstacles for this process. 

Oxidative coupling of methane (OCM) is another appealing process to convert CH4 

directly into the ethylene, a major industrial precursor.  

CH4(g) + 0.5O2(g) ⇌ 0.5C2H4(g) + 2H2O(g); ΔH = -139 kJ/mol 
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This process was first brought to attention in the 1980s,59, 159 whereby it received a huge 

surge in research interest and patent filings for OCM catalysts.58, 160-162 Li-MgO, despite 

showing high activity, becomes deactivated within hours under catalytic conditions. 

Complex oxides containing Ti, Mn, La doped Na2WO4 supported on silica have been 

found to have promising yields and stability.163-165 A soft limit is observed between C2 

selectivity and CH4 conversion which prevents yields going above ~30% which was also 

predicted based on the homolytic C-H activation mechanism.166 To avoid overoxidation 

into CO2, sulfur has also been proposed as an oxidant; though selectivity is improved, 

current yields remain too low for practical application.167 Another promising direction 

involves the use of ion conducting membrane reactors to control oxygen concentrations 

and prevent over-oxidation.168-171 

Catalytic oxidation to methanol or formaldehyde through partial oxidation is another 

enticing alternative.150  

CH4(g) + 0.5O2(g) ⇌ 0.5CH3OH(g); ΔH = -126 kJ/mol 

CH4(g) + O2(g) ⇌ C2O(g) + H2O(g); ΔH = -368 kJ/mol 

Studies in homogenous172-177 and biological systems178-186 for this process shed valuable 

insights for application towards heterogeneous catalysts. Mimicking these systems, 

especially the di-copper motif in the methane monooxygenase enzyme, transition metal 

loaded zeolites or even MOFs have achieved a measure of success for heterogeneous 

methane oxidation.187-196 Despite significant efforts, methane conversion rates remain in 

the single digits and far below commercial feasibility due to the higher reactivity of 
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methanol. The relative weakness of the methanol C-H bond with respect to methane 

necessitates strategies to protect methanol from further oxidation once it is produced.116 

Alkane dehydrogenation is another important catalytic process with much room for 

improvement.197-198 The most prevalent and mature process used today is steam cracking, 

where alkanes and steam are brought to high temperatures to undergo homogenous 

pyrolysis. On heterogeneous catalysts, alkanes can be dehydrogenated to ethylene via 

nonoxidative and oxidative pathways as seen in this example for ethane: 

C2H6(g) ⇌ C2H4(g) + H2(g); ΔH = 136 kJ/mol 

C2H6(g)+ 0.5O2(g) ⇌ C2H4(g) + H2O(g); ΔH = -106 kJ/mol 

Two major commercial processes for nonoxidative dehydrogenation are the Catofin 

process using CrOx/Al2O3 and the Oleflex process using Pt–Sn/Al2O3. Oxidative 

dehydrogenation is attractive due to the mild exothermicity and lower temperature 

requirements; coke formation can also be suppressed. Replacing O2 with the milder CO2 

as the oxidant has also been studied in the literature, with the goal of increasing 

selectivity.  

1.3.2 C-H activation 

Regardless of the final product for an alkane conversion process, the C-H bond must 

be cleaved before any further reaction may occur; C-H activation is consequently the first 

step in any alkane conversion reaction. Due to the strength of this bond, the first C-H 

activation is also often the rate-limiting step in a reaction. Therefore, a material’s ability 
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to activate the C-H bond is a primary descriptor of its overall catalytic performance in 

many cases. 

Prior to C-H activation, alkanes can be physisorbed or even chemisorbed onto the 

surface. Physisorption from weak dispersion interactions has been measured to be on the 

order of only 10-20kJ/mol on oxide surfaces.199 A relation between the chain length of 

the alkane and physisorption strength has also been observed, likely due to the additive 

dispersion interactions with the surface.200-203 Nevertheless, the physical interaction 

remains fairly weak. For most conventional alkane conversion processes at high 

temperatures, it is safe to assume the free energy of adsorption of alkanes will be positive 

under these conditions. In these cases, methane is likely to be activated directly upon 

collision with the surface rather than adsorbing first to the surface.203 

C-H activation occurs via one of two pathways, which we will term ‘homolytic’ and 

‘heterolytic’ cleavage. In the familiar language of organic chemistry, homolytic cleavage 

is defined as the breaking of a chemical bond by splitting the bonding electrons equally, 

to form two radical species. Meanwhile heterolytic cleavage splits the electrons unevenly 

to form an anion and cation.204 This terminology has been adapted to C-H activation on 

catalysts in much the same way. Ergo, in homolytic C-H activation, a hydrogen is 

abstracted from the carbon by an active surface species, usually a lattice oxygen on the 

catalyst surface, to form a hydroxyl and a methyl radical. This radical is most likely 

immediately recaptured by nearby surface active sites, though it can be conceivable the 

liberated methyl radical can also react directly with other gas phase molecules directly. 

This is the most widely viewed as the favored mechanism for alkane C-H activation in 
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metal oxides.58, 151, 188, 205-207 Meanwhile, in heterolytic C-H activation, the methane 

transition state is stabilized by a surface species (usually a metal), to form an adsorbed 

methyl anion. This mechanism is proposed to be favored on metals and certain oxide 

surfaces where the stabilization involves the insertion of a carbon-metal bond in the 

transition state. 161, 208-210 

For homolytic C-H activation, the ability of surface oxygen sites to catalyze this 

reaction has been studied extensively. Li doped MgO is one well-known system where 

the homolytic pathway has been proposed. It has been argued that Li doping produces 

electron holes at Li+O- centers which act as strong Lewis acids which can abstract 

hydrogen atoms from methane.58, 211 However, disagreement exists regarding the true 

nature of Li doping and the mechanism of C-H activation. It was found that experimental 

barriers for H abstraction of 80-160 kJ/mol disagree with theoretical calculations finding 

barriers as low as 12 kJ/mol over the Li+O- centers. Sauer and co-workers argue lithium 

instead promotes morphological changes in the MgO surfaces leading to formation steps 

and corners which instead activate the C-H bond heterolytically with barriers of 86 

kJ/mol.212 Nevertheless, the theory is clear regarding the low homolytic C-H activation 

barriers which can occur over highly active oxygen sites. Mechanistic insights regarding 

homolytic C-H activation have also been obtained from computational and experimental 

oxide cluster studies in the gas phase.213-218 The primary conclusions from these studies 

indicate the higher reactivity of open-shell clusters with a radical, or greater spin density, 

localized on the oxygen.151, 219-220  
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The reaction barriers for homolytic activation have been linked to the adsorption 

strength of hydrogen or vacancy formation with the active site oxygen from previous and 

contemporaneous computational studies.62-63, 205-206, 221-223 The BEP relationship can 

explain the linear correlation between hydrogen adsorption and C-H activation barriers 

due to a one to one correspondence between hydrogen adsorption and the reaction energy 

following homolytic cleavage. This is because in homolytic cleavage, the same transient 

methyl radical is released regardless of the surface, and the energy of the radical can be 

cancelled out or considered constant in energy. To date, no studies have yet to be 

conducted in the literature for homolytic cleavage following a chemisorbed methane 

species, possibly due to the competing heterolytic pathway becoming favored.  

For heterolytic C-H activation, both non-chemisorbing and chemisorbing cases have 

been studied in the literature. The non-chemisorbing case is the most common which 

accounts for the overwhelming majority of surfaces. Here, the BEP relationship is also 

valid, but instead of hydrogen adsorption energy the dissociation energy to form O-H or 

M-H and M-CH3 is needed.208, 221, 224 Heterolytic C-H activation can also occur via a C-H 

complex, sometimes also called a σ-complex or an agnostic bond.202, 225-226 In this 

situation, methane and other alkanes form a chemisorbed species analogous to σ-

complexes with transition metal complexes.227-228  The nature of this complex results in 

an activated C-H bond which may be subsequently cleaved with far lower energy barriers 

than if the alkane did not form the complex. This is a consequence of a weakening of the 

C-H σ bond by loss of occupancy in the σ orbital and increased occupancy in the σ* 

antibonding orbital from electron donating and back-donation with the metal center. This 
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complex-mediated heterolytic mechanism has been observed in a fair number of gas-

phase cluster studies.229-232 Meanwhile, surfaces currently experimentally proven to form 

complexes with methane are however currently limited to PdO, RuO2, and IrO2.199, 202, 233 

Nonetheless, there are some ‘hybrid’ systems where methane complexation is predicted 

to occur on surfaces with supported clusters and adatoms in the past few years.234-238 This 

mechanism for alkane activation is arguably an emerging topic of interest for selective 

alkane conversion. 
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2 Computational methods 

2.1 Density functional theory 

In this thesis we focus exclusively on ‘first principles’ techniques; empirical methods 

using reactive force fields such as reaxFF or tight binding methods such as DFTB will 

not be discussed, though they may be used to study heterogeneous catalysis as well. First 

principles, sometimes used interchangeably as ab initio, refers to studies from established 

laws without preconceptions or empirical assumptions. First principles calculations have 

now become a staple tool for studying surface chemistry and catalysis.  

The fundamental equation for electronic structure calculations is the non-relativistic 

time-independent Schrödinger equation: 

H�ψ = Eψ 

where ψ, H, E are the wavefunction of the system, the Hamiltonian, and the total energy, 

respectively. This equation is further simplified by the Born-Oppenheimer approximation 

which splits the expression into the nuclear and electronic components due to atomic 

motions being several orders of magnitude slower than electrons. This allows the 

electronic and nuclear components to be calculated separately.  

To solve the electronic structure, a number of methods have been developed. In the 

Hartree-Fock self-consistent field method, the total wavefunction of the system is written 

as the product of one-electron wavefunctions in a mean field approach. This method lacks 

electron-correlation effects, which must be included through additional means such as 
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configuration interaction methods, which involve adding unoccupied one-electron 

wavefunctions to include excited state contributions to the total wavefunction. 

Alternatively, quantum Monte Carlo methods can be used to incorporate electron 

correlation such as through Monte Carlo sampling to solve the many-electron 

wavefunction variationally from trial functions.    

Density functional theory is arguably one of the most widespread and broadly applied 

of those methods for electronic structure calculations used today.1 A key appeal and 

reason for its widespread adoption is due to the significantly lower computational scaling 

compared to wavefunction based methods, based on 3N coordinates for N electrons 

rather than three for the electron density. The basis of density functional theory is 

described by two theorems by Hohenberg and Kohn.2 (1) The electron density uniquely 

determines the ground state properties of a system. (2) The functional of the energy of the 

system is a minimum for the ground state electron density (i.e. the variational principle). 

The functional determining the energy of the system is unknown, and the Kohn-Sham 

approach is used by decomposing the total energy into kinetic, Coulombic and the 

exchange-correlation (XC) contributions, the first two terms whose exact forms are 

known and computable.3 The exact form of the XC portion remains unknown, and 

finding more accurate approximations to obtain the XC energy is an ongoing problem in 

DFT.     
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2.1.1 The exchange-correlation functional 

As described previously, the DFT is in principle exact, and the Kohn-Sham equation 

leads to the exact energy if the XC functional is known. In reality, various approximate 

XC functionals are used in practice to describe the systems of study with varying degrees 

of success. Compared to wavefunction based methods, there is no clear path to 

improvability for DFT methods. Nevertheless, various DFT functionals can be classified 

on a ‘Jacob’s ladder’ for DFT4 The on the bottom rung of Jacob’s ladder starts with the 

local density approximation (LDA) based on the homogenous electron gas model and 

depends only on the local density ρ. LDA works well, unsurprisingly, in bulk systems 

where electron density remains homogeneous and varies gradually, but fails in most 

applications to molecules and surfaces. To incorporate inhomogeneities in election 

density, the density gradient ∇ρ is also used in the generalized gradient approximation 

(GGA), of these PW915 and PBE6 remain the most popular. GGAs such as PBE remain a 

workhorse functional in surface chemistry and catalysis due to its non-empirical nature, 

computational affordability and moderate accuracy across diverse systems. A further 

improvement of this concept is the incorporation of the second derivative information of 

the density, the density Laplacian ∇ρ2 and the kinetic energy density to make meta-

generalized gradient approximation functionals (meta-GGA). These include the 

functionals such as M06-L,7 TPSS,8 and SCAN.9  

To address the problem of electron self-interaction,10 and to a limited extent strong 

correlation interactions,11-12 hybrid functionals can be used, which involves the 

replacement of a fraction (usually 20-30%) of the local exchange functional with the 
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Hartree-Fock exact exchange functional.13 Both semi-empirical hybrid functionals such 

as B3LYP14 and non-empirical functionals such as PBE015 and HSE0616 are commonly 

used. This method can also be extended to meta-GGAs to make hybrid meta-GGAs such 

as TPSSh.17 For computational catalysis, hybrid functionals remain computationally 

prohibitive for most systems, especially where many reaction barriers and transition state 

search calculations are involved. In an alternative approach based on the Hubbard 

model,18 DFT+U applies an on-site Coulomb interaction term U and an exchange term J 

on the electrons in the system (usually on the strongly correlated d and f electrons).19-21 

This method can be affordably applied to existing DFT functionals such as LDA and 

GGA. Unfortunately, there is no magic-bullet solution for the choice of the U parameter, 

which lack transferability and may even differ significantly for different applications on 

the same system, as many studies have found.22-27 The problem of self-interaction 

remains an ongoing problem plaguing DFT predictions for surface chemistry and 

catalysis, especially those of metal oxides.13, 28-30  

Finally, a variety of methods have been developed to improve the description of 

dispersion interactions in DFT. DFT+D is a method by Grimme et al. involving damped 

atom-atom empirical potentials trained on an existing functional such as PBE.31 

However, care must be taken to avoid overbinding in systems where the interactions are 

already overbound without the dispersion correction. Another approach involving 

nonlocal correlation functions can be used for dispersion interactions, involving fewer 

empirical parameters, such as vdW-DF2 and VV10.32-35 
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2.2 Transition state search 

Transition state search is a key technique used in computational catalysis in order to 

provide information about reaction mechanisms and rates. Transition states are saddle 

points on the potential energy surface, and corresponds to the highest energy point along 

a minimum-energy path connecting two basins or local minima. Finding transition states 

via this approach allows one to study rare events with potentially high energy barriers 

without the need to perform brute force molecular dynamics simulations, where much of 

the computational effort will be wasted in simulating the system vibrating in a basin 

without crossing over to another. A number of approaches have been developed to find 

transition states, and those which rely only on first derivatives of the energy, or the 

forces, rather than the second derivatives are commonly used for surface chemistry. This 

avoids the need for a usually expensive Hessian calculation in plane wave codes, and are 

generally more robust and less prone to failure.   

2.2.1 Nudged Elastic Band 

The nudged elastic band (NEB) method can be used to find transition states given a 

known initial and final state, and arguably the most widely used method in the field. The 

initial and final states correspond to the geometry-optimized local minima of an expected 

elementary reaction, and several ‘images’ are made connecting the two geometries, 

usually via linear interpolation. The images are then optimized to forces perpendicular to 

the line connecting the images, which are kept in even spacing via additional forces 

between images, or imaginary ‘springs.’36 Commonly, an additional modification to the 
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NEB is used whereby one of the highest-energy images is further optimized along the 

energy path to maximize the energy to reach the saddle point.37 This method allows for a 

fairly accurate approximation of the saddle point energy and reduces the number of 

images otherwise needed to estimate the saddle point via interpolation. Several important 

considerations are always present when starting a NEB calculation. First, care must be 

taken to ensure there are no additional local minima along the path connecting the initial 

or final states; for complex surfaces this may be difficult and NEB calculations may need 

to be restarted if such a problem arises. Second, the number of images must be chosen 

such that there is a sufficient resolution to find the saddle point; however too many 

images may end up being detrimental to convergence and significantly increase the 

computational cost. Finally, the choice of the initial and final state is ultimately decided 

by the human operator and can be biased; to avoid this bias many initial and final states 

should ideally be tested. 

2.2.2 Dimer 

For situations where the initial or final state is not known, the dimer method can be 

used to find the saddle point without user input or bias. Alternatively, when there is 

already a good guess of the transition state, the dimer method may also be used to further 

refine the force convergence at a cheaper cost than NEB, due to only needing two images 

rather than multiple. In the dimer method, two images are created from an initial 

geometry, spaced at a certain distance equally apart. The dimer is first rotated; 

minimizing the energy of the two dimers corresponds to aligning the dimer along the 

lowest curvature mode. The dimer is then relaxed via translation along the direction 



53 
 

perpendicular to the dimer axis.38 The dimer method works best when the initial 

transition state guess has been pre-converged with an NEB calculation at a lower 

accuracy and cost. It is also highly efficient to use the dimer method when screening 

different systems but with the same reaction mechanism and similar transition states. 

Hypothetically, the dimer method should be many times faster than NEB due to the much 

fewer images needed; however in practice the cost savings may be somewhat moderate 

due to the much higher requirement for accurate forces and the increased number of steps 

needed which are spent rotating the images rather than translating them. Moreover, 

without the constraint of initial and final states, the dimer method is prone to diverging or 

optimizing to a different saddle point. As such, it is usually used as a second resort 

compared to NEB, though it can be highly effective in niche applications.  

2.3 Chemical bonding analysis 

To understand the fundamental chemical processes involved in catalysis, such as 

adsorption and bond-activation, it is arguably important to determine the chemical 

bonding interactions from first-principles methods. Many catalytically relevant 

phenomena, such as the existence of linear scaling relationships, can be traced to the 

similar nature of chemical interactions on surfaces observed from chemical bonding 

analyses (Chapter 1.2.2).  

2.3.1 Charge partitioning and Bader Charge 

Charge partitioning is an integral part of understanding the chemical bonding 

properties.39-40 There is no universally agreed-upon or ‘correct’ method of determining 
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atomic charges in solids; nor is atomic charge an observable in quantum mechanics. The 

earliest methods include the Mulliken population analysis based on electronic orbitals.41 

Two major drawbacks are associated with such method: (1) there is a basis-set 

dependence on the obtained Mulliken charges and (2) such an analysis is unsuitable for 

studies on solids which are normally calculated with plane-wave based methods.    

Bader charge instead divides charge based purely on an electron charge density ρ. 

This charge density is generally obtained from a quantum mechanical calculation, though 

it could be obtained from other means (X-ray crystallography). Bader charge divides 

electron density which are bounded by surfaces of zero flux where charge density is a 

minimum perpendicular to the surface.39-40, 42 (Methods in which charge is partitioned 

into overlapping regions include the density derived electrostatic and chemical method 

which seeks to reproduce the electrostatic potential V(r).)43 Bader charge partitions have 

been argued to be chemically meaning, and can provide an identification and analysis of 

chemical bonding from the charge critical points.40, 44 In addition, the Bader charge is 

also used as a robust and versatile indicator of the chemical properties on the atoms. 

2.3.2 Crystal Orbital Hamilton Population 

Crystal Orbital Hamilton Population (COHP) is a method of partitioning band 

structure energy into bonding to antibonding contributions between two atoms.45 The 

concept can be drawn from the earlier method of Crystal Orbital Overlap Population 

(COOP) which obtains bonding and antibonding contributions from multiplying the 

Mulliken overlap populations with the DOS or density of states.46 This results in a COOP 
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curve where the amplitude at a particular energy is determined by the number of states in 

the interval multiplied by the overlap population. The units of this curve are in electrons 

and integrating this curve up to the Fermi level should result in electron population in a 

net (positive or negative) pairwise interaction. Analogously, in COHP, the DOS is 

multiplied by the Hamiltonian, which yields a COHP curve in unites of energy rather 

than electrons.  

To apply this theory to plane wave based DFT methods, it is necessary to project the 

delocalized plane waves onto atomic orbitals.47 Through this, a projected COHP can be 

obtained from a plane-wave output.48-49 The efficacy of this method is highly dependent 

of the accuracy of the projection; some information is inevitably lost projecting the plane-

wave to atomic orbitals. For practical usage, much of these methods can be accessed 

through a publicly-available code LOBSTER50-51 which can read the inputs of several 

popular plane-wave based codes such as VASP, ABINIT and Quantum Espresso. COHP 

has been successfully applied to many solid-state systems as seen in these representative 

studies and reviews.52-57  

2.3.3 Natural Bond Orbital 

The natural bond orbital (NBO) analysis partitions the electron density into natural 

bond orbitals to reproduce the natural Lewis structures of the system, with the orbitals 

ideally containing an electron density approaching 2 electrons.58-60 To apply this method 

to plane wave based methods, a projection is again needed to convert to atomic orbitals. 

An implementation of this projection method and NBO analysis for plane wave codes is 
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available by Schmidt et al.61-62  The choice of basis set can significant improve the 

projection efficacy and reduce spilling; for example it has been noted that Gaussian basis 

sets with diffuse orbitals can cause numerical instabilities and orbitals with exponents 

lower than a particular threshold can be truncated. Nevertheless, periodic NBO analysis, 

while very effective for studying the bonding of the adsorbates, can struggle with the 

substrate, particularly for metallic surfaces with significant electron delocalization.   

2.4 Global Optimization 

Global optimization is a means of sampling and finding the lowest energy structures 

of a system of study. Energy is obtained either from first-principles calculations or by 

means of empirical potentials and more recently, from machine learning methods.63 A 

number of common used global optimization schemes are used, including simulated 

annealing, genetic algorithm,64 basin hopping,65 and particle swarm approaches.66 High 

efficiency is a desirable trait for a global optimization strategy, however it is impossible 

to prove a putative global minima is the true global minima without exhaustively 

sampling the complete potential energy surface. Thus, a global optimization method 

which can broadly sample possible configurations without bias may also be considered 

when choosing an optimization method. Global optimization has been highly successful 

in predicting structures of bulk crystals, molecular clusters and surfaces. Given the 

importance of structure in determining catalytic activity, global optimization should 

always be considered where cost is not prohibitive.  
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3 Reactions on metal oxides  

3.1 Understanding oxidative dehydrogenation of ethane on Co3O4 nanorods 

from density functional theory 

3.1.1 Abstract 

Co3O4 is a metal oxide catalyst with weak, tunable M-O bonds promising for 

catalysis. Here density functional theory (DFT) is used to study the oxidative 

dehydrogenation (ODH) of ethane on Co3O4 nanorods based on the preferred surface 

orientation (111) from the experimental electron-microcopy image. The pathway and 

energetics of the full catalytic cycle including the first and second C-H bond cleavages, 

hydroxyl clustering, water formation, and oxygen-site regeneration are determined. We 

find that both lattice O and Co may participate as active sites in the dehydrogenation, 

with the lattice-O pathway being favored. We identify the best ethane ODH pathway 

based on the overall energy profiles of several routes. We identify that water formation 

from the lattice oxygen has the highest energy barrier and is likely a rate-determining 

step. This work of the complete catalytic cycle of ethane ODH will allow further study 

into tuning the surface chemistry of Co3O4 nanorods for high selectivity of alkane ODH 

reactions. 

3.1.2 Introduction 

The conversion of alkanes such as ethane and propane into olefins is an 

industrially and economically important process and produces a significant portion of 
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highly desired feedstock used in the chemical industry. Due to the high expense and 

energy cost of steam cracking to produce these olefins, there has been intense effort in 

recent years to search for more selective and energetically efficient methods.1 Catalytic 

oxidative dehydrogenation (ODH) has been proposed as an attractive alternative with the 

advantage of being more thermodynamically favored and with the potential to have 

greater selectivity at lower temperatures. These qualities of the ODH pathway would 

significantly reduce the costs of olefin production to suit the quickly increasing global 

demand.2 

A wide variety of catalytic materials have been studied for the ODH reaction: 

earth-abundant metal oxides3-18 appear as a cost effective and more viable alternative to 

noble metal catalysts. In particular, spinel cobalt oxide (Co3O4) is a particularly 

promising candidate which has been found to be very active in many oxidation reactions 

including those of CO,19 CH4,20 and other hydrocarbons.21 A major factor in the catalytic 

activity of Co3O4 is the very weak M-O bond among other transition metal oxides22 and 

the presence of readily generated oxygen vacancies at the surface.20, 23 Experimental and 

theoretical studies have identified a number of stable surfaces on the Co3O4 nanoparticles 

and nanorods, including the (100), (110) and (111) surfaces.19, 21, 24-32  

Of these surfaces, the high activity of the (110) facet in these studies for reactions 

such as CO oxidation has been widely reported; however, the (111) surface has been 

found to be readily formed26, 29 and more thermodynamically stable28 than the (110) 

surface. Therefore, the morphology of Co3O4 nanocatalysts may greatly impact their 

catalytic activity due to the difference in preferred surface orientations and it would be 
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very interesting to understand the change in the reaction mechanism on those different 

surfaces. DFT has been employed in many previous studies on the surface properties and 

catalytic activity of Co3O4 that is thought to proceed via the Mars-van Krevelen 

mechanism involving the lattice oxygen on the surface.33-37 These active oxygen species 

react and desorb as products to form vacancies which must then be regenerated from 

gaseous molecular oxygen in order to maintain the catalytic activity of the surface.  

Several recent works have shown that modifying the pure Co3O4 surface can 

improve its performance for alkane activation. These methods include doping transition 

metals such as Ni to facilitate the oxidation of alkanes20 and depositing nonmetallic 

elements such as Si and Ge on the surface of Co3O4 nanorods to tune the selectivity of the 

catalyst towards the ethane ODH product.38 However, the underlying mechanism of how 

the modification of the Co3O4 surface by other elements changes the activity and 

selectivity of the nanocatalyst for ethane ODH remains unclear.  

As a first step toward understanding the roles of morphology control and surface 

modification in Co3O4 nanocatalysts for ethane ODH, herein we will present the detailed 

analysis of the full catalytic cycle from first principles based on the experimental 

determination of the preferred surface orientation of Co3O4 nanorods. We hope to 

elucidate the nature of the two C-H activations to produce ethylene, the formation of 

water, and the regeneration of the oxygen sites to complete the catalytic cycle. These 

insights will provide a better understanding of the role of the different active surface 

atoms on a specific surface orientation in determining selectivity and yield of the ethane 

ODH pathway that may allow one to design better Co3O4 nanocatalysts.  
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3.1.3 Experimental and Computational Methods 

Co3O4 nanorods were synthesized via a previously reported method.23, 39 Briefly, 

cobalt acetate tetrahydrate was dissolved in ethylene glycol and heated to 160 oC under N2; 

then reacted with the slowly added NaHCO3 aqueous solution under vigorous stirring. 

After centrifugation a purple precipitate was obtained, which was then dried at 50 oC under 

vacuum and calcined at 350 oC in air to yield the Co3O4 nanorods. Their crystalline form 

was checked with powder X-ray diffraction. Then the nanorods were imaged with the high 

angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) on 

a JEOL JEM-ARM200F Transmission Electron Microscope at 200 kV. Based on the 

surface orientation of the Co3O4 nanorods from the STEM images, we then employed 

density functional theory (DFT) to examine the ethane ODH pathways on it.  

All DFT calculations were performed using the Vienna ab initio Simulation 

Package (VASP).40-41 The on-site Coulomb interaction was included using the DFT+U 

method by Dudarev, et al.42 in VASP using a Hubbard parameter of U = 2 eV for Co, 

which yielded band gaps in good agreement with experimental results and was used to 

good effect in previous DFT studies of Co3O4 surface chemistry and catalysis.19-20 The 

Perdew-Burke-Erzerhof (PBE)43 form of the generalized-gradient approximation (GGA) 

was chosen for electron exchange and correlation. The electron-core interaction was 

described using the projector-augmented wave method (PAW).44-45 A kinetic energy 

cutoff of 450 eV was used for the planewaves, and the Brillouin zone was sampled using 

a 3×3×1 Monkhorst-Pack scheme.46 All calculations in this work were performed with 

spin polarization. The slab was created containing 11 layers with the bottom 9 layers 
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frozen in their bulk positions. The optimized lattice constant was found to be 8.14 Å, in 

very good agreement with the experimental value of 8.09 Å.47 

The adsorption energies were defined by Eads = Esurface+adsorbate – (Esurface + 

Eadsorbate), where the energy of the adsorbate Eadsorbate was computed by placing an 

adsorbate molecule in a cubic cell of 10 Å in side length (in other words, the molecule 

and its nearest periodic images are separated by about 10-Å vacuum). Transition states 

were found via a two-step approach, using both the nudged elastic band method (NEB) 

and the dimer method48 implemented in the VASP-VTST package by Henkelman et al.49 

Initial and final states of the reactions were first created and optimized, and were used to 

generate 8-10 equally spaced images through a linear interpolation. These images were 

then minimized under the NEB constraints to forces of ~0.4-0.2 eV/Å in order to generate 

an approximate minimum reaction energy path. The highest two energy images along the 

path were then used to generate a starting geometry for the dimer method, until reaching 

an energy convergence of 0.05 eV/Å. Selected transition states were confirmed with 

vibrational frequency analysis to verify the effectiveness of this method and the 

convergence criterion. 

3.1.4 Results and discussion 

3.1.4.1 Surface structure of Co3O4 nanorods 

Recent work has shown that Si and Ge modified Co3O4 nanorods improved the 

selectivity and yield of ethane ODH, but the molecular-level mechanism is still unclear.38 

Here we first direct our attention to modeling the mechanism of ethane ODH on the 
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experimentally produced Co3O4 nanorods, so we can examine the role of the surface 

modification in the future. The synthesized Co3O4 nanorods were imaged via the 

scanning tunneling electron microscopy (STEM) (Fig. 1 A-B). The atomic-resolution 

HAADF-STEM image (Fig. 1B) suggests that the Co3O4(111) surface is preferentially 

exposed in this sample of Co3O4 nanorods. This information about the surface orientation 

provides a desired foundation for our DFT modeling. The Co3O4(111) surface as well 

with the Co3O4 (110) surface are both catalytically active and stable surfaces confirmed 

from both experimental and theoretical studies in previous literature.26, 28-29 Based on the 

STEM images, we chose the (111) surface as a model active surface in this work.  

 

Figure 3.1.1 (A) STEM image of a large area of a Co3O4 nanorod sample. (B) HAADF-STEM 
image of a small area of the Co3O4 nanorod sample, marked with lattice fringes. (C) The surface 
model used in this DFT study for the same Co3O4 (111) surface: only the first three layers are 
shown for clarity. The two inequivalent surface lattice oxygens are labeled as OA and OB: OA is 
coordinated with three subsurface Co3+ atoms (in light blue); OB  is coordinated with two 
subsurface Co3+ atoms and one surface Co2+ atom. 

 

The Co3O4(111) surface can be terminated into six inequivalent layers; we chose 

the one with the lowest surface energy based on previous DFT calculations.28 This 
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surface model terminates to yield tetrahedral Co2+ atoms and triply coordinated oxygen 

atoms on the surface (Fig. 1C). The surface lattice oxygens can be categorized into two 

types: OA, which are triply coordinated to the subsurface cobalt (Co3+); OB, which are 

doubly coordinate to the subsurface Co but also singly coordinated to the surface Co (Fig. 

1C). After relaxation of this Co3O4 (111) surface termination, the surface Co-OB bonds 

shorten from 1.952 to 1.788 Å. The OA-Co bonds shorten from 1.932 to 1.885 Å. In 

predicting the reactivity of the two inequivalent lattice O atoms, we find that OA has a 

lower vacancy formation energy of 2.488 eV and a higher average Bader charge of -0.767 

|e|. Meanwhile, the OB has a vacancy formation energy of 2.946 eV and an average Bader 

charge of -0.860 |e|. The average Bader charge of the surface Co was found to be 1.298 

|e|. The lower OA vacancy formation energy suggests that the OA oxygen is more active 

and more likely to react to result in a vacancy.  

Both OA and OB vacancies lead to minimal surface rearrangement, with the OA 

vacancy leading to the least change in surface bond lengths and the OB vacancy leading 

to a shortening of the remaining two Co- OB bonds from 1.788 to 1.769 Å. These results 

show that the Co3O4(111) surface can readily generate and refill oxygen vacancies 

without loss of surface structure, suggesting a robustness and stability consistent with 

experimental and theoretical findings,26, 28, 50 and making it a good candidate as the model 

for the catalytic surface.  

A less negative Bader charge of OA than OB indicates the increased ability of the 

OA oxygen to further gain electrons, so OA is more electrophilic than OB and thus is the 

more favored active site for the homolytic fission of the C-H bond in the ethane ODH 
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reaction. The more negative Bader charge of OB suggests that it is more nucleophilic in 

character and more suited in the heterolytic fission of the C-H bond as part of the metal-

oxygen redox pair, where the metal cation Co2+ participates as the electrophile. Both the 

homolytic and heterolytic C-H cleavage will be examined next. 

3.1.4.2 First C-H activation of ethane 

In alkane oxidation reactions over metal oxides, both the full oxidation and ODH 

reactions proceed first via C-H activation onto the surface. Thus, we first study the 

activation of the ethane C-H bond by either a surface oxygen or cobalt. They can be 

characterized as either homolytic or heterolytic mechanisms, via the lattice oxygen or 

lattice cobalt, respectively.21, 51-53 In the homolytic case, the oxygen atom abstracts a 

hydrogen from the alkane, forming an alkyl radical which then reacts with a nearby 

lattice oxygen. In the heterolytic case, the reaction occurs over the Co-O acid-base site 

pair with the lattice Co activating the C-H bond via σ-bond metathesis, leading to Co-

C2H5 and O-H.    
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Figure 3.1.2 Transition and final states for the first C-H activation on Co3O4(111). Reactions 1A 
and 1B are Co2+ activated heterolytic reactions. Reactions 1C-E are O activated homolytic 
reactions. 

 

We examined both the heterolytic and homolytic pathways on Co3O4(111) 

surface. Based on the configuration of the surface cobalt and oxygen, there should be five 

possible final states. Starting with a weakly physisorbed C2H6 on the surface, we found 

the minimum energy paths and transition states leading to the five final states. These 

transition and final states are illustrated in Fig. 2, while the energetic profiles are shown 

in Fig. 3. For the heterolytic activation (reactions 1A-B), the transition states were found 
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to form a Co-C2H5-H-O complex. The barrier for the pathway via OB is 1.02 eV, lower 

than via OA (1.11 eV), likely due to the fact that OA is slightly farther from Co than OB, 

which results in a less stable transition state complex. For homolytic activation (reactions 

1C-E), the transition states show the formation of the CH3CH2--H--O complex where the 

C-H-O angle is almost 180 degrees, while in the final states the ethyl group attaches to 

another nearby lattice O. Reaction 1C is activated by the OA oxygen with a barrier of 0.62 

eV, whereas reaction 1D and 1E are both activated by the OB oxygen with a similar 

barrier of 0.98 to 1.03 eV. The stronger oxidizing power of OA than OB, as indicated by 

the charge analysis, corroborates the lower activation energy of the first C-H activation 

on OA.  

 

Figure 3.1.3 Energy profiles of the first C-H activation. Reactions 1A-1B are Co-activated, 
whereas reactions 1C-1E are O-activated.   
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The energy barriers (Ea) and reaction energies (ΔE) of both heterolytic and 

homolytic pathways of 1A-E are compared in Table 1, together with those of propane 

from another study.21 We find that our calculated barriers are in very good agreement 

with the propane barriers for the same surface. It is apparent that the homolytic pathway 

is both the thermodynamically and kinetically favored reaction path due to both the 

overall lower barriers as well as the more negative reaction energies. The OA-catalyzed 

pathway has the lowest barrier by far with a value of 0.62 eV. These results are also in 

good agreement with the propane DFT results and consistent with the higher bond 

dissociation energy of the ethane C-H bond.  

Table 3.1.1 Activation energy Ea and energy of reaction ΔE of the first C-H activation of ethane. 
Propane Ea and ΔE in a similar study on the same Co3O4 (111) surface listed for comparison. 

No. Reaction Pathway Ethane Ea  
(eV)  

Ethane ΔE 
(eV)  

Propane Ea 
(eV)21 

Propane ΔE 
(eV)21  

1A C2H6(g) → C2H5-Co2+ + OB-
H 1.02 -0.47 0.95 -0.71 

1B C2H6(g) → C2H5-Co2+ + OA-
H 1.11 -0.33 N/A N/A 

1C C2H6(g) → C2H5-OB + OA-H 0.62 -1.07 0.41 -1.41 

1D C2H6(g) → C2H5-OB + OB-H 1.03 -0.75 0.60 -0.80 

1E C2H6(g) → C2H5-OA + OB-H 0.98 -1.27 N/A N/A 

 

3.1.4.3 Second C-H activation and C2H4 formation 

We further examined the second C-H activation of ethane following the first C-H 

activation. Reactions 1A and 1C were selected as the best starting points for the second 

activation for the heterolytic and homolytic cases, respectively. The subsequent second 
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C-H pathways (transition states and final states) are illustrated in Fig. 4, while the energy 

profiles are shown in Fig. 5. In the heterolytic case (following 1A), the second C-H bond 

is activated via OB on the CH3 group, or the β-hydrogen elimination, (2A); via OB on the 

CH2 group, or the α-hydrogen elimination, (2B); or via OA by the β-hydrogen elimination 

(2C). We find that the 2C path has the lowest barrier of only 0.39 eV (Fig. 5). In the 

homolytic case (following 1C), the second C-H bond is activated via either OA by the β-

hydrogen elimination (2D), OB by the α-hydrogen elimination, (2E), or the OA-H in the 

previous step by the α-hydrogen elimination (2F). We found that 2D and 2E pathways 

yield very similar barriers of 1.26 eV (Fig. 5). The 2F pathway has a much higher barrier 

of 2.46 eV, because the presence of a preexisting adsorbed hydrogen on the lattice O 

severely deactivates it from further C-H activation.  
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Figure 3.1.4 Initial, intermediate and final states for the second C-H activation of ethane. 
Reactions 2A-2C continue from the previous heterolytic reaction 1A. Reactions 2D-2F continue 
from the previous homolytic reaction 1C. 

 

The barriers and reaction energies of the second C-H activation are compared in 

Table 2. Most notably, the second C-H activation following the heterolytic pathway (1A 

then 2C) appears to have lower barriers than following the homolytic pathway (1C then 

2D or 2E). This result is also consistent with the DFT study of propane on the Co3O4 

(110) surface.21 Reactions via β-hydrogen elimination, 2A, 2C, and 2D all lead to 

ethylene formation. In the case of 2A and 2C, we found that desorption of C2H4 is uphill 
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by about 1.0 eV, while in the case of 2D, C2H4 was found to spontaneously go to the gas 

phase. Reactions 2B, 2E, and 2F via α-hydrogen elimination generate CH3CH which 

were found to bind very strongly to the surface Co or O with a strength greater than 2 eV. 

We expect that the CH3CH intermediate is unlikely to result in ethylene production and 

more likely to be part of the further oxidation pathways.  

 

Figure 3.1.5 Energy profiles of the second C-H activation. Reactions 2A-2C follow the 1A path. 
Reactions 2D-2E follow the 1C path.  
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Table 3.1.2 Activation energy (Ea) and reaction energy (ΔE) of the second C-H activation of 
ethane, starting from the most favored Co-activated path (1A) and O-activated path (1C) from the 
first C-H activation.  

No. Reaction Pathway Ea (eV) ΔE (eV) 

2A C2H5-Co2+ + OB-H → CH2CH2-Co2+ + 2OB-H 0.87 -1.08 

2B C2H5-Co2+ + OB-H → CH3CH-Co2+ + 2OB-H 1.76 0.50 

2C C2H5-Co2+ + OB-H →  CH2CH2-Co2+ + OA-H + OB-H 0.39 -1.02 

2D C2H5-OB + OA-H  → CH2CH2-OB + 2OA-H 1.26 0.07 

2E C2H5-OB + OA-H  → CH3CH-OB + OA-H + OB-H  1.26 0.33 

2F  C2H5-OB + OA-H  → CH3CH-OB + H-OA-H 2.47 2.34 

 

3.1.4.4 Hydroxyl clustering, water formation, and water desorption 

Following the second C-H activation, ethylene will desorb in the ODH reaction, 

leaving two lattice O sites with adsorbed hydrogen, that is, formation of hydroxyls. 

Previous experimental isotopic studies have thoroughly shown that the oxidation and 

ODH reactions result in the formation of water containing the lattice oxygen.20 Therefore, 

these surface hydroxyls will come closer (clustering), then form water, and desorb from 

the surface, in order for the catalytic cycle to proceed. This simplistic path for hydroxyl 

clustering is via diffusion of the hydrogen atom from a surface hydroxyl to a neighboring 

lattice oxygen. With two hydroxyl groups nearby, then one hydrogen of a hydroxyl can 
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combine with the neighboring hydroxyl to form water. The barrier for a representative H 

diffusion from OA to OB on the Co3O4(111) surface was found to be 1.35 eV (Fig. 6A). 

Next, we examined the water formation from two neighboring hydroxyl groups (Fig. 6B) 

and the barrier increases to 2.02 eV.  

 

Figure 3.1.6 Initial, transition, and final states of hydrogen diffusion across the Co3O4 (111) 
surface: A, diffusion of hydrogen from OA to OB; B, diffusion of hydrogen from OB to a OA-H 
hydroxyl group. 

 

After the H-O-H species is formed on the surface (Fig. 6B), it can then desorb to 

the gas phase. This desorption energy was found to be 0.581 eV, much lower than the 

lattice-oxygen vacancy formation energy (2.488 eV for the OA atom). Indeed, the 

addition of two hydrogen atoms on the lattice oxygen destabilizes the system and 

lengthening the Co-O bonds. Oxygen vacancies are then formed following the desorption 

of water. 
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3.1.4.5 Regeneration of lattice oxygen sites 

The oxygen vacancies left from water desorption can react with gas phase O2 to 

regenerate the lattice oxygen sites. A very likely scenario would be that one gaseous O2 

molecule refills at a double oxygen vacancy site. We found that O2 first binds vertically 

on one of the vacancies and then one oxygen atom of O2 then dissociates to the 

neighboring vacancy site. We calculated the barrier of this process and found that it 

occurs via a barrier of only 0.51 eV and a reaction energy of -4.24 eV (Fig. 7A). These 

double vacancies may be generated through the process of continued water 

formation/desorption reactions on the surface during the catalytic cycle, or through 

vacancy diffusion across the surface. The diffusion of these oxygen vacancies were also 

studied and found to have a barrier of 1.63 eV for a diffusion from a vacancy at OA to OB 

(Fig. 7B). This double-vacancy regeneration model with very low barriers is also 

consistent with previous theoretical works on the Co3O4(110) surface.19, 21 Thus, we can 

conclude that regeneration of the lattice oxygen sites is highly facile in oxygen rich 

environments and unlikely to be a rate-determining step in the overall catalytic cycle.  
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Figure 3.1.7 (A) Regeneration of lattice oxygen on Co3O4(111) via reaction of double oxygen 
vacancies with gaseous molecular oxygen. (B) Vacancy diffusion on the on Co3O4(111) surface 
from OB site to OA site.  

 

3.1.4.6 Overall energy profile 

Fig. 8 shows the overall energy profile including the first and second C-H 

activations, hydroxyl clustering via hydrogen diffusion, and water formation and 

desorption. We select the 1C-2D reaction path as the most representative ODH pathway 

through consideration of both activation energies, reaction energies, and product 

desorption. We omit the vacancy regeneration portion of the cycle for simplicity as well 

as the fact that its barriers are quite low in comparison. Fig. 8 shows that the water 

formation step is the least energetically favored step and a possible rate-determining step 

in the overall catalytic cycle. Alternative to the 1C-2D path, we also considered a 

competitive path via the 1A-2C channel where the first C-H activation is via Co2+ and the 

second C-H activation is via OA. We found that again the water formation is the rate-

determining step (RDS) in this mechanism.  
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Figure 3.1.8 The overall energy profile of ODH of ethane to ethylene on Co3O4(111). The C-H 
cleavages follow the 1C-2D path in red and the 1A-2C path in black (Fig. 2 and Fig. 4), while 
hydrogen diffusion and water formation energies are from Fig. 6. 

 

A schematic drawing of the complete catalytic cycle for the homolytic path is 

shown in Fig. 9, composed of the first and second C-H activations, hydrogen diffusion, 

water formation, and lattice-oxygen regeneration. It starts with C2H6 adsorption, followed 

by the first C-H cleavage on lattice OA. Then, the second C-H cleavage takes place on 
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another lattice OA, leading to formation and desorption of C2H4. Next, hydroxyl clusters 

via hydrogen diffusion and water forms from nearby hydroxyl groups. Water desorbs and 

leaves lattice-oxygen vacancy, which is refilled by molecular oxygen. The cycle repeats.  

 

Figure 3.1.9 Schematic drawing of the complete catalytic cycle of ethane ODH on the Co3O4 
(111) surface. 

 

3.1.4.7 Implications of the present DFT results 

Our present DFT study of ethane ODH on the Co3O4 (111) surface presents 

several interesting perspectives regarding the reaction characteristics. First, we find that 

for ethane, the first step of the reaction occurs via the activation of its C-H bond over 

either the Co2+ or the OA / OB atoms. While the first C-H activation is strongly favored 

towards the O-activated homolytic pathway, the second C-H activation is in fact more 
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favored towards the heterolytic pathway. In reality, it is likely for both pathways to 

participate in the formation of ethylene; however, without further kinetic analysis it 

would be very difficult to quantify their respective contributions towards forming the 

ODH product.  

Next, we have found that the vacancy formation energy and Bader charge of the 

lattice oxygen to be a good descriptor of the catalytic activity of the lattice oxygen. We 

were able to predict the OA oxygen to have lower barriers for C-H activation than the OB 

oxygen. We would expect this trend to hold for lattice oxygen atoms of different Co3O4 

surfaces, such as (110), (100), and (112), which could be important of Co3O4 

nanocatalysts with different morphologies.  

We find that the water formation step of the catalytic cycle on the pure (111) 

surface appears to be the RDS, while experiments shows that changing the alkane will 

change the overall barriers,54 thus suggesting that the C-H activation barrier is significant 

to the overall rates. Based on preliminary DFT results, we believe that the hydroxylation 

of the surface will affect the energy profile by increasing the barriers of C-H activation 

and reducing the barriers of H2O formation. In this model, we can then expect that the 

actual experimental energy profile will have the C-H activation and water formation 

barriers approach in energy at a steady-state hydrogen coverage of the surface. Thus, 

varying C-H bond strength would in fact affect the rates of the overall ODH reaction. 

Experimental findings have indeed shown that surface hydroxylation occurs on 

the surfaces of metal oxides as the dominant species during and after a reaction.55-56 In 
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addition, water formation, and consequently water concentration were found to affect the 

rates of the ODH/oxidation reactions on many studied metal oxides.55, 57-59 This 

phenomenon occurs for CO and CH4 oxidation on Co3O4 as well.56, 60-61 These 

experimental findings support our conclusion that the water formation is an important 

step of the ethane ODH on Co3O4(111). This phenomenon is notably absent in CO 

oxidation, which is consistent with experimental observations of CO oxidations having 

much lower barriers and reaction temperatures than alkane oxidation. The coverage effect 

of surface hydroxyl groups on the catalytic pathways thus warrants further studies.  

The experimental work of ethane ODH on Co3O4 nanorods20, 38 have focused on 

ethylene/CO2 selectivity and ethylene yield as a function of surface modification by Si 

and Ge oxides. Detailed kinetic data such as reaction rates and apparent activation energy 

on the unmodified Co3O4 nanorods are still not available for a direct comparison. To 

compare with the experimental ethylene/CO2 selectivity, the complete pathway of ethane 

combustion has to be mapped out, which requires substantial more work and is beyond 

the scope of the present work. A joint experimental and computational study is expected 

for the near future to directly compare the computational results and the experimental 

data. 

The present DFT study focuses on the (111) surface based on the STEM images 

of our Co3O4 nanorod sample (Fig. 1), but other facets may also exist such as the (100) 

and (110) surfaces depending upon preparation methods and calcination temperature. The 

different facets can affect the energetics of the elementary steps because the oxygen 

reactivity can be different. For example, the (110)-B surface of Co3O4 has a twofold-
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coordinate oxygen site, in contrast with the threefold-coordinate oxygen sites on the 

(111) surface. How this twofold-coordinate oxygen site on the (110)-B surface would 

change the energetics of ethane ODH steps is a question that we intend to find out in a 

future study. 

3.1.5 Conclusions 

We have studied the oxidative dehydrogenation (ODH) of ethane to ethylene on 

the Co3O4(111) surface with DFT+U, in order to understand the mechanism on Co3O4 

nanorods. The more reactive lattice oxygen (OA) was found to yield the lowest barriers 

for the first C-H activation, consistent with our predictions based on vacancy formation 

energy and Bader charges. Overall, we found the barriers for the first C-H activation to 

be lower for the homolytic pathway (~0.62 eV), but the barriers for the second C-H 

activation to be lower for the heterolytic pathway. The cleaved hydrogen from C2H6 

forms hydroxyl groups on Co3O4(111), which can cluster via hydrogen diffusion. Water 

formation from nearby hydroxyl groups and desorption to leave oxygen vacancy on the 

surface were found to have a large activation energy (2.02 eV) and is likely to be the rate-

determining step. These vacancies can readily react with oxygen molecules in gas phase 

to regenerate the lattice oxygen sites. These insights will help understand the role of the 

surface orientation of the Co3O4 nanocatalysts in improving the selectivity and yield of 

alkane to alkene conversion through ODH.  
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3.2 Trends of Alkane Activation on Doped Co3O4 from First Principles 

3.2.1 Abstract 

Surface doping of a metal oxide can tune its catalytic performance, but it remains 

unclear how the tuning depends on the dopant type and the surface facet. Herein we study 

doped Co3O4 (111) and (311) surface facets using first principles density functional theory 

to obtain general descriptors of oxygen reactivity (including vacancy formation energy and 

hydrogen adsorption energy) and correlate them to ethane C-H activation as a measure of 

the catalytic performance. The periodic trends of the dopants are investigated for a total of 

twenty dopants, including the elements from K to Ge. We find strong linear correlations 

between the oxygen reactivity descriptors and the computed energy barriers. We also 

discover a strong surface facet sensitivity among certain dopants such that different surface 

orientations and sites have different or even opposing dopant performance. This work 

provides a useful guide of dopant performance in ethane activation on the two very 

different Co3O4 surfaces. 

3.2.2 Introduction  

Metal oxides have been extensively studied for their catalytic ability for reactions such 

as the oxidative coupling and dehydrogenation of alkanes. These catalysts have been found 

to be effective in activating the otherwise chemically inert C-H bonds, allowing for the 

further conversion of the reactants. For many of these oxides, the activation occurs over 
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the active lattice oxygen via the homolytic cleavage of the C-H bond,1-4 and the resulting 

radicals are adsorbed onto the surface for further reaction.  

As a further dimension in catalyst design, doped metal oxides have been shown to be a 

promising direction in tuning catalytic reactivity. Most commonly seen are the 

substitutional dopants which replace the framework metal cation and alter the electronic 

structure of the neighboring atoms and thus their catalytic reactivity. Many theoretical 

works in the literature have studied the effects of doping and its effect on the reactivity of 

lattice oxygen. For example, Metiu et al.5 concluded that lower valence dopants increase 

the reactivity of the oxygen, and hence the reactivity of the surface via the Mars-van 

Krevelen (MvK) mechanism. Meanwhile, higher valence dopants are harder to characterize, 

depending on the reducibility of the oxide and the nature of the dopant.5  

It is well known that metal oxides with different surface facets contain oxygen sites 

with very different activities, and must be considered when predicting the catalytic 

performance of a metal oxide. For example, Co3O4 has been shown to be active and stable 

for alkane oxidation and oxidative dehydrogenation under high temperatures.4, 6-9 

Depending on the synthesis and treatment method, Co3O4 nanoparticles of different, 

exposed, surface facet orientations can be observed, with different reactivities.8, 10-14 

Additionally, Co3O4 has been doped in experimental studies in attempts to tune its 

reactivity and selectivity towards the desired products.7, 15-22 Therefore, it is a suitable 

system to study and a useful starting point for our understanding of dopant sensitivity to 

surface orientation.  
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Despite the previous work, the exact impact that different surface orientations have on 

dopant efficacy is not well studied experimentally or theoretically. It is often convenient to 

assume a dopant which creates enhanced reactivity on one surface facet will do so for 

another on the same oxide. But the general applicability of this assumption needs to be 

examined. By using Co3O4 as an example, this work aims to systematically study the effect 

of a wide range of dopants on a metal oxide from first principles, as well as to demonstrate 

the significance of different surface facets on determining the dopant’s effect of increasing 

or decreasing reactivity of the metal oxide for ethane activation. 

3.2.3 Computational Method 

The density functional theory (DFT) calculations in this work were carried out using 

the Vienna ab initio Simulation Package (VASP).23-24 The on-site Coulomb interaction was 

included using the DFT+U method by Dudarev, et al.25 in VASP using a Hubbard 

parameter U = 2 eV for the Co atom, which comprises the bulk of the slab atoms, as used 

in previous studies.6, 26-27 Theoretical studies have shown that changing the U value does 

not disturb the linear relationships studied in this work.28 The Perdew-Burke-Ernzerhof 

(PBE)29 form of the generalized-gradient approximation (GGA) was used for electron 

exchange and correlation energies. All calculations were performed with spin polarization. 

The projector-augmented wave method was used to describe the electron-core 

interaction.23, 30 The kinetic energy cutoff was set to be 450 eV for the planewave basis set. 

For the studied surface slabs, a 3×3×1 sampling of Brillouin zone using a Monkhorst-Pack 

scheme was used.31 A vacuum layer of 15 Å was created for the surface slabs. The top two 

layers of the slabs were allowed to relax in the calculations. Vacancy formation energy 
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(Evac) is calculated with the equation Evac=Evacancy-surface + 1/2EO2 - Eperfect-surface, where 

Evacancy-surface is the energy of the surface slab with the oxygen atom removed and Eperfect-

surface is the energy of the vacancy-free surface, while EO2 is the energy of an isolated O2 

molecule. The hydrogen adsorption energy (EHads) is calculated with the equation EHads = 

Esurface+H – (Eperfect-surface + EH), where Esurface+H is the energy of the surface with a hydrogen 

adsorbed on the oxygen atom and EH is the energy of an isolated H atom. The energies of 

EO2 and EH were computed by placing the adsorbate in a cubic cell with a 10 Å wide 

vacuum in each direction. Transition states (TS) were found with the dimer method32 

implemented in the VASP-VTST package by Henkelman et al. using a force convergence 

criterion of 0.05 eV/Å. 

3.2.4 Results and Discussion 

3.2.4.1 Two facets of Co3O4 and localization of dopant effects 

We examined both a flat surface, (111), and a rough surface, (311), of Co3O4. Their 

surface models are shown in Figure 1. The dopant replaces the Co atom at the location 

labeled “Site”. We found no significant local structural change on either facet after doping, 

probably due to the comparatively low dopant concentration used. The oxygen 

coordination number of the metal is three on the (111) site and is five on the (311) site. The 

doping is expected to change the activities of these oxygen atoms. A simple descriptor of 

their activity is the oxygen-vacancy formation energy, Evac.  
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Figure 3.2.1 Surface models for the (111) surface (left) and the (311) surface (right) of Co3O4, 
showing the upper layer atoms as circles and the sublayer atoms as lines. The blue atoms denote 
Co and the red atoms denote O. The dark blue atoms are the exposed Co sites, and one is replaced 
by a dopant at the location labeled ‘Site’. The nearest neighbor oxygen atom studied is labeled O1, 
and the second nearest neighbor is labeled O2. 

 

We obtained Evac on the first neighbors O1 and second neighbors O2 on the (111) 

surface and found that changes in O1 Evac can be significant among dopants, while the O2 

Evac energies remain largely unchanged (Figure 2). In other words, the effect of doping is 

rather local and limited to the nearest-neighbor oxygen atoms, and the impact on the 

oxygen atoms beyond the first coordination shell is very weak. This is largely consistent 

with an earlier theoretical work on the CeO2 surface.33 Consequently, we focus on studying 

the nearest-neighbor oxygen (O1). 
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Figure 3.2.2 Vacancy formation energies of oxygen atoms on the doped Co3O4(111) surface. Co* 
denotes the undoped surface. O1 represents the oxygen first neighbors, O2 represents the oxygen 
second neighbors (see Figure 1). 

 

3.2.4.2  Charge transfer between dopant and oxygen 

From the perspective of electronic structure, we can track the partial transfer of 

electrons from the metal to the neighboring oxygen atoms using Bader charges. Figure 3 

plots the dopant Bader charge versus the oxygen Bader charge for both the (111) and (311) 

facets. One can see the strong linear correlation between the electron loss of the lattice 

metal or dopant and the electron gain of the lattice oxygen, regardless of the identity of the 

metal dopant used. Furthermore, it suggests that the change in the lattice oxygen charge is 

directly due to changing the identity of the dopant used, and not as a result of geometric 

reconstruction or the forming of new coordination following doping, which would result 
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in large deviations from the linear correlation. In Figure 3 we can also distinguish the 

correlation of charge transfer as two distinct lines corresponding to the (111) and (311) 

surface. This can be explained by the difference in oxygen coordination of the dopant site 

on (111) and (311), namely, three and five, respectively. Consequently, the electron 

transfer for the dopant on (311) is further dispersed among two extra oxygen atoms, which 

would shift the line to the right and generate a larger slope.  

 

Figure 3.2.3 The Bader charge of the dopant M vs the Bader charge of the nearest neighbor O. The 
blue triangles and red circles denote points from the (111) and (311) surfaces of Co3O4, respectively. 
Black dashed lines represent linear best fit lines for the two surfaces. 

 

3.2.4.3  Descriptors and trends of oxygen reactivity for the doped surfaces 

A number of descriptors have been proposed as possible descriptors of oxygen 

reactivity in metal oxides, including the energetic quantities EHads
28, 34-38 and Evac,

6, 34, 39-41 
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as well as electronic ones such as Bader charge26, 42 and work function28. Figure 4 shows 

that EHads and Evac show strong linear correlations, with a low mean absolute error (MAE) 

of 0.16 eV and R value of 0.93. This is consistent with the general observation that the 

correlation between EHads and Evac is independent of changing the identity of the metal in 

the metal oxide, or its surface orientation, and can be applied generally, because both are 

energetic descriptors to predict the oxygen site’s reactivity. Below we will base our 

analysis of oxygen reactivity on both EHads and Evac as descriptors. 

 

Figure 3.2.4 Correlation between H adsorption energy and vacancy formation energy for the 
oxygen sites closest to the dopant sites on the Co3O4 surfaces. The blue dashed line represents the 
linear best fit line.  

 

We examine the dopant periodic trends on the oxygen reactivity descriptors and C-H 

activation energy for a series of elements in the same period. These trends are displayed in 

Figure 5 for both EHads and Evac. Overall, it appears that the oxygen reactivity is the highest 



100 
 

(that is, most negative EHads or smallest Evac) for group 1 (with potassium as the dopant) for 

both surfaces, and decreases sequentially to a peak at V for (111) or Cr for (311), before 

increasing in activity again until Zn. Oxygen reactivity decreases again at Ga, though the 

dopant effect is mixed for Ge for different surfaces. It is important to note that the peaks in 

oxygen reactivity differ in location between the two surfaces, indicating that the surfaces 

on which the dopants reside in may have an important role on its reactivity. This 

phenomenon is further explored below. A volcano trend can be observed in Figure 5, with 

peaks at Ti/V for (111) and Cr for (311). From left to right, the oxidation state of the 

elements increases, which corresponds to stronger M-O bonds, leading to more positive 

EHads and Evac. As the dopant occupies the tetrahedral +2 site on (111) and the octahedral 

+3 site on (311), the peak of the volcano for (311) is shifted to the right. To the right of the 

volcano, EHads and Evac become more negative as the oxidation states decrease to Zn, and 

increase again for Ga and Ge. 

 

Figure 3.2.5 The periodic trends of oxygen reactivity on the M-doped Co3O4 surfaces: (a) H 
adsorption energy; (b) vacancy formation energy; (c) C-H activation energy. Co* denotes the 
undoped surface. 
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3.2.4.4 C-H activation on doped surfaces  

It is generally found that for Co3O4, and other oxides in general, the first step of the 

catalytic reaction involves C-H activation, regardless of the subsequent pathways through 

oxidative dehydrogenation or complete combustion. While both homolytic and heterolytic 

bond cleavage mechanisms are possible, studies have found that the homolytic pathway is 

often the pathway with the lowest barriers on Co3O4,
8, 26 involving H abstraction and 

cleavage of the C-H bond over a lattice oxygen. It is this pathway which allows for easy 

prediction of C-H barriers through Brønsted-Evans-Polanyi (BEP) relations. Furthermore, 

it has been shown that the activation barriers of alkanes and alcohols of different chemical 

compositions can be linearly related to one another simply as a function of the C-H bond 

strength;35 therefore, it can be possible to extrapolate results from a single alkane to the 

entire class of compounds. Herein we focus our efforts on the homolytic C-H activation, 

using ethane as our probe molecule.  

 

Figure 3.2.6 The transition state geometries of ethane C-H activation via H abstraction for the (111) 
surface and the (311) surface. 
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Figure 6 shows representative transition state (TS) geometries for the homolytic C-H 

activation over the two undoped (111) surface and the (311) surface. The TS takes the form 

of an ethane molecule with an elongated C-H bond with the hydrogen situated in between 

the carbon and the lattice oxygen. Both exhibit similar geometries, and differ mainly in the 

TS O*-H and C-H distances and their corresponding Ea. The bond distances for the 

transition states are accordingly plotted against EHads in Figure 7. The distance trends are 

apparent, showing that as EHads becomes more negative (that is, stronger) and the lattice 

oxygen becomes more reactive, the TS O*-H distance increases and the TS C-H distance 

decreases. This observation is consistent with the BEP relationship, in terms of the TS of 

H abstraction being the overlap between the potential energy surfaces C-H bond dissolution 

and O-H bond formation. In our case (Figure 6), the strength of the C-H bond is roughly 

constant, while the strength of the O-H bond is varied via the different dopants. When the 

oxygen reactivity is high, the TS is early, so the C-H bond is short and the O-H bond is 

long; when the oxygen reactivity is low, the TS is late, so the C-H bond is long and the O-

H bond is short. This phenomenon, in the context of C-H bond activation on metal oxides, 

has been brought up in a previous theoretical study,36 but can now be verified in terms of 

a general linear scaling relationship in Figure 7. 
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Figure 3.2.7 Correlation of the transition-state (TS) geometry of ethane C-H activation with H 
adsorption energy on doped Co3O4 surfaces: (a) O-H bond length; (b) C-H bond length. The blue 
dashed lines represent the linear best fit for the points.  

 

3.2.4.5 Correlation between C-H activation and oxygen descriptors 

Many recent theoretical works34-35, 43 have demonstrated the validity of oxygen 

descriptors such as vacancy formation and H adsorption towards predicting C-H activation 

barriers. Figure 5c shows the trend of the ethane C-H activation energy (Ea) across the 

periodic table for both doped Co3O4 (111) and (311) facets. One can see that the overall 

trends of EHads, Evac, and Ea across the different dopants are similar. Figure 8 shows that 

indeed Ea has very strong linear correlations with both EHads and Evac, with mean average 

error (MAE) at 0.15 and 0.11 eV, respectively. These small MAEs suggest that it is 

promising to use these oxygen reactivity descriptors as a method of screening dopants prior 

to expensive transition state search calculations. We can refer to the BEP-relationship to 

provide an explanation for this correlation from the perspective of EHads.  
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Figure 3.2.8 Correlation of the ethane C-H activation energy with: (a) vacancy formation energy; 
(b) H adsorption energy. The blue dashed lines represent the linear best fit for the points.  

 

3.2.4.6 Surface facet sensitivity of different dopants 

Figure 9 shows the C-H activation-energy difference between (111) and (311) surfaces 

for the different dopants. Overall, both undoped and doped (311) surfaces are more reactive 

than the corresponding (111) surfaces for C-H activation of ethane. More specifically, one 

can see that Ti, V and Si show the highest sensitivity to the facets, having ΔEa ~ 1.3 to 1.4 

eV. If one uses the undoped Co3O4 surfaces as a reference, K, Cr, Mn, Fe, Ga, and Fe also 

display significantly higher sensitivity to the facets.  



105 
 

 

Figure 3.2.9 The difference in ethane C-H activation energy between the (111) and (311) facets 
for the different dopants. 

 

3.2.4.7 Implications of present results 

In this work, we have focused our study on comparing two surfaces, a low index (111) 

surface with exposed tetrahedral Co2+
, and a high index (311) surface with exposed 

octahedral Co3+, which is sufficient to qualitatively demonstrate large differences in dopant 

effects between the two. It is very probable that this phenomenon will extend to metal 

oxides in general, beyond Co3O4 as studied in this work. Further systematic studies on 

other metal oxides can be useful in developing a sufficiently comprehensive understanding 

linking the geometric and electronic structure of the dopant site to the oxygen reactivity 

through sampling and studying a larger number of surface facets and corresponding 

substitution sites. The importance of surface orientation in determining dopant 

performance has significant implications towards the prediction of catalytic properties of 
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doped oxides. As different experimental synthesis techniques can invariably lead to 

nanoparticles with various exposed surfaces, the role of a dopant can be complicated by 

the surface-facet sensitivity.  

The present work considered a fixed dopant concentration. We expect that the scaling 

relation between the computed barriers and the descriptors would remain for different 

dopant concentrations, but testing this hypothesis would require substantial more 

calculations. Further studies are warranted. 

3.2.5 Conclusions 

The effects of doping Co3O4 on oxygen reactivity and C-H activation barriers were 

investigated for a range of dopants on two different surfaces, (111) and (311). We found 

the dopant effects to be limited to the nearest-neighbor oxygen atoms, with no significant 

changes to oxygen reactivity at or beyond the second coordination shell. The periodic 

trends of doping on oxygen reactivity were examined by comparing oxygen-vacancy 

formation, H adsorption energy on oxygen, and homolytic C-H activation of ethane. The 

oxygen reactivity descriptors (vacancy formation H adsorption energy) were linked to the 

C-H activation energies and the transition-state geometry. It was further shown that the 

surface orientation can have a significant impact on dopant efficacy. This work 

demonstrates that oxygen-activity descriptors can be used to predict dopant performance 

on transition-metal oxide surfaces and that doping and the surface orientation can be 

combined together to tune the transition-metal oxide’s reactivity. 
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4 Descriptors for metal oxides 

4.1 General Structure-Reactivity Relationship for Oxygen on Transition 

Metal Oxides 

4.1.1 Abstract 

Despite many recent developments in designing and screening catalysts for improved 

performance, transition-metal oxides continue to prove challenging due to the myriad 

inherent complexities of the systems and the possible morphologies that it can exhibit. 

Herein we propose a structural descriptor, the adjusted coordination number (ACN), which 

can generalize the reactivity of the oxygen sites over the many possible surface facets and 

defects of a transition-metal oxide. We demonstrate the strong correlation of this geometric 

descriptor with the electronic and energetic properties of the active sites on five facets of 

four transition-metal oxides. We then use the structural descriptor to predict C-H activation 

energies, to show the great potential of using ACN for the prediction of catalytic 

performance. This study presents a first look into quantifying the relation between active 

site structure and reactivity of transition-metal-oxide catalysts. 

4.1.2 Introduction 

The widespread adoption of density functional theory (DFT) has opened up new 

avenues in the use of computational methods to model and predict the structure-activity 

relationship of promising catalysts. Unfortunately, due to the inherent computational cost 

of fully ab-initio techniques and the sheer number and complexity of possible catalytic 
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materials and pathways to study, there has been much interest in developing approximate 

but fast methods of predicting catalytic activity based on DFT results. This “descriptor” 

approach based on adsorption energy, dissociation energy, d-band center and width, etc., 

has been employed successfully to transition metal catalysts.1-3 Subsequent recent works 

have further demonstrated the concept of “structural” descriptors as a geometric based 

method of catalyst screening and design for transition metals4-7 which can be further 

extended to an ‘orbitalwise’ description of coordination.8 

Transition-metal (TM) oxides are another class of materials of considerable interest 

and potential for heterogeneous catalysis. The complexity of TM oxide surfaces can be 

up to several orders of magnitude greater than transition metals due to the multiple 

oxidation states, high density of surface defects, and complex electronic and spin 

structures. The inherent complexity of TM oxides coupled with their industrial 

importance provides a strong impetus towards the development of broadly applicable and 

quantitative descriptors of their catalytic activity. In this work, we propose a structural 

descriptor to provide a first look into structure-reactivity relationships for the active 

oxygen sites of TM oxides, corroborated by DFT calculations (see the Supporting 

Information for computational details).  

Two commonly studied quantities to describe the oxygen reactivity on metal oxides 

are vacancy formation energy9-18 and H adsorption energy.1, 14, 19-22 Vacancy formation 

energy measures the energy required to remove a lattice oxygen from the surface and has 

been suggested as a descriptor of catalytic performance.12, 18, 23 H adsorption has also 

been used in the correlations with the activation energies of C-H bond dissociation via the 
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BEP relationship.19-21, 24 Besides the energetic descriptors, the electronic properties of 

solid catalysts in relation to their energetic properties or reactivity have been well 

demonstrated for transition metals and other transition metal based materials.18, 25-30 

In search of a structural descriptor for TM oxides, we were inspired by a recent 

success for such a descriptor for transition metals. Calle-Vallejo et al. used coordination 

number and “generalized coordination number” as structural descriptors for transition 

metals to describe the structural and electronic environment of the adsorption site and its 

nearest neighbors,4-6 and correlated them to the d-band center. Inspired by their work, we 

think that the coordination number of the oxygen atom (CNO) on TM oxide surfaces can 

be used as a structural descriptor. However, for metal oxides, the relevant CNO rarely 

goes beyond one to four at the surface and cannot provide the same level of sensitivity 

and predictive ability as coordination in transition metals. Therefore, we propose to 

include not only the coordination number of the surface oxygen site but also the 

coordination numbers of its neighboring metal atoms as a sum (∑CNM). Take the O-M-

O*-M-O bonding motif as an example, with O* being the oxygen in question and M 

being a metal. The coordination number of O*, CNO, is 2 in this case, while the sum of 

the coordination numbers of the coordinating M atoms, ∑CNM, is 2 + 2 = 4.   

4.1.3 Results and Discussion 

To correlate these coordination numbers to the electronic structure and reactivity of 

a metal oxide surface, a logical approach is to examine how they relate to the partial 

charge on the oxygen site, which is a good indication of reducibility. Indeed we found 
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strong linear correlation of Bader charge31 with vacancy formation energy and H 

adsorption energy associated with a  surface oxygen site on various surfaces [(100), 

(110), (111), (211), and (311)] and types of TM oxides (V2O3, Cr2O3, Co3O4, and NiO), 

as shown in Figure S1 and Table S1 in SI. So we only need to find a structural descriptor 

that is a function of CNO and CNM and at the same time correlates well with the O Bader 

charge. Intuitively, increasing CNO will make the O Bader charge more negative by 

providing additional sources of electron density, i.e., the metal cations. Meanwhile, 

increasing ∑CNM decreases Bader charge because the oxygen atoms in the second shell 

will withdraw electron density from the metal cations, leaving less to be transferred to the 

oxygen site.  
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Figure 4.1.1 (i) The electron-donating and electron-withdrawing effect of the cobalt and oxygen 
shells in Co3O4 in a cluster model. The first point at the Bader charge of zero is represented by a 
single gas phase O (red) atom. Points a-d represent adding successive ‘shells’ of alternating 
cobalt (blue) and oxygen (red) to the central oxygen. The cluster model represents the 
coordination environment of a typical O site on Co3O4 (111). (ii) The coordination effect of the 
oxygen CNO on shifting the CNM relations versus Bader charge on Co3O4. A near constant 
separation between each CNO is denoted by λ.  

 

We demonstrate the metal-oxygen electron transfer model with successively larger 

clusters of CoxOy: the alternating electron donating and withdrawing effect of the 

successive neighboring oxygen and cobalt atoms can be seen in the Bader charge trend in 
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Figure 1(i). This leads to the oscillating Bader charges as each successive cobalt shell 

donates charge and oxygen shell withdraws charge until finally converging as it 

approaches the characteristics of a periodic surface. In theory, one can further refine this 

model by counting the coordination of further successively bonded atoms; the 

improvement to accuracy should rapidly converge as the difference in the subsequent 

coordination shells will vary less and less the further away from the oxygen atoms in 

question. So we will focus only on the first cobalt and oxygen shells here. 

To identify a structural descriptor that is a function of both CNO and CNM, we need to 

examine the relationship between CNO and ∑CNM. As an example, here we use oxygen 

atoms on the Co3O4 faces where CNO can vary from 1 to 4. In plotting Bader charge 

versus ∑CNM in Figure 1(ii), we can see that these two quantities exhibit a strong linear 

relationship, i.e. by increasing ∑CNM one will make the O Bader charge more positive. 

More interestingly, we see the existence of multiple, parallel scaling lines in the figure, 

distinguished by the CNO of the surface oxygen sites. For an increasing value of CNO, the 

line becomes more and more right-shifted, corresponding to a region of more negative 

Bader charge; the lines shift by an approximately constant value, labeled as λ. Therefore, 

we can formulate an “adjusted coordination number” (ACN) where we off-shift, or 

adjust, the offset of CNO in relation to ∑CNM; thus the ACN becomes a function of CNO 

and ∑CNM and the data points in Figure 1(ii) can fall into one line. A straightforward 

construction of ACN can take the form of  

ACN = CNO*λ - ∑CNM,                      (1) 
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where λ is a single parameter that fits the linear offset to Bader charge and is fixed for a 

specific oxide once its bulk structure is given. The quantities CNO and ∑CNM are then 

subtracted from each other due to the opposing effects that they have on the Bader charge 

of the lattice oxygen in question. λ can be obtained by optimizing the value to maximize 

the linear correlation constant between ACN and Bader charge (see Table S2 for λ 

values; Figure S2 and Table S3 for the linear correlation between oxygen ACN and Bader 

charge).  

The strength of ACN lies in giving an extremely fast, zeroth-order approximation of the 

local electronic structure of the lattice oxygen in question through its correlation with the 

Bader charge, which then correlates to reactivity. Through this, a general prediction of 

the oxygen site reducibility through its structural properties becomes clear. Figure 2 

shows the calculation of ACN on two Co3O4 sites from different facets. Both have a low 

CNO of 2, suggesting high reactivity, but a different coordination of its neighboring metal 

atoms, leading to a different ∑CNM. ACN for the (311) site calculated with Equation 1 is 

7.59, lower than that for the (110) site (10.59), correctly predicting the stronger H 

adsorption energy (EH) on the (311) site.  
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Figure 4.1.2 Coordination and reactivity of two different oxygen sites (labeled by an asterisk) on 
two Co3O4 surfaces: CNO, ∑CNM, ACN (adjusted coordination number), and EH (H adsorption 
energy) are shown at the bottom. In the structures, the red numbers denote CNO and the blue 
numbers denote CNM. Co, blue; O, red.  

 

Figure 3 demonstrates the strong correlation of ACN with H adsorption energy and 

vacancy formation energy, two commonly used energetic descriptors. One can see that 

ACN applies to a wide range of TM oxides with different stoichiometry, bulk structure, 

and metal oxidation states, exemplified by V2O3, Cr2O3, Co3O4, and NiO. In addition to 

perfect surfaces (Figure S3) including (100), (110), (111), (211), and (311), defected 

facets and oxygen adatoms were also considered (Figure S4). The strength of the linear 

correlation for all studied metal oxides is surprisingly evident given the simplicity of the 

ACN model. Although noise in the correlation is to be expected, the deviations were 

found to be reasonably low (Table S3). Therefore, we can conclude that in general 

oxygen with a lower ACN are more reducible and have higher reactivity for the relevant 

catalytic reactions. 
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Figure 4.1.3 Linear correlation of ACN with H adsorption energy (left) and vacancy formation 
energy (right) for V2O3, Cr2O3, Co3O4, and NiO. Each individual point denotes a unique 
individual oxygen site present on the surface of the metal oxide. λ values and linear-fit (dashed 
line) parameters are provided in Table S2 and S3, respectively, in SI. 
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Using Co3O4 as a system well studied both experimentally16, 32-34 and theoretically15-16, 20, 

35-36 for alkane activation and combustion, we apply ACN towards the prediction of C-H 

activation energies. Figure 4 shows the correlation between the first C-H activation 

energy of ethane on different Co3O4 surfaces and ACN, via a radical-forming reaction 

mechanism15, 20, 22 (transition states in Figure S5). A clear linear correlation can be seen 

whereby a lower ACN value correlates to a lower C-H activation energy with an RMSD 

of 0.13 eV, or within the range of DFT error. This demonstrates the first usage of a 

structural descriptor towards directly predicting the otherwise computationally expensive 

DFT-obtained energy barriers. 

 

Figure 4.1.4 Correlation between the C-H activation energy and adjusted coordination number 
(ACN). Linear best fit (blue line) and fitting parameters are given in Table S4 in SI. 
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The correlation between active site structure and energy barriers might be applicable 

towards the prediction of actual catalytic performance. For example, the morphology of 

Co3O4 has been shown to be controllable through the synthesis and treatment method, 

yielding exposed surfaces with different crystal facets and performance.33, 37-40 For 

methane combustion, a reaction dependent on the same C-H activation energy trends, it 

has been shown experimentally in the literature that the reactivity trend follows the 

relation (211) > (110) > (100)33 from Co3O4 nanoparticles synthesized with different 

shapes. In terms of ACN, the most active oxygen of the three surfaces have values of 7.6, 

10.6, and 11.9 respectively, which is consistent with the experimental trend. Methane 

combustion is a complex process, and more rigorous experimental and theoretical studies 

will be needed to firmly establish the correlation between the facet activity and the ACN 

descriptor. 

In addition to the case of C-H activation on Co3O4, we further extend the generality of 

ACN as a predictor of oxygen reactivity by studying its scaling relation with the 

adsorption of other important intermediates such as CH3, NH2, and OH. These adsorbates 

form on the surface in a variety of important reactions including hydrogen evolution, 

oxygen evolution and reduction, alkane activation and combustion, and nitrogen 

reduction, among others, and can be used as descriptors of catalytic activity.1, 41 

Similarly, strong linear correlations can be observed for these adsorbates in Figure 5. 

This result is promising in that it demonstrates the broad applicability of a single oxygen 

reactivity descriptor such as ACN as valid for the prediction of adsorption properties over 
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a wide range of different atomic/molecular adsorbates, allowing for the screening of 

catalytic performance on a general level, rather than on a case by case basis. 

 

Figure 4.1.5 Correlation between CH3 (left), NH2 (middle), and OH (right) adsorption energies 
on the Co3O4 surfaces with ACN. Linear best fits (blue lines) and fitting parameters are given in 
Table S5 in SI.  

 

Herein we have proposed ACN as an approximate descriptor for the oxygen site which 

we believe incorporates the major contributions of structure to oxygen reactivity. ACN is 

shown to be effective within the same oxide and bulk geometry, but does not seem be 

directly comparable across different oxides, as Figure 3 shows that different H adsorption 

and vacancy formation energies will be obtained for the four TMOs at the same ACN. 

Nevertheless, on the basis of ACN, the path to subsequent refinements toward structure-

reactivity relations becomes much clearer. In addition, ACN provides a structural basis 

for catalyst design by quantitatively identifying the effect of changing CNO and CNM to 

tune the oxygen selectivity to a desired state. In essence, ACN can greatly reduce the 

structural search space by boiling down the oxygen site geometry to just two parameters 

(CNO and ∑CNM). 



123 
 

 

Recent experimental and theoretical studies on gas-phase metal-oxide clusters and their 

reactivity42-44 identified different oxygen sites such as terminal M=O, bridging M-O-M, 

oxygen radical M-O*, superoxide, and peroxide on the clusters. It will be interesting to 

see if the ACN descriptor can be applied to describe the reactivity of those oxygen sites 

as well. In addition, the effect of the spin states on reactivity is more pronounced in 

clusters,45-46 while its effect in our extended surfaces is indirectly taken into account in 

the ACN descriptor via the correlation with the Bader charge that is derived from spin-

polarized calculations.  

4.1.4 Conclusion 

In conclusion, we proposed a structural descriptor for transition-metal oxides called 

adjusted coordination number (ACN), on the physical basis of oxygen partial charge, 

which captures the charge-transfer effect through the surface oxygen’s metal coordination 

and the second-shell oxygen coordination. We demonstrated the strong correlation 

between ACN and the conventional descriptors of oxygen reactivity. Most importantly, 

we further applied the scaling relationships to reaction barriers for C-H activation, 

showing for the first time that a structural descriptor can have predictive power towards 

catalytic barriers. Finally, we have applied ACN to a number of other adsorbates, 

including CH3, NH2, and OH, and found that the same scaling relationships exist. These 

results demonstrate that ACN is a promising first step towards rigorously quantifying 

active site structural sensitivity to reactivity form transition-metal oxides. Subsequent 
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fundamental studies corroborating theoretical predictions through ACN and experimental 

results in the future will help further validate structural descriptors as a practical tool for 

catalytic prediction.  
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Supplementary Information 

1. Computational details  

All DFT calculations were performed using the Vienna ab initio Simulation 

Package (VASP).1-2 The on-site Coulomb interaction was included using the DFT+U 

method by Dudarev, et al.3 in VASP using a Hubbard parameter U. Following previous 

existing studies using DFT+U in the literature, we use a U value of 2, 4, 5.3, and 5 eV for 

Co3O4
4-6, V2O3

7, NiO8-9, and Cr2O3
10-11, respectively. The Perdew-Burke-Erzerhof (PBE)12 

form of the generalized-gradient approximation (GGA) was chosen for electron exchange 

and correlation. All calculations in this work were performed with spin polarization. The 

electron-core interaction was described using the projector-augmented wave method 

(PAW).13-14 A kinetic energy cutoff of 450 eV was used for the planewave basis set, and 

the Brillouin zone was sampled using a 3×3×1 Monkhorst-Pack scheme.15 For the studied 

slabs, the top two layers were generally allowed to relax, and the bottom layers were fixed 

in the optimizations. A vacuum slab of 18 Å is used.  

Vacancy formation energy, sometimes known as defect formation energy, or 

alternatively as a measure of M-O bond strength, is calculated in this paper as the direct 

energy difference between the defect and pure surface with reference to half the molecular 

oxygen gas energy, in the form, Evac=Edefect+1/2EO2-Epure. The absorption energies are 

defined as Eads = Esurface+adsorbate – (Esurface + Eadsorbate), where Eadsorbate was computed by 

placing the adsorbate in a 10 Å wide cubic cell to prevent intermolecular interactions from 

the periodic boundary conditions. Transition states were found via using both the nudged 
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elastic band method (NEB) and the dimer method16 implemented in the VASP-VTST 

package by Henkelman et al. Initial and final states of the reactions were first created and 

optimized, and were used to generate 8-10 equally spaced images through a linear 

interpolation. These images were then minimized under the NEB constraints to generate 

an approximate minimum reaction energy path. The highest two energy images along the 

path were then used to generate a starting geometry for the dimer method, which is then 

used to converge to a saddle point until reaching an energy convergence of 0.05 eV/Å. 

2. Correlation between descriptors of oxygen reducibility 

The three descriptors from the main text are cross correlated here in Figure S1. Bader 

charge measures the partial charge of the atomic oxygen in the extended periodic slab, and 

provides an approximate measure of oxygen reducibility, and explains the seemingly 

strong correlation between H adsorption and vacancy formation, which are both result in 

the reduction of the active site. Oxygens which are less negatively charged are more 

reducible and more reactive, which corresponds with general chemical intuition. It is 

important to note that on metal oxide surfaces, the metal cations can also play a major role 

in the reducibility of the surface. For example, the formation of a vacancy can lead to the 

metal cation to be reduced and adopt a lower oxidation state. Thus, the Bader charge of O 

is an approximate model where the reducibility of M is approximated to be roughly equal 

for each oxygen site and thus neglected for simplicity.  
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Figure S4.1.1 Correlation between Bader charge, H adsorption energy and vacancy 
formation energy associated with oxygen sites on V2O3, Cr2O3, Co3O4, and NiO. The red lines 
are the linear best fits of the points, and the parameters and the root-mean-square deviation (RMSD) 
are given in Table S1. 
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Table S4.1.1: Calculated slopes, intercepts and RMSD’s of the linear best fits for Figure S1  

metal oxide 
 

slope intercept RMSD R 

Co3O4 H adsorption vs Vacancy form. 0.26036 -4.28483 0.16925 0.89479 

 
H adsorption vs Bader charge -1.48179 -4.96031 0.21433 0.82480 

 
Vacancy form. vs Bader Charge -5.61538 -2.53904 0.54157 0.90949 

V2O3 H adsorption vs Vacancy form. 0.41447 -4.59607 0.29357 0.86030 

 
H adsorption vs Bader charge -2.78457 -6.10641 0.39778 0.72311 

 
Vacancy form. vs Bader Charge -7.20043 -4.13140 0.51896 0.81151 

NiO H adsorption vs Vacancy form. 0.69284 -5.19120 0.37007 0.94551 

 
H adsorption vs Bader charge -5.03302 -8.60770 0.51169 0.89293 

 
Vacancy form. vs Bader Charge -7.07833 -4.75316 0.60715 0.92021 

Cr2O3 H adsorption vs Vacancy form. 0.33150 -4.14216 0.41799 0.91140 

 
H adsorption vs Bader charge -5.23763 -8.77851 0.46559 0.88876 

 
Vacancy form. vs Bader Charge -15.23311 -13.41956 0.95140 0.94018 
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Figure S4.1.2 Correlation between adjusted coordination number (ACN) and Bader charge 
associated with oxygen sites on V2O3, Cr2O3, Co3O4, and NiO. The dashed lines are the linear 
best fits of the points, and the parameters and the root-mean-square deviation (RMSD) are given in 
Table S3. 

 

 

 

Table S4.1.2: The fitted λ parameter for the studied metal oxides 

metal oxide λ 

Co3O4 9.294335 

V2O3 11.25841 

NiO 7.885177 

Cr2O3 8.600026 
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Table S4.1.3: Calculated slopes, intercepts and RMSD’s of the linear best fits for Figure 
3 in the text and Figure S2 in SI. 

metal oxide 
 

slope intercept RMSD R 

Co3O4 Bader charge vs ACN -0.04437 -0.29344 0.05742 0.95269 

 
H adsorption vs ACN 0.08699 -4.70686 0.16968 0.87472 

 
Vacancy form. vs ACN 0.28794 -1.14347 0.54617 0.89132 

V2O3 Bader charge vs ACN -0.02824 -0.55715 0.04086 0.96195 

 
H adsorption vs ACN 0.07095 -4.43147 0.44833 0.62764 

 
Vacancy form. vs ACN 0.19767 -0.02868 0.64404 0.84244 

NiO Bader charge vs ACN -0.06383 -0.36677 0.08618 0.94123 

 
H adsorption vs ACN 0.25357 -6.02653 0.56542 0.86027 

 
Vacancy form. vs ACN 0.48200 -2.40209 0.46325 0.96889 

Cr2O3 Bader charge vs ACN -0.05257 -0.52282 0.06480 0.92664 

 H adsorption vs ACN 0.28081 -6.08950 0.55138 0.83984 

 
Vacancy form. vs ACN 0.77331 -5.20539 1.50997 0.84122 
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3. Model surfaces and example calculations for CAN 
 
 

 

Figure S4.1.3 Surface facet structure of Co3O4. The studied surface facets (100), (110), (111), 
(211), (311), and the bulk spinel structure of Co3O4. Co atoms are in blue and O atoms are in red. 
All surfaces are shown as a 2x2 supercell except (211), which is shown as a 1x2 supercell.  
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Figure S4.1.4 Example defect surfaces of Co3O4. (a) The (111) surface with a subsurface Co 
defect; (b) The (111) surface with an alternate termination; (c-d) The (111) and (100) surfaces with 
oxygen adatoms on the surface Co. 

 

4. Example transition states for C2H6 C-H activation 
 

 

Figure S4.1.5 Example transition states of ethane C-H activation. Transition states for the first 
C-H activation of ethane on several Co3O4 surfaces. White atoms represent H and grey atoms 
represent C.  
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Example transition states for C-H activation are shown in Figure S6, representing the 

homolytic H-abstraction pathway, which is found to have the lowest barriers for many 

metal oxide systems4, 17-19. The transition states structures are similar throughout the 

different surface facets, differing only slightly in the C-H and O-H bond lengths. No prior 

chemisorption of the ethane onto the surface was found on any of the studied metal oxides. 

The C-H activation through this pathway results in an adsorbed H on the surface oxygen 

and a ethyl radical which can undergo gas phase reactions or adsorb strongly to the surface, 

usually on a nearby lattice O. 

 

 

Table S4.1.4: Calculated slopes, intercepts and RMSD’s of the linear best fits for Figure 4 in the 
text. 

 
slope intercept RMSD R 

C-H activation vs ACN 0.06789 -0.11618 0.12870 0.80713 

 

 

 

Table S4.1.5: Calculated slopes, intercepts and RMSD’s of the linear best fits for Figure 5 in the 
text. 

 
slope intercept RMSD R 

ACN vs CH3 ads. 0.10782 -3.83138 0.15815 0.85110 

ACN vs NH2 ads. 0.15378 -3.28383 0.24048 0.83552 

ACN vs OH ads. 0.13309 -2.59549 0.21696 0.82478 
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5. DFT+U effect on scaling relations 

 
Figure S4.1.6 The comparison of DFT-GGA (U=0) and DFT-GGA+U (U=2 eV). a, Bader 
charge at U=2 eV vs. Bader charge at U=0 eV for Co3O4. b, correlation between H-adsorption 
energy and vacancy-formation energy Co3O4 for U=2 eV and U=0. 
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4.2 Exploring perovskites for methane activation from first principles 

4.2.4 Abstract 

Diversity of perovskites offers many opportunities for catalysis, but an overall trend 

has been elusive. Using density functional theory, we studied a large set of perovskite 

compositions in the ABO3 formula via descriptors of oxygen reactivity such as vacancy 

formation energy, hydrogen adsorption energy, and first C-H activation energy of methane. 

It was found that changing the identity of B within a period increases oxygen reactivity 

from the early to late transition metals, while changing A within a group has a much smaller 

effect on oxygen reactivity. Within the same group, B in the 3d period has the most reactive 

lattice oxygen than in the 4d or 5d period. Some perovskites display large differences in 

reactivity for different terminations. Further examination of second C-H bond breaking on 

these perovskites revealed that larger A cations and non-transition metal B cations have 

higher activation energies, which is conductive to formation of coupling productions 

instead of oxidation to COx. Balance of first C-H bond breaking and methyl desorption 

suggests a just right oxygen reactivity as described by hydrogen adsorption energy. These 

insights may help design of better perovskite catalysts for methane activation.  

4.2.5 Introduction 

Perovskites are a prominent class of mixed-metal oxides with a wide range of 

possible compositions and corresponding physical and chemical properties. Following the 

general formula of ABO3, the 12-fold coordinated A and 6-fold coordinated B metal 
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cations can be sourced from the majority of the metallic elements in the periodic table, so 

long as the ionic radii of the comprising elements are suitable for the formation of the cubic 

perovskite structure, which can be estimated from calculating the Goldschmidt tolerance 

factor.1 Deviations from the ideal structural tolerance factor of one may lead to distorted 

lattices with orthorhombic and rhombohedral structures. As a further level of 

compositional diversity, the A and B cations can be substituted with additional elements, 

leading to non-stoichiometric perovskites with cationic or anionic deficiencies. From this 

wide diversity of possible configurations, a significant portion have been found to have 

good thermal stability and promising catalytic activity for a wide range of industrially 

important reactions.2-8 It is highly desirable to predict many important catalytic properties 

of a perovskite from first principles.9-10  

Perovskites are extensively studied in photocatalysis, and can also be a potential 

replacement to expensive noble metals for heterogeneous and electrocatalysis.2-6, 11-12 

Hydrogen adsorption and vacancy formation energies have been shown to be viable 

‘descriptors’ of catalytic activity.10, 13-19 Experimentally, catalysts with high oxygen 

mobility and low vacancy formation energies are often reactive for a wide range of 

reactions, because the lattice oxygen often plays a critical role in the catalysis reaction via 

the Mars van-Krevelen mechanism. Similarly, hydrogen adsorption energy is important 

since it can be linked to the energy barrier of C-H activation via a homolytic mechanism. 

Being able to estimate the energy barrier for C-H activation and relate it to experimental 

rates is crucial for elucidating favored reaction pathways on metal oxides.20  
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CH4 utilization has received renewed interest in recent years due to the increase in 

shale gas production. Perovskite catalysts have shown excellent thermal stability (up to 

1000 °C), resistance to sintering of substituted metals and high oxygen mobility, which 

offers great potential for methane combustion and oxidative coupling reaction.3, 5, 21-24 

These routes for the conversion of methane21, 25-28 to methanol or ethylene have wide 

ranging implications for the fuel and chemical industry. For the catalytic reaction of 

hydrocarbons on metal oxides, C-H bond activation is generally the first step in the 

reaction.13, 26, 29-30 Following C-H activation, the products adsorb to form methyl and 

hydroxyl groups on the surface lattice oxygens. The methyl groups can couple on the 

surface or in the gas phase to form C2 products, or can further oxidize to form combustion 

products such as CO and CO2. 

For perovskites, the (001) surface facet is the stable and experimentally observed31-

34 facet, though other orientations can exist in high-surface-area or mesoporous structures. 

To isolate the effect of compositional changes on catalytic activity, this study will focus on 

the most commonly exposed (001) surface facet. Two possible terminations exist for this 

facet: the ‘A’ surface with the AO layer at the termination, and the ‘B’ surface with the 

BO2 layer. Experimentally, it is possible to control the surface termination through various 

treatments, which has been demonstrated to lead to different catalytic activity and 

selectivity for reactions.34  

The present work aims to understand the catalytic activity of perovskites for 

methane activation. Taking advantage of the well-defined structure of cubic perovskites, 

and the diversity of possible compositions, we screen a large set of promising perovskites 
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for low C-H activation energies. We first demonstrate the validity of the H-adsorption-

energy (HAE) and vacancy-formation-energy (VFE) descriptors, in correlating to C-H 

activation energies, and use these to identify the most plausible active perovskites. Finally, 

we study whether or not it would be possible to further improve performance by selecting 

perovskites which disfavor the subsequent alkane oxidation steps on the surface. 

4.2.6 Methods 

 Density functional theory calculations were performed with the Vienna ab initio 

Simulation Package (VASP).35-36 The Perdew-Burke-Ernzerhof (PBE)37 form of the 

generalized-gradient approximation (GGA) was used for electron exchange and correlation 

energies. All calculations were performed with spin polarization. The projector-augmented 

wave method was used to describe the electron-core interaction,35, 38 and the kinetic energy 

cutoff was set to be 450 eV. For the studied surface slabs, a 3×3×1 sampling of Brillouin 

zone with a Monkhorst-Pack scheme was used.39 The D3 correction method by Grimme et 

al. was applied for the van der Waals energy.40 The surface slabs of the studied ABO3 

perovskites were created containing three AO layers and three BO2 layers, for a total of six, 

with a 15 Å vacuum layer. A 2×2 supercell of the unit slab was used in subsequent 

calculations. The top two layers of the slabs were allowed to relax in all calculations. 

Vacancy formation energy (Evac) was calculated with the equation Evac=Edefect-surface + ½ EO2 

– Esurface. The hydrogen absorption energy (EHads) was calculated with the equation EHads = 

Esurface+H – (Esurface + EH). The energies of EO2 and EH were computed by placing the 

adsorbate in a cubic cell with a 15 Å wide vacuum in each direction. Transition states (TS) 
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were found with the dimer method41 and the climbing-image nudged elastic band method42 

with a force convergence of 0.05 eV/Å.  

 

Figure 4.2.1 CH4 activation on the perovskite (001) A and B terminations: (a) the homolytic C-H 

pathway; (b) the typical transition states (A, green; B, blue; O, red; C, grey; H, white). 

 

4.2.7 Results and discussion 

4.2.7.1 Descriptors of oxygen reactivity 

The cubic perovskite (001) surface can have both the ‘A’ and ‘B’ terminations (Fig. 1). On 

each model termination, there is one possible lattice oxygen site for catalysis. On the ‘A’ 

surface, the oxygen is fourfold-coordinated to the surface A cation, and onefold-

coordinated to the subsurface B cation. On the ‘B’ surface, the oxygen is twofold-

coordinated to the surface B cation, and twofold-coordinated to the subsurface A cation. 
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We are interested in these oxygen sites’ activity for alkane activation. The first C-H bond 

breaking is regarded to be rate limiting in many cases of alkane activation;25-26 therefore, 

the C-H activation energy can be a useful quantity to predict the overall ability of a surface 

to react with methane. Furthermore, conclusions regarding relative reactivity for methane 

activation can be transferred to other similar C-H activation energies for other alkanes.13 

On metal oxides, the reactive lattice oxygen activates the molecule via a homolytic 

cleavage of the C-H bond (illustrated in Fig. 1a), and the perovskite (001) surfaces follow 

the same mechanism. H adsorption energy (HAE) and O vacancy formation energy (OVFE) 

are the commonly used energetic descriptors for oxygen reactivity, so we explored their 

correlation with the C-H activation energy for the A- and B- terminations of many cubic 

ABO3 perovskites. Fig. 2 shows the correlation between OVFE and C-H Ea (R=0.97, 

MAE=0.19 eV) and between HAE and C-H Ea (R=0.99, MAE=0.10 eV). Example 

geometries for the C-H activation transition states can be found in Fig. 1b. The good linear 

correlations suggest that one can use either HAE or OVFE as a descriptor to predict Ea: the 

stronger the H adsorption on the lattice oxygen or the easier the formation of an oxygen 

vacancy at the lattice-oxygen site, the lower the C-H activation energy of methane.  
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Figure 4.2.2 Correlation between homolytic C-H activation energy of CH4 with hydrogen 
adsorption energy (a) and oxygen vacancy formation energy (b). The lines represent the linear best 
fit. 
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Figure 4.2.3 Correlation between hydrogen adsorption and vacancy formation energy of the 
lattice oxygen. The black dotted line represents the linear best fit. 

 

 The activity of the lattice oxygen can also play an additional role beyond the direct 

activation of the C-H such as oxygen transport and recombination.43-44 In particular, the 

existing descriptor OVFE could possibly relate to the activity of oxygen for these processes. 

OVFE directly correlates to the thermodynamic barrier for the removal of oxygen lattice 

and by extension the strength of the M-O bond. Furthermore, the formation of vacancies 

can have an important role in controlling the rate of oxygen activation on the surface.45 

Unsurprisingly, as both HAE and OVFE relate well to C-H activation, we can find a strong 

linear correlation between HAE and OVFE as shown in Fig. 3. Therefore, we can reduce 

the ability of C-H activation and oxygen vacancy formation on the surface to a single 

parameter. Below we analyze in detail the trend of the oxygen reactivity from the 

perspectives of A cations, B cations, and terminations. 
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4.2.7.2 Impact of the A cation on oxygen reactivity 

Fig. 4 shows that changing the identity of the A cation within the same group (Ca 

to Sr) has a negligible impact (~ 0.1 eV) on HAE. This is true regardless of the termination 

of the surface. For comparison, the HAE on the pure alkali earth oxides varies by about 0.8 

eV among CaO, BaO, and SrO. In other words, even though the A termination exposes 

only the alkali earth metal and O ions, the reactivity is still dictated by the B transition 

metal. Another common A cation in perovskites is lanthanum6 which has charge of +3 

instead of +2. Correspondingly, the oxidation state of the B cation becomes +3 instead of 

+4, which has a significant impact on the bonding with oxygen. This results in both 

strengthening of the B-O bond and diminishing the reducibility of the B atom, leading to a 

lower HAE (Fig. 4). Therefore, selecting a suitable A cation should be driven by oxidation 

states rather than by the size of the ions, provided that they are sufficient to form a stable 

perovskite. 

 

Figure 4.2.4 Hydrogen adsorption energy for perovskites with different A cations: (a) A 
termination; (b) B termination. The numbers at the top of the bars show the oxidation states of the 
A cations. 
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4.2.7.3 Impact of the B cation on oxygen reactivity 

Fig. 5a shows that within one period, the difference in HAE between SrTiO3 and 

SrCuO3 is over 2 eV for the A termination and about 1.5 eV for the B termination. In other 

words, the oxygen reactivity on both terminations increases from Ti to Cu. One can 

understand this trend from the B-O bond strength across the period: as the number of d-

electrons increases along the same period, the weakening of the B-O bond occurs from the 

filling of the anti-bonding orbitals, leading to higher oxygen reactivity. Within a group, the 

HAE decreases or the oxygen reactivity decreases going down the period table, such as 

from Ti to Zr to Hf (Fig. 5b), which corresponds to decreasing electronegativity or 

increasing metallicity from Ti (1.54) to Zr (1.33) and Hf (1.30). In other words, oxygen 

becomes more ionic and less reactive toward atomic hydrogen. 
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Figure 4.2.5 Hydrogen adsorption energy for perovskites with different B cations: (a) across the 
period for the A termination; (b) across the period for the B termination; (c) down in the same group 
for the A termination; (d) down in the same group for the B termination. 

 

 The strong influence of the B cation over the A cation on HAE and hence oxygen 

reactivity demonstrates the primary role of the transition metal B cations in controlling 

perovskite reducibility. On reducible metal oxides, the formation of a vacancy or the 

adsorption of the hydrogen results in the donation of electrons to the neighboring metal.15, 

17 For comparatively irreducible oxides such as alkali earth oxides, the electron(s) is instead 

delocalized over the system.14 In the perovskite, the extra electrons will reduce the B cation 

much like in reducible metal oxide cases. Meanwhile, the A cations (with the same 
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oxidation state) will have very little impact on the reducibility of the surface as the electron 

will not become delocalized like in the pure alkali metal oxide when there is a reducible 

center which is more favorable in energetic stability. Furthermore, the O-B bond distance 

is always shorter than the O-A bond distance,46 which provides a much more viable channel 

for electron transfer. This can explain why changing the A cation from Ca to Sr to Ba has 

very little impact on the surface reducibility, while changing the B cation has a much 

greater effect. 

 

Figure 4.2.6 Difference in hydrogen adsorption energy between the A and B terminations of the 
(001) facet.  

 

4.2.7.4 Impact of termination on oxygen reactivity 

To compare the two terminations of the same facet, we plotted the difference in HAE 

between A and B terminations. Fig. 6 shows that for most of the perovskites examined, the 

B termination is more active. The reason can be traced to the different coordination 

environment of the lattice oxygen atoms. The oxygen is doubly coordinated to the B cation 
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on the B termination but only singly coordinated on the A termination. Given that the 

nearby B cations are reduction centers, the presence of an addition O-B coordination can 

aid the reducibility of the oxygen. This is also consistent with our finding that the 

reducibility of the surface is primarily directed by the B cation. In particular, ASnO3, 

ATiO3, AVO3, AMnO3 show significant differences in oxygen reactivity on the two 

terminations, with the largest difference being on the order of over 1 eV for ASnO3. A 

difference of this magnitude suggests that experimentally altering the termination can 

provide another dimension of controlling catalyst activity. For LaTiO3, BaZrO3 and 

BaHfO3, oxygen on the A termination is more reactive. In the case of LaTiO3, the more 

reducible La (A-termination) replaces Ti (B-termination) as the reduction center on the 

surface. Similarly, ZrO2 and HfO2 are highly irreducible oxides47 and even more 

irreducible than the alkali earth metals, resulting in less reducible B termination surfaces 

as well.  

4.2.7.5 Second C-H activation or oxidative coupling on perovskites 

Further oxidation of adsorbed methyl to the COx products proceeds via the further cleavage 

of C-H bonds. We examined the cleavage of H-CH2O*, as this step is generally irreversible 

and will proceed down to COx. As seen from Fig. 7, the transition states for CH4 and H-

CH2O* cleavage are fundamentally different. The CH4  CH3 transition state (Fig. 1b) 

involves only the oxygen site, whereas the H-CH2O*  H* + CH2-O* transition state 

shows close proximity of the adsorbate species with the metal cations. Unlike the highly 

linear correlation between the 1st C-H activation and HAE (Fig. 2a), the correlation 

between the 2nd C-H activation and HAE (Fig. 8) shows a general trend (blue line) with 
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certain deviations. First, some perovskites and facets have higher than expected 2nd C-H 

activation energies, such as the A termination of BaBO3 (B=Ti, Zr, and Hf) and non-

transition metal B cations such as ASnO3 (A=Sr, Ba). The large Ba cation will sterically 

hinder C-H activation of the methoxide to the nearby oxygen, which straddles between two 

Ba cations on the A termination. The Sn cation performs worse than transition metal B 

cations in stabilizing the methoxide C-H activation on the B termination.  

 

Figure 4.2.7 Typical transition states for the 2nd C-H activation of methane (H-CH2O*  H* + 
CH2-O*) on A termination and B termination of a perovskite (001) surface. 
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Figure 4.2.8 Correlation between 2nd C-H activation energy of methane (H-CH2O*  H* + CH2-
O*) and H adsorption energy. The blue line is a visual aid for a linear correlation between the two 
quantities.  

 

Figure 4.2.9 Correlation between CH3 desorption energy (red) with hydrogen adsorption energy. 
For comparison, correlation between C-H activation energy (blue) with hydrogen adsorption 
energy is also shown. The dotted line(s) represent the linear best fits. 



157 
 

 

 Instead of second C-H activation, the CH3 groups can desorb from the surface 

oxygen site and couple in the gas phase to form C2 products.25 Interestingly, we found that 

CH3 desorption energy also linearly correlates with hydrogen adsorption energy (HAE) for 

both A and B terminations, as seen in Fig. 9. This means that the termination sensitivity 

found in Fig. 6 (as reflected in the difference in HAE between A and B terminations) also 

applies to CH3 desorption energy. Fig. 9 shows that very negative HAE correlates to very 

positive CH3 desorption energy. In other words, while stronger H adsorption leads to easier 

first C-H activation, it also causes more difficult methyl desorption. As a result, the 

perovskites at the intersect between the two scaling lines offer a good balance between first 

C-H activation and methyl desorption, which is more conductive towards the coupling 

products.  

4.2.7.6 Implications 

Due to the diversity of possible perovskite compositions, it is imperative to obtain useful 

design principles in order to identify the most promising perovskite compositions for 

targeted experimental preparation and characterization. The descriptor-based approach is 

useful in quickly obtaining general and reliable catalyst properties from first principles. 

Descriptors for metal oxides have only recently begun gaining general attention,13 given 

the inherent electronic and structural complexity of the system compared to transition 

metals.  
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In this study, we have found hydrogen adsorption energy (HAE) to be a central 

descriptor for several catalytically relevant properties of the perovskites. There are several 

important implications from the present work. In the very negative HAE limit, C-H 

activation is extremely facile, but will result in low OVFE, so formation of high amounts 

of defects in both the surface and the bulk, especially at elevated temperatures, can have a 

detrimental effect on its catalytic activity by reducing the fraction of available active sites13 

and affecting its structural stability. Very negative HAE also leads to difficult CH3 

desorption which is detrimental for formation of C2 products in the gas phase. At the limit 

of very weak H adsorption, C-H activation becomes difficult, but the catalyst surface is 

expected to be more stable and desorption of the methyl groups is favorable. These 

observations suggest the Sabatier principle10, 48-49 at work: surfaces which are neither too 

reactive nor too inert (too high or too low hydrogen adsorption) offer the optimal 

performance.  

It is desirable to compare our prediction here with previous experimental studies of 

perovskites for methane activation. We predict that perovskites with B = Mn to Cu are the 

most active for homolytic C-H activation, which is supported by some experimental 

results.2-3, 5, 50-51 On the other hand, we predict perovskites with B in group 5 or lower (such 

as Ti, Zr, Hf) to be less active for C-H activation, though experimental results show that 

catalysts such as SrTiO3 are still active for methane combustion.52-53 One explanation is 

that in our model we considered only the (100) surface with perfect A or B termination 

(instead of other facets and mixed terminations). In addition, we only examined the initial 

steps of methane activation instead of the whole catalytic pathways. Further work is 
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warranted to improve our modeling. Nevertheless, we have demonstrated that HAE can be 

a valuable litmus test of perovskite activity in its various linear scaling relationships.  

4.2.8 Conclusions 

 We have correlated oxygen reactivity descriptors such as oxygen vacancy 

formation energy and hydrogen adsorption energy with methane C-H activation energy 

among a large set of perovskite compositions. Within the same group, the A cation has a 

negligible effect on oxygen reactivity, but becomes significant when changing between 

different oxidation states. Meanwhile, the reducibility and by extension the redox reactivity 

of the lattice oxygen is largely driven by the B cation, and can vary significantly within a 

period; perovskites with late transition metals have the most reactive oxygen. For the same 

reason, the activity of the B termination is higher than the A terminations in most cases. 

To select perovskites for high 2nd C-H activation energies to avoid combustion to CO and 

CO2, we found that larger A cations and non-transition metal B cations (with BaSnO3 as a 

promising example) may lead to higher selectivity and yields for C2 products. The tradeoff 

between first C-H bond breaking and methyl desorption suggests a sweat-spot oxygen 

reactivity for oxidative methane coupling. This study presents an initial attempt toward 

addressing the compositional diversity of perovskites in the context of energetic descriptors 

as well as methane activation.  
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4.3 New Bonding Model of Radical Adsorbate on Lattice Oxygen of 

Perovskites 

4.3.4 Abstract 

A new model of bonding between radical adsorbates and lattice oxygens is 

proposed that considers both the adsorbate-oxygen bonding and the weakening of the 

metal-oxygen bonds. Density-functional calculations of SrMO3 perovskites for M being 

3d, 4d, and 5d transitions metals are used to correlate the bulk electronic structure with the 

surface-oxygen reactivity. Occupation of the metal-oxygen antibonding states, examined 

via the crystal orbital Hamilton population (COHP), is found to be a useful bulk descriptor 

that correlates with the vacancy formation energy of the lattice oxygen and its hydrogen 

adsorption energy. Analysis of density-of-states and COHP indicates that H adsorption 

energy is a combined result of formation of the O-H bond and the weakening of the surface 

metal-oxygen bond due to occupation of the metal-oxygen antibonding states by the 

electron from H. This insight will be useful in understanding the trends in surface reactivity 

of perovskites and transition-metal oxides in general.  

4.3.5 Introduction 

Metal oxides are ubiquitous in the study of surface chemistry and catalysis. A better 

physical and chemical understanding of these materials is consequently warranted to meet 

the increased interest and pace of development. For transition metals, widely applicable 

and elegant models have been developed, such as the d-band center1-3 and the coordination 

number,4-5 as descriptors of adsorption and catalytic properties. However, metal oxides 



166 
 

remain a challenge to accurately characterize due to the significantly increased complexity 

in electronic, magnetic, and surface structures.  

Catalytic reactivity descriptors for metal oxides are frequently found to be linked 

to stability. From a computational standpoint, these reactivity descriptors are generally 

adsorption energies of relevant reactants or intermediates on the metal and O sites of the 

surface. For example, in electrocatalytic oxygen evolution and oxygen reduction reactions, 

the main descriptors involve the adsorption energies of oxygen-containing species (O, OH, 

OOH)6-7 and oxygen molecule (O2)8, respectively. In the homolytic C-H activation, 

hydrogen adsorption energy (HAE) on the oxygen site is a very good descriptor for the first 

C-H activation energy.9-11 Meanwhile, stability descriptors are used to characterize metal 

oxides, including bulk formation energy6, 12-13 and oxygen vacancy formation energy 

(VFE).10, 14-19 It has been observed that HAE and VFE have a persistent correlation,9-10, 20-

21 but an electronic understanding of the underlying relation remains unclear.  

In this paper, we attempt to unravel the nature of oxygen-adsorbate (O-X) bonding, 

whereby a radical group, as a result of dissociative adsorption or activation by surface sites, 

forms a strong σ-bond with a surface oxygen of a transition-metal oxide (TMO). As the 

adsorption strength of these species is a prime descriptor for an oxide’s catalytic activity, 

establishing an energetic model for the oxygen-adsorbate interaction is a necessary step 

towards rational catalyst design.  

Because the energetics of formation of the surface O-X bond is intrinsically linked 

to the electronic structure of the TMO, we begin our study first on the metal-oxygen bond 

in the TMO. TMOs can be characterized as having polar covalent M-O bonds from the 
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mixing of M d states and O 2p states.16, 22 We focus our efforts here on cubic perovskites 

which prove to be computationally convenient systems with a fixed ABO3 stoichiometry 

and a well-defined crystal structure. The A cation is chosen here to be Sr2+, which is 

ionically bonded to the oxygen, while the B cation varies from the transition metals in the 

periodic table of different orbital occupations. The varying d-electron count of cation B 

will allow us to explore the trends in the B-O bonding and its relation to the O-X bonding 

from the density functional theory (DFT) calculations of the changing electronic structure 

and surface energetics.  

4.3.6 Computational Method 

 Our DFT study was based on the Perdew-Burke-Ernzerhof (PBE) functional23 

within the generalized gradient approximation (GGA). Although band gaps are usually 

underestimated with GGA, it has nevertheless proven to be robust in sufficiently replicating 

energetic quantities such as formation energy,13, 24-25 to reveal the relative trends. HSE0626 

was used to validate the PBE results, confirming the linear trends from PBE (Figure S1). 

An important concept utilized in this work is the crystal orbital Hamilton population 

(COHP),27 which is a product of the density of states (DOS) and the overlap Hamiltonian 

element, an improvement28 over the classic crystal orbital overlap population (COOP). 

With COHP, the chemistry of bonding-antibonding interactions can be revealed from the 

solid state. Further computational details can be found in the SI and relaxed geometries 

were used for all computed energetics. While the basic principle for bonding on surfaces,22, 

29 particularly molecular adsorbates on metals via back donation,30-31 has been proposed 

for many years, to date there is no explicit ab-initio work done to study bonding trends on 
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metal oxides from the perspective of the bonding and antibonding contributions. In this 

work we try to tackle the problem using COHP and the perovskite model system, and by 

drawing trends from screening a large number of elemental compositions. 

4.3.7 Results and Discussion 

Figure 1a shows the integrated crystal orbital Hamilton population (ICOHP) of the 

M-O bond in the bulk SrMO3 perovskite that provides a useful, relative quantification of 

the metal-oxygen bonding. One can see a clear trend between ICOHP and the d-electron 

count for each of the three periods of 3d to 5d TMs: ICOHP increases with the number of 

d-electrons in M, consistent with the weakening of the M-O bond from group 3 to 12, 

implying that the M-O covalent contributions are more significant than the polar ones. The 

corresponding COHP plots are shown for several 3d perovskites (Figure 1b). For M=Ti, 

all states above the Fermi level are antibonding (positive COHP or negative -COHP). 

Moving to Zn, the antibonding states become progressively more occupied. The downward 

shift of the antibonding states relative to the Fermi level from additional d-electrons thereby 

leads to increasing ICOHP (Figure 1a). In conjunction with the increasing positive COHP 

states, the net bonding states also decrease from the overall destabilization of the M-O bond.  
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Figure 4.3.1 (a) Averaged integrated crystal orbital Hamilton populations (ICOHP) of the metal-
oxygen (M-O) bonds as a function of the number of d-electrons in the bulk perovskite, SrMO3, with 
M being 3d, 4d, and 5d transition metals. (b) Crystal-orbital Hamilton population (COHP) versus 
energy for several 3d metals; note that -COHP is used as the a-axis. The dashed line in (b) illustrates 
the downshift of the separation point between the antibonding (negative) and bonding (positive) 
states as more antibonding states are populated across a period. 

 

More interestingly, we find that ICOHP correlates well with the VFE of surface 

lattice oxygen for M being all the 3d-5d metal in SrMO3 (Figure 2a). This suggests that 

ICOHP is a useful bulk descriptor for the surface oxygen’s reactivity, since the VFE of 

surface lattice oxygen correlates well with the surface reactivity such as HAE and the Bader 
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charges on the O atom (Figure 3). This correlation is further confirmed between the bulk 

M-O ICOHP and HAE (Figure 2b). To rule out the bond-distance effect, we plotted the M-

O and O-H bond distances and found that they vary little with the number of d electrons 

(Figure S2). Given the destabilizing impact of increasing d-electron count on the M-O 

covalent bonding as manifested by the ICOHP, the correlation between ICOHP and HAE 

therefore suggests that adsorbate bonding can also impact the M-O covalent bonding, as 

we analyze next.  

 

 
Figure 4.3.2 Correlation plots for perovskite SrMO3(100) M-terminated surfaces with M being the 
transition metals denoted: (a) between bulk integrated crystal orbital Hamilton population (ICOHP) 
and vacancy formation energy of the lattice oxygen; (b) between bulk ICOHP and hydrogen 
adsorption energy on the lattice oxygen. The dashed red line corresponds to the linear best fit with 
R2=0.94 for (a) and 0.91 for (b). 
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Figure 4.3.3 3D scatterplot of hydrogen adsorption energy (HAE), vacancy formation energy 
(VFE), and Bader charge of the lattice oxygen on the (100) surface of the SrMO3 perovskite with 
varying M. Surface relaxation was taken into account for both HAE and VFE calculations. 
 

In an oxide surface, oxygen has a formal charge of -2 and its 2p states are situated 

below the Fermi level. Since the O-H antibonding state is far above the Fermi level, the 

electron from H will end up occupying the lower lying states in the conduction band, as 

schematically shown in Figure 4. For a TM oxide, as we have shown from COHP (Figure 

1), the conduction band corresponds to the antibonding M-O states. Using M=Ti as a case 

study, the filling of the conduction band primarily onto the Ti 3d states (Figure 5a) can be 

seen when H is adsorbed to O. COHP plots confirm that the filling of the conduction band 

corresponds to an increase in occupancy in the M-O antibonding orbitals (Figure 5b). 
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Similar reports for the phenomenon of M-O antibonding occupancy from reduction have 

also been observed in the case of metal clusters.32 We find a significant decrease in ICOHP 

for the Ti-O bond from -1.86 eV to -1.11 eV after H adsorption. In other words, the Ti-O 

bond is significantly weakened after H adsorption. Furthermore, the O-H ICOHP (Figure 

S3) is found to stay roughly constant with respect to the different HAEs, demonstrating 

that the change in HAE on different perovskites must be linked to the extent of weakening 

of the M-O bond from reduction.  

 

 

Figure 4.3.4 Diagram of the O-H bonding involving O 2p nonbonding states (pink) and one-
electron reduction into the M-O antibonding states (blue). 
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Figure 4.3.5 (a) Ti 3d partial density of states before and after hydrogen adsorption on the lattice 
oxygen of SrTiO3. (b) -COHP plot of the local Ti-O bond before and after hydrogen adsorption. 
 

Traditionally, as a radical adsorbate (X) approaches a surface, a bond is drawn 

between O and X, and the neighboring metal center is reduced by one electron (Figure 6a). 

Our present findings suggest that such a picture may be over simplified. Indeed, Bader 

charge analysis shows that the electron transfer from hydrogen to the neighboring metal 

sites is significantly lower than expected from the traditional bonding scheme (Table S1). 

Instead, we propose a revised model (Figure 6b) where the reduction by the electron takes 

place mainly at the M-O bonds. Hence the oxygen charge, the M-O bonding states, and the 

M site reducibility all contribute to the surface reactivity of the oxide. The qualitative cross-

correlation between properties such as VFE and O Bader charge with HAE (Figure 3) can 

thereby be explained. The stronger the M-O bonds, the more positive the VFE and the more 

negative the O charge; consequently, the extent of destabilization from the occupation of 
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the M-O antibonding states is greater which leads to a less negative HAE or weaker 

adsorption for H. Conversely, the weaker the M-O bonds, the smaller the VFE and the less 

negative the O charge; in this case, the already weakened M-O bond leaves the O atom 

with more free valence to react with H, leading to more negative HAE or stronger 

adsorption. 

 

Figure 4.3.6 Two different models for O-X bonding on an oxide: (a) Conventional picture 
involving the one-electron reduction of a neighboring metal center; (b) New model proposed in this 
work showing delocalization of reducing electron into nearby surface states centered on O and 
partially on M, as well as weakening of M-O bonds. 
 

The proposed O-X bonding model can be generalized beyond hydrogen adsorption 

to other radical species such as CH3, NH2, and SH, which can also covalently bond with 

oxygen and reduce the surface. We found that the adsorption energies of these adsorbates 

on the lattice oxygen have close linear relationships with HAE (R2 values close to one; 

Figure S4), indicating that they will follow the same ICOHP trends and surface reduction 

mechanisms. Deviations from the linear correlations can be attributed to the different spin 

states, especially for the 3d transition metals. Further and full analysis on the spin 

distributions is warranted in the future. 
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4.3.8 Conclusion 

 In conclusion, analysis of crystal orbital Hamilton population (ICOHP) from 

density functional theory calculations of SrMO3 perovskites (M being all 3d, 4d, and 5d 

transitions metals) shows that reductive adsorption on oxygen sites of perovskite surfaces 

is best described as a compromise between the energetic stabilization of forming a strong 

O-X bonding and the destabilizing effect of electron transfer into the surface M-O 

antibonding states. On the same oxygen site, metals with strong M-O bonds become 

destabilized to a greater extent from electron transfer, and subsequently the formation of 

O-X bonds becomes more energetically disfavored compared to those with weak M-O 

bonds. Hence one can understand why hydrogen adsorption energy is a universal descriptor 

for any radical adsorption on perovskite surfaces and transition metal oxides in general. 

With our model, the deliberate tuning of oxygen charge, M-O bond strength, and M sites 

can be rationalized in understanding adsorption properties on lattice oxygen of metal oxide 

catalysts.33-34  
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Supplementary Information 

1. Computational details 

The density functional theory (DFT) calculations were performed with the Vienna 

ab initio Simulation Package (VASP).1-2 The Perdew-Burke-Ernzerhof (PBE)3 functional 

form of generalized-gradient approximation (GGA) was used for electron exchange and 

correlation energies. The PBE functional is chosen instead of the PBE+U approach 

because the U parameters would bring large uncertainty to the overall trend. We further 

point-checked the ICOHP trend using the Heyd-Scuseria-Ernzerhof (HSE)4 hybrid 

functional based on PBE-optimized geometries for three systems, SrZnO3, SrFeO3, and 

SrTiO3. Figure S1 confirms the linear trends of ICOPH against the number of d-electrons 

and H adsorption energy. All calculations were performed with spin polarization. The 

projector-augmented wave method was used to describe the electron-core interaction1, 5 

with a kinetic energy cutoff of 450 eV for the surface calculations. A 3×3×1 sampling of 

Brillouin zone using a Monkhorst-Pack scheme was used for the kpoints.6 A vacuum 

layer of 15 Å was created for the surface slabs. The top two layers of the surface slab 

were relaxed in the calculations. Atomic charges were obtained from Bader’s method of 

separating charge density.7-8 Charge densities and isosurfaces were visualized using the 

VESTA program.9 

Adsorption energies (O-X; X=H) were calculated with the equation Eads = 

Esurface+adsorbate – (Eperfect-surface + Eadsorbate) where Esurface+adsorbate is the energy of the surface 

slab with a adsorbate. The energies of Eadsorbate were computed by placing the adsorbate in 
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a cubic cell with a 15 Å wide vacuum in each direction. Vacancy formation energy was 

calculated with the equation EVFE = Edefect_surface – (Eperfect-surface + 0.5*EO2). Adsorption 

energies were calculated on the most stable (100) facet of the SrMO3 perovskites on the M 

termination, with a six-layered slab model. For completeness, all transition metals are used 

for M, though some elements may not form stable perovskites in standard conditions. 

Calculations involving crystal overlap Hamilton populations (COHP) were performed with 

the LOBSTER program10-12 read from VASP outputs. In order for the COHP comparisons 

to hold for the different studied systems, the M-O and O-H bonds should remain the same. 

Figure S2 shows the M-O and O-H distances as a function of d-electrons, showing minor 

changes across the period. Furthermore, the O-H COHP is shown stay roughly constant 

within the range of 3.8 ± 0.1 eV, demonstrating the change in hydrogen adsorption energy 

must be due to the electron reduction contribution. 
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Figure S4.3.1: DFT-HSE06 results for SrZnO3, SrFeO3, and SrTiO3: (a) averaged integrated 
crystal orbital Hamilton populations (ICOHP) of the metal-oxygen (M-O) bonds as a function of 
the number of d-electrons; (b) crystal-orbital Hamilton population (COHP) versus energy; (c) 
correlation between bulk ICOHP and hydrogen adsorption energy on the lattice oxygen. 
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Figure S4.3.2: M-O and O-H distances as a function of d electrons in SrMO3(100) for M being 3d 
transition metals. M-O from the clean relaxed (100) surface before H adsorption; O-H from the 
relaxed structure after adsorption.  

 

 
Figure S4.3.3: Scatterplot of O-H ICOHP versus hydrogen adsorption energy.  
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Figure S4.3.4: Linear correlations between adsorption energies of other radical adsorbates and 
hydrogen adsorption energy on the SrMO3(100)-B termination surfaces: (a) CH3; (b) NH2; (c) SH. 
The red dotted lines denote the linear best-fit lines.  

 

Table S4.3.1. Bader charge distribution from hydrogen adsorption on selected SrMO3(100) 
surfaces 

Surface H charge 
e- transferred to 
O 

e- transferred to 
M 

SrTiO3 +0.608 0.112 0.027 
SrFeO3 +0.610 0.197 0.017 
SrZnO3 +0.591 0.285 0.011 
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5 Metal clusters 
5.1 Exploring Structural Diversity and Fluxionality of Ptn (n=10-13) 

Clusters from First Principles 

5.1.1 Abstract 

Subnanometer transition metal clusters have been shown to possess catalytic 

activity that is size-dependent. It has been suggested that the fluxionality of these small 

clusters may be closely related to their catalytic activity. Here, we use basin-hopping global 

optimization with density functional theory (DFT) to study the energy landscape of Ptn 

(n=10-13) clusters. We analyze a large set of local minima obtained from the DFT-based 

global optimization. We find that Pt10 is unique with respect to the other studied sizes in its 

structural landscape, which shows a single, distinct structural motif corresponding to a 

tetrahedral global minimum. In contrast, Pt11-13 all display characteristics of high 

fluxionality with the presence of multiple significantly differing structural features in the 

low-energy region, as characterized by coordination number, interatomic distances, and 

shape. These observations demonstrate the structural diversity and fluxionality of the 

subnanometer Pt clusters that will have important implications for catalysis.  

5.1.2 Introduction 

Subnanometer transition metal clusters are of considerable research interest in 

chemistry. These clusters often possess electronic, magnetic, and catalytic properties very 

different from those of the bulk. In particular, platinum surfaces and clusters are an 

industrially important catalyst for a wide variety of reactions, from electrochemistry such 
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as hydrogen evolution reaction (HER) and oxygen reduction reaction (ORR)1-4 to catalytic 

activation of alkanes.5 Recent shift from Pt surfaces to nanosystems focuses on 5-30 atoms, 

which show significantly increased activity.1, 4-10  

For clusters in this size regime, small changes in the coordination and morphology 

can have a significant impact on properties such as molecular adsorption.11-12 It is therefore 

necessary to explore the energy landscape of these small-sized clusters. Structure 

prediction through global optimization is one such method to obtain the global minimum 

structures through theoretical modeling. Many examples of global optimization algorithms 

exist in use today, including genetic algorithms, particle swarm optimization, and basin 

hopping.13-15  

 Key to the global optimization scheme is the method to evaluate energy and forces 

of the sampled structures for geometry optimization. Since global optimization needs to 

sample a significant number of possible structures, the evaluation of cluster energy can be 

expensive. While semi-empirical potentials are a popular and relatively inexpensive 

method, they are in general not accurate enough to describe the energy landscape of 

transition-metal nanoclusters. This necessitates the use of a more accurate method such as 

density functional theory (DFT).  

Small Pt clusters of size 10 to 13 sit near the peak of catalytic activity for some 

reactions5, 8-9, 16 and are of special interest because they are more amenable to DFT-based 

global minimization than the larger sizes. While locating stable Pt clusters in this size 

regime has been pursued before,17-19 a detailed analysis of the structure diversity and its 
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correlation with the energy has not been demonstrated. Herein we will use DFT local 

minimization with basin hopping to explore the energy landscape of Pt subnanometer 

clusters. More importantly, we will take advantage of the large number of local minima 

obtained to investigate structure-energy relationships for these Pt clusters, thereby giving 

us a more fundamental understanding of their properties than the global minima alone.  

5.1.3 Computational Method 

First principles local optimization with DFT is used in conjunction with the global 

minimum search using basin hopping (BH).20 The general scheme of basin-hopping global 

minima search for clusters has been described by Wales et al. with Lennard-Jones 

potentials,15 and later applied using first principles methods such as DFT for a variety of 

transition metals.13-14 Basin hopping is a Monte Carlo method which transforms the 

potential-energy landscape into steps of local minima: starting with an initial local 

minimum (E0), all atoms are randomly displaced off their equilibrium positions and then 

the structure is locally optimized (E1). A Metropolis sampling is then performed: the new 

structure is accepted when a randomly generated number, n, between 0 and 1 is less than 

the Boltzmann factor, e-ΔE/kT, where T is an artificial temperature to control the importance 

of ΔE = E1 – E0. Then the sequence of random move, local minimization, and Metropolis 

sampling is repeated. In this work, the BH algorithm was used at a temperature of 7500 K 

for the Metropolis sampling, and the step size dynamically updated to maintain an 

acceptance ratio of 50%. A total of around 20000 Monte Carlo (MC) steps were performed, 

including five long parallel runs of 1000 steps each using different starting configurations 
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for each cluster size. For each MC step, the optimized configurations were then analyzed 

by calculating a variety of its structural properties. 

The local optimization at each Monte Carlo step was interfaced with the Vienna Ab 

Initio Simulation Package (VASP)21-22 using DFT in a cubic cell of 18 Å on each side. The 

Perdew-Burke-Erznerhof (PBE)23 form of the generalized-gradient approximation (GGA) 

was chosen for electron exchange and correlation. The electron-core interaction was 

described using the projector-augmented wave method (PAW).24-25 The Brillouin zone was 

sampled using the Γ point only. All calculations in this work were performed with spin 

polarization. After the putative global minimum was found, accurate calculations were 

performed using a higher energy cutoff of 400 eV for optimizations.  

The binding energy of a cluster is calculated with the formula Eb(n) = -[E(Ptn)-

nE(Pt1)]/n where E(Ptn) is the energy of the cluster and E(Pt1) is the energy of the isolated 

Pt atom. Using DFT-PBE, we found the Eb of the Pt-Pt dimer to be 1.86 eV and the Pt-Pt 

distance to be 2.33 Å, in good agreement with previous theoretical18, 26 and experimental27 

works.  Prolateness/oblateness parameter η is obtained from the formula η = (2Ib-Ia-Ic)/Ia, 

where Ia ≥ Ib ≥ Ic are the principal moments of inertia obtained by diagonalizing the moment 

of inertia tensor in Cartesian coordinates.28 A negative value corresponds to an oblate 

spheroid and a positive value corresponds to a prolate spheroid; in a perfect sphere, η = 0. 

The variance of the cluster is simply σ2 = Σ(xi-xcom)2/n, where xi is the coordinate of the ith 

atom in the cluster and xcom is the position of the center of mass. 
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5.1.4 Results and discussion 

5.1.4.1 Basin-hopping global optimization of Pt clusters.  

Figure 1 shows an example of a DFT-BH run for Pt13, starting from an icosahedral 

initial structure (Figure 1a) obtained from the Cambridge cluster database.29 The global 

minimum (Figure 1b) was found surprisingly quickly in this particular run in only 20 steps, 

despite the structural difference between the initial and the global optimum. Other low-

lying isomers are also displayed, including one at step 717 (Figure 1c) and step 803 (Figure 

1d).  

 

Figure 5.1.1 A DFT basin-hopping run for Pt13. The Pt13 icosahedron (a) was used as the starting 
structure for this example, and the global minimum was found in structure (b). Other low energy 
structures in this run (c and d) are also shown. 
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Similar DFT-BH runs were performed for all clusters from Pt10 to Pt13, with each 

cluster size containing around 5000 Monte-Carlo steps. In all the cluster sizes, the global 

minimum was found in at least two separate parallel DFT-BH runs starting from different 

initial configurations. The structures of the putative global minima are shown in Figure 2. 

One can see that Pt10 has the highest symmetry with a tetrahedral geometry, and Pt11 has 

the lowest symmetry. Pt12 and Pt13 have similar geometry, with Pt13 having an additional 

atom attached to the side of the Pt12 structure. The features of these putative global minima 

are compared in Table 1.  

It is evident that Pt10 is unique and can be considered a “magic cluster”, given its 

high symmetry. This structure has been previously found by both semi-empirical methods 

and by other means of global optimization.18-19 Furthermore, experimentally it has been 

suggested that Pt10 is a magic cluster19, 30 with a significantly lower reactivity30-32 than other 

clusters in this size regime. Meanwhile, we did not find any evidence that the n=11-13 sizes 

contained magic clusters. The putative global minimum structure for Pt13 was significantly 

lower in energy than the icosahedral geometry, and is in agreement with a recent structure 

search26 which found the same global minimum structure in comparison with previously 

examined structural models.26, 33-35 Same global minimum was also found for Pt12.26 

Including spin-orbit coupling was found to have a minor impact (~ 0.01 eV) on the relative 

energy between low energy structures,26, 36 so we did not consider it in the present work. 

The putative global minimum for Pt11 as a highly disordered geometry (Figure 2b) is, 

however, dissimilar from other proposed structures in the literature.18-19  
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Figure 5.1.2 Putative global minima from DFT basin-hopping runs: (a) Pt10; (b) Pt11; (c) Pt12; (d) 
Pt13. Two different views are shown for each structure. 

 

Table 5.1.1 Binding energy (Eb), minimum Pt-Pt distance (min. Pt-Pt), maximum Pt-Pt distance 
(max. Pt-Pt), average coordination number (avg. C.N.; Pt-Pt distance cutoff at 2.900 Å), 
Oblateness/Prolateness (O/P), and magnetic moment (mag. mom.) of the global minima of Ptn 
(n=10-13). 

Cluster 

Size Eb (eV) 

Min. Pt-Pt 

(Å) 

Max. Pt-Pt 

(Å) Avg. C.N. O/P 

Mag. Mom. 

(μB) 

10 -3.70 2.534 5.08 4.80 -0.0020 8 

11 -3.71 2.509 5.81 3.82 0.0931 2 

12 -3.76 2.506 5.77 4.17 0.1028 2 

13 -3.83 2.509 6.10 4.15 -0.0478 2 

 

5.1.4.2 Coordination-energy correlation.  

Although the global minima are important, it is equally interesting to examine the 

structure diversity of the isomers, especially those whose energies are close to that of the 
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global minimum. To analyze these structures, we first examined the coordination-energy 

correlation of the Pt clusters by looking at the average coordination number (that is, 

averaging the coordination numbers of all atoms in a cluster structure) for all the isomers 

explored along the DFT-BH steps. One would expect that a cluster with a higher average 

coordination number to be more stable, due to the greater number of stabilizing Pt-Pt 

interactions which would lower the energy of the cluster.  

Figure 3 shows that there is a clear trend of decreasing energy or increasing stability 

with coordination, especially for n=10, suggesting that a higher coordination number 

indeed corresponds to more stable structures. However, when reaching the low energy 

region (right side of each panel in Figure 3), there is also a significant spread in the average 

coordination of up to one for the n=11-13 cases. In fact, the structure with the highest 

average coordination number is not necessarily the lowest energy structure. For example, 

while the highest average coordination number of the structures in the low energy region 

can reach over 5, the average coordination number of the lowest energy structures with the 

exception of n=10 is much lower than that (4.15 ~ 4.18 for n=11-13). This result has two 

important implications. First, it clearly shows that there is a general trend where a higher 

coordination number roughly corresponds to a lower energy structure, especially for Pt10 

whose global minimum is highly symmetric and can be considered a magic cluster. Second, 

for clusters whose global minima are less symmetric (for example, n=11-13 in this study), 

low lying isomers near the global minimum can be very different in structure, given their 

large variation in the average coordination number. We will see further evidence for the 

fluxionality of these clusters in the following sections. 
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Figure 5.1.3 Average coordination number vs. energy for all local minima from the DFT basin-
hopping run for each cluster size. The vertical line at zero relative energy on the right side of each 
panel denotes the lowest energy structure. Each dot represents a local minimum. 

 

5.1.4.3 Distance-energy correlation.  

Whereas coordination contains some chemical property by only selecting 

interactions that are within a bonding range, interatomic distances are a more geometric 

and fundamental parameter of a cluster. Figure 4 shows how Pt-Pt distance and energy are 

correlated. We find a rough correlation between higher minimum (or nearest neighbor) Pt-

Pt distance and lower energy, where the distance increases towards the bulk value. We also 

find a correlation between lower maximum Pt-Pt distance and lower energy. So, low-

energy structures tend to have geometries with high minimum Pt-Pt distance and low 

maximum Pt-Pt distance. The intuitive reasons behind this trend can be explained as 

follows. Clusters with a high minimum Pt-Pt distance tend to also have high coordination, 

as the Pt-Pt bond elongates from a Pt-Pt dimer with a single bond of around 2.3 Å to the 
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bulk length of 2.8 Å. Thus, it should follow that clusters with properties closer to the bulk 

should have a lower energy, with the bulk energy being the lowest. Meanwhile, clusters 

with a low maximum interatomic distance tend to describe more compact and better 

coordinated clusters, which should also be lower in energy than more diffuse and 

disorganized clusters.  
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Figure 5.1.4 Upper panel: Minimum Pt-Pt distance vs energy for all local minima of Ptn (n=10-14) 
from the DFT basin-hopping runs. Lower panel: Maximum Pt-Pt distance vs energy for all local 
minima of Ptn (n=10-14) the DFT basin-hopping runs. Each dot represents a local minimum.  

 

Examining the low-lying structures (those close to the zero-energy line on the right 

of each panel in Figure 4), we found that the fluxionality of the non-magic clusters (Pt11-13) 
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versus the magic Pt10 cluster is remarkably pronounced. For both the minimum and 

maximum interatomic distances, Pt10 has a much narrower spread, with the low energy 

structures confined to minimum Pt-Pt distances of 2.52-2.54 Å and maximum Pt-Pt 

distances of 5.0-5.2 Å, whereas the other size clusters have a much larger spread and 

multiple points nearly intersecting the global minimum energy (the vertical lines) in Figure 

4; this is especially pronounced for the maximum Pt-Pt distance which shows a spread over 

2 Å for Pt13. Hence, the difference in structural diversity of the magic clusters and the 

fluxional non-magic clusters becomes visually obvious.  

 

 

Figure 5.1.5 Oblateness/Prolateness (O/P or η) vs energy for all local minima of Ptn (n=10-14) 
from the DFT basin-hopping runs. Positive η, oblate; negative η, prolate; η=0, spherical like. The 
vertical line at zero relative energy on the right side of each panel denotes the lowest energy 
structures. Each dot represents a local minimum. 
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5.1.4.4 Shape-energy correlation.  

To further differentiate the shapes of these clusters, we can look at η, a measure of 

the prolateness/oblateness of the cluster spheroid in Figure 5. Clusters that differ in η can 

be expected to be structurally inequivalent. We can clearly see that the low-lying isomers 

of Pt10 have very similar shapes close to the global minimum, with an η of close to zero, 

and the spread in cluster shape sharply decreasing toward the vertical line at zero relative 

energy. Whereas for n=11-13, we can see points nearly intersecting the zero-relative-

energy line at multiple points on the graph, sometimes with significantly with different η 

values. This is further evidence for the fluxionality of non-magic Pt clusters (Pt11-13) where 

there may exist many different structural conformations of a cluster with similarly low 

energies.  

5.1.4.5 Structure analysis of Pt12  

We take an in-depth look at the low-lying isomers by selecting the non-magic Pt12 

as a case study. Unlike Pt10, Pt12 is an experimentally reactive cluster8, 31 whose fluxionality 

may explain the significantly different catalytic performance when compared to Pt10. In 

Figure 6a, we can see multiple motifs with similarly low energies by selecting structures 

with different η (Oblateness/Prolateness). These different low-energy structures can be 

symmetric or asymmetric, and are structurally unique. In Figure 6b, we see that both 

structures with high and low average coordination number can be low in energy, but the 

lowest energy structure falls somewhere in between the two displayed structures. In Figure 

6c, we look at the variance of the cluster, calculated as the variance of the atomic distance 
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from the center of mass of the cluster. This descriptor can be understood as a combined 

effect of the minimum and maximum Pt-Pt distances shown in Figure 4. A high variance 

corresponds to a diffuse cluster with atoms spaced out from each other, whereas a low 

variance corresponds to a cluster whose atoms are very tightly bound, so variance offers a 

useful single value to describe the diffuseness of the structure. We see that lower energy 

clusters tend towards the lower variance structures, where the cluster is closer to the center 

of mass and is correspondingly less diffuse. However, we can also discern an “island” of 

stability as highlighted by Figure 6c(ii) where the structure is flatter and has a 

correspondingly higher variance, but is only 0.21 eV higher in energy than the global 

minimum. 
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Figure 5.1.6 An in-depth look of the structural fluxionality of Pt12: (a) Oblateness/Prolateness (O/P) 
vs energy; (b) average coordination number vs energy; (c) cluster variance vs energy. The dashed 
vertical lines separate clusters within 0.5 eV from the global minimum. Each dot represents a local 
minimum. 

 

5.1.4.6 Implications.  

This work represents an in-depth investigation into the structure-energy 

relationships of subnanometer Pt clusters by taking advantage of the large number of basin-

hopping local minima in the configuration space from DFT local minimization. In the study 

of metal clusters, especially ones which exhibit high degrees of fluxionality, it is often not 

sufficient to only study several putative global minima, but a much broader configurational 
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region is needed to have a better view of the energy landscape. We found a high degree of 

fluxionality for the Pt11-13 clusters from the large spread in values of the structural 

descriptors of the sampled low-energy structures from bond distances to coordination to 

shape. This high degree of fluxionality may provide insights into the high catalytic activity 

of small Pt clusters for a variety of reactions. The high fluxionality and low symmetry of 

these clusters may allow for the better bonding and accommodation of adsorbates to the 

surface. This study also highlights the importance of sufficiently sampling the 

configuration space of low energy structures for energetically relevant configurations that 

may still be structurally diverse, instead of a single global minimum.  

 Pt10 is much less fluxional than the other sizes due to its magic nature. This is 

probably also true for Pd10 and Au10, but not for Ag10, since Ag10 has been found not to be 

a magic cluster,37 while Au10 has a planar geometry.38 The clear differences in fluxionality 

in the studied Pt clusters are a promising result towards the future investigation of larger 

cluster sizes, including the possible Pt magic clusters of n=14 and n=20 which have been 

prepared in a dendrimer recently.10 While we have studied the thermodynamic stability of 

the global and low-lying minima for Pt clusters, the kinetics of the system are still relatively 

uncharacterized. Future work regarding the kinetics of cluster fluxionality can be carried 

out by mapping out transition states connecting different minima or using molecular 

dynamics to explore the atomistic processes of basin hopping under realistic temperatures.  
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5.1.5 Conclusion 

Using DFT-based basin hopping for global minimization, we explored both the 

most stable structures and the structure diversity of Ptn (n=10-13) clusters. We confirmed 

that Pt10 is a magic cluster with a global minimum of tetrahedral geometry, but found that 

the other clusters have less symmetric global minima. By analyzing all the local-minimum 

structures from the basin-hopping searches, we examined the relationships between 

coordination number, interatomic distances, and cluster shape versus cluster energy. While 

in general qualitative trends could be drawn from these relationships, we found a 

significant spread in these geometric quantities with respect to energy. In particular, many 

low-lying isomers could be found for Pt11-13 which are structurally distinct but energetically 

similar, suggesting a high degree of fluxionality for clusters of this size. This fluxionality 

could be important in catalysis by subnanometer Pt clusters. 
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Supplementary Information 

 
Coordinates for the putative global minimum in Figure 5.2.2: 
 
10 
Pt10 
Pt    8.001540    9.226260   10.649520 
Pt    8.456759   10.497420    6.323580 
Pt    7.332660    8.952120    7.996861 
Pt   10.679399    9.073979   10.016640 
Pt    9.997560    8.752501    7.349580 
Pt    8.929620    7.059240    9.249300 
Pt    9.077220   10.941120    8.755380 
Pt    6.467040    7.376400    9.785521 
Pt   11.384460    7.061940    8.642879 
Pt    9.673920   11.059020   11.230740 
 
11 
Pt11 
Pt    9.279000    8.035740   10.140659 
Pt   11.822399   10.585259    9.102600 
Pt   10.109879   10.263420   11.015460 
Pt    7.764480    9.426061   11.724300 
Pt   10.783620    8.474401    8.126100 
Pt    8.277480    6.004800    9.037260 
Pt    7.800660    8.250480    7.889940 
Pt    7.407900   10.558260    6.912000 
Pt    6.924240   10.116540    9.418320 
Pt    9.553141    6.609780    6.962760 
Pt    9.277200   10.675260    8.670240 
 
12 
Pt12 
Pt    8.665560    7.763220    6.090660 
Pt    8.291700    6.464340   10.941481 
Pt   10.095480    8.301781   11.283300 
Pt    8.614440    6.972120    8.485200 
Pt    7.422300    9.347940    7.603380 
Pt    7.838460    8.927999   10.348921 
Pt    8.568720   11.324880   10.118880 
Pt   10.866600    8.938260    6.382440 
Pt   11.026800   10.568340   10.454220 
Pt   10.757880    8.291340    8.851680 
Pt    9.674100   10.469521    8.039340 
Pt    6.177960   10.630080    9.400320 
 
13 
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Pt13 
Pt   11.948580    9.295560    8.847900 
Pt    7.190820    6.237720    8.161560 
Pt    7.169400    8.522280    9.368820 
Pt   11.463840    7.495380   10.596241 
Pt    9.408239    6.745680    9.282060 
Pt    9.809460   10.431900    9.519300 
Pt    8.190900   10.914660    7.113060 
Pt    7.362180   11.028780    9.550260 
Pt    9.294479    8.673480   11.250540 
Pt   10.827180   10.998000    7.147080 
Pt    7.481520    8.452260    6.858180 
Pt    9.871740    8.569800    7.622640 
Pt    6.981660    9.634501   11.682361 
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6. Reactions on single atoms 

6.1 Low-temperature activation of methane on anchored single atoms: 

descriptor and prediction 

6.1.1 Abstract 

Catalytic transformation of methane under mild conditions remains a grand 

challenge. Fundamental understanding of C-H activation of methane is crucial for 

designing catalyst for utilization of methane at low temperature. Recent experiments show 

that strong methane chemisorption on oxides of precious metals leads to facile C-H 

activation. However, only very few such oxides are capable (for example, IrO2 and PdO). 

Here we show for the first time that strong methane chemisorption and facile C-H 

activation can be accomplished by single transition-metal atoms anchored on TiO2, some 

of which are even better than IrO2. Using methane adsorption energy as a descriptor, we 

screened over 30 transition-metal single atoms doped on TiO2 for chemisorption of 

methane by replacing a surface Ti atom with a single atom of a transition metal. It is found 

that the adsorption energies of methane on single atom of Pd, Rh, Os, Ir, and Pt doped on 

rutile TiO2(110) are higher than or similar to rutile IrO2(110), a benchmark for 

chemisorption of methane on transition oxides. Electronic structure analysis uncovered 

orbital overlap and mixing between methane and the single atom, as well as significant 

localization of charge between the molecule and the surface, demonstrating chemical 

bonding of CH4 to doped single atoms. Facile C-H dissociation has been found on the 
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single-atom sites with the transition state energies lower than desorption energies. Our 

computational studies predict that Pd, Rh, Os, Ir, and Pt single atoms on rutile TiO2(110) 

can activate C-H of methane at a temperature lower than 25 oC. 

6.1.2 Introduction 

Methane is an inexpensive energy resource. Hydraulic fracturing supplies much of this 

earth-abundant source from shale, which makes conversion of methane to easily 

transportable, value-added chemicals or fuels is of particular economic and scientific 

significance.1-3 The existing catalytic processes in industry employ mainly partial oxidation 

by O2 and reforming through CO2 or H2O, which are performed at high temperatures. From 

a thermodynamic point of view, it is feasible to activate methane and transform it to 

chemical and fuel feedstock at relatively low temperature (< 200oC). A kinetically 

favorable activation of C-H of methane is important for the realization of the catalytic 

transformation of methane at relatively low temperature. Hutchings et al. have pioneered 

the experimental exploration of anchored cations in zeolite and demonstrated activation of 

C-H on Cu and Fe anchored in microporous aluminosilicate.4-5  

Transition metal oxides have been extensively explored for catalytic methane 

conversion. There are two primary pathways for the cleavage of the C-H bond on metal 

oxides:6-9 the heterolytic pathway by which the C-H bond is cleaved over a metal-oxygen 

pair and methyl is stabilized on a metal site; the homolytic pathway by which the C-H bond 

is cleaved directly over a surface oxygen to form a radical-like intermediate.10-11 The 

homolytic H abstraction pathway is predicted to occur with lower barriers for redox-facile 

oxides,7, 12 consistent with density functional theory (DFT) calculations.13-16 Further use of 
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easily computable quantities such as lattice oxygen coordination17 and hydrogen adsorption 

energy17-20 as descriptors enables quick screening of metal-oxide active sites for the best 

homolytic C-H activation ability.  

Instead of homolytic cleavage which usually occurs at high temperature, the heterolytic 

pathway has recently gained interest for the chemisorption and low-temperature activation 

of methane. Ni and Co supported on CeO2
21-23 have been demonstrated to be promising 

methane activation and dry reforming catalysts via the low C-H activation barriers from a 

chemisorbed methane complex. Weaver et al. reported the first case of experimentally 

observed low-temperature methane C-H activation on rutile IrO2 at 150K,24 supported by 

earlier DFT calculations showing methane chemisorption and an lower activation energy 

for surface C-H dissociation than methane desorption.25  

 Single-atom catalysts have attracted great attention recently and can be potentially 

useful for methane activation. They usually comprise noble-metal single atoms on an oxide 

support.26-28 TiO2 has been used as a support to anchor single atom and played a significant 

role in single atom catalysis, particularly in photocatalysis and CO oxidation.29-32 

Unmodified TiO2 is not active for methane activation, and methane only weakly interacts 

to it.33 Surface doping of guest cation could dramatically change electronic state of the 

guest cations since doping typically provides a different chemical and coordination 

environment for guest cations.19, 34-37 Depending on the dopant and the synthesis method, 

the dopant may prefer to be situated in the cationic vacancies.26, 38-39  

The capability of IrO2 to activate methane at low temperatures and the idea of using 

single-atom catalysts for methane activation inspired us to propose the use of methane 
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adsorption energy as a descriptor to screen single-atom systems that have similar local 

surface structures to IrO2. To this end, we use first principles density functional theory to 

test all d-block single atoms substitutionally situated in a common oxide support, TiO2 

(especially the rutile phase in analogue to IrO2), and then examine and analyze their 

propensity for methane adsorption and dissociation. 

6.1.3 Methods 

The density functional theory (DFT) calculations were performed with the Vienna ab 

initio Simulation Package (VASP).40-41 The on-site Coulomb interaction was included 

with the DFT+U method by Dudarev, et al.42 in VASP using a Hubbard parameter U = 3 

eV for the Ti atom, as demonstrated to perform well in previous studies of TiO2.43-44 The 

Perdew-Burke-Ernzerhof (PBE)45 functional form of generalized-gradient approximation 

(GGA) was used for electron exchange and correlation energies. Additional validation at 

the PBE-D3, SCAN, and HSE06 levels was also performed as described in the main text. 

All calculations were performed with spin polarization. The projector-augmented wave 

method was used to describe the electron-core interaction.40, 46 A kinetic energy cutoff of 

450 eV was used for the plane waves. The Brillouin zone was sampled with the 

Monkhorst-Pack scheme of a 3×2×1 k-point mesh.47 A vacuum layer of 15 Å was added 

for the surface slabs along the z-direction; the slab contains a total of four layers, with the 

bottom two layers fixed in their bulk positions.  

The methane absorption energy (Eads) is calculated with the equation Eads = Esurface+CH4 

– (Eperfect-surface + ECH4) where Esurface+CH4 is the energy of the surface slab with a methane. 

The energies of ECH4 was computed by placing the adsorbate in a cubic cell with a 15 Å 
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wide vacuum in each direction. Transition states (TS) were found with the nudged elastic 

band (NEB)48 and the dimer method49 implemented in the VASP-VTST package using a 

force convergence criterion of 0.05 eV/Å. To compute the free energy for the profile of 

methane activation on Pt-TiO2, the zero-point energy (ZPE) and entropy of the adsorbed 

species were obtained from DFT vibrational frequencies, while the JANAF tables were 

referenced for gas phase methane. The change in ZPE for Pt-TiO2 for adsorption was 

found to be less than 0.04 eV and omitted for the other screened elements. Charge 

densities and isosurfaces were visualized using the VESTA program.50 

To calculate the occupancies of the molecular bonds of methane, the periodic natural 

bond orbital (NBO) analysis implemented by Schmidt et al. was used.51 The plane wave 

basis from VASP is projected onto slightly modified Gaussian-type def2-SVP basis 

sets.52 To avoid numerical instabilities due to diffuse orbitals in the Gaussian basis sets,53 

orbitals with exponents lower than 0.1 were simply truncated for the metals; despite this, 

the atomic orbitals of the methane molecule remained well represented. 

6.1.4 Results and Discussion 

6.1.4.1 Geometry and energies of chemisorbed methane on M-TiO2 

We chose TiO2 anatase (101) and rutile (110), the two most commonly studied facets 

of TiO2, to study the effect of single-atom sites on methane adsorption. First, the popular 

DFT-PBE method was used, while validation with more advanced functionals will be 

discussed later. On both surfaces, the surface single-atom or M1 site is coordinated to four 

surface oxygen and one subsurface oxygen. Binding energies for select dopants to the Ti 
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vacancy can be found in Table S1, which are lower in energy than for adsorption in the O 

vacancy and ontop the pristine surface (Figure S1). Furthermore, the diffusion of the metal 

dopant out of the cationic vacancy shows high barriers and is endothermic in energy 

(Figure S2). We screened single atoms of all transition metal elements doped on TiO2 and 

found that methane adsorption is stronger on the single-atom site on the rutile (110) surface 

than on the anatase (101) surface (see Figure S3 and Table S2 in Electronic Supplementary 

Information for the comparison). More important, we have identified guest metal elements 

whose cations exhibit strong chemisorption of methane on M1-rutile-TiO2 (110) systems, 

which is the focus of the present work. Figure 1 shows the local coordination of the M1-

rutile-TiO2 (110) system and a typical geometry of a chemisorbed CH4 on it. One can see 

that CH4 is located above the single atom (M1) and between two bridging oxygen sites (Oa 

and Ob). The molecule slightly tilts on one side, with one H atom pointing more downwards 

(denoted as Ha).  
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Figure 6.1.1 Structural representations of the single-atom site, M1 (blue), doped on rutile TiO2 
(110) surface (left) and CH4 adsorption on the site (right). Ti, grey; O, red; C, dark grey; H, white.  

 

Figure 2 shows adsorption energy of CH4 for all the d-block transition metal single 

atoms on the rutile TiO2(110) surface (a heatmap on the periodic table is provided in Figure 

S4 and the values are given in Table S3). One can see that 3d metals all have weak CH4 

adsorption, because their d orbitals are too contracted; among the 4d metals, Pd and Rh 

have the strongest adsorption; among the 5d metals, Re, Os, Ir, and Pt have larger 

adsorption energy than Pd and Rh. If one uses methane adsorption on rutile IrO2 (110) as 

a benchmark (-0.36 eV; green line in Figure 2), one can see that Os, Ir and Pt single atoms 

on rutile TiO2(110) have even stronger CH4 adsorption. Especially, Pt1-rutile-TiO2(110), 

shortened as Pt1-TiO2 below, is predicted to have the adsorption energy at -0.62 eV at the 

DFT-PBE level, the strongest methane adsorption on an undecorated solid surface reported 

to date.54-55 For comparison, CH4 adsorption energy is -0.10 eV on the Ti site of the perfect 

rutile TiO2(110) surface, while CH4 adsorption on isolated gas-phase single atoms is also 

weak (Table S4; Ead ranging from -0.01 to -0.23 eV). It is evident the coordination to the 
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rutile TiO2 surface has modified the electronic structure of the site for chemisorption. 

Below we analyze in-depth how CH4 interacts with the Pt1-TiO2 surface chemically. 

 

Figure 6.1.2 Adsorption energies of methane on the M1 (single-atom) site on rutile TiO2 110) with 
M being 3d, 4d, and 5d transition metals, in comparison with that on rutile IrO2(110) (green line). 
 

6.1.4.2 Electronic structure of the methane σ complex 

Chemisorption of methane is hypothesized to involve formation of an alkane σ 

complex.55-57 Figure 3A-B shows the electronic-density-difference plots for CH4 

adsorption on Pt1-TiO2. The transfer of electron density from the C-H bonds and the Pt 

atom to the region between the C-Ha bond and Pt is clearly seen. The charge depletion on 

Pt is likely the result of the back-bonding into CH4 antibonding orbitals. Slight charge 

accumulation is found on Oa and Ob, due to the hydrogen-bond interaction between the C-

H and O, which is made possible by the significant polarization of the C-H bond and the 

loss of charge density on Ha and Hb. Bader charge analysis shows a net increase in electron 



216 
 

density on the carbon and a net decrease in electron density on Hb and to a lesser extent on 

Ha (Table S5), with a slight net loss in electron density on CH4. Similar charge-transfer 

pattern is also found for CH4 adsorption on Ir1-TiO2 (Figures S5 and S6). Local density-

of-states plots (Figure S7) show mixing of CH4 orbitals and dopant d states. More 

specifically, the electron donation occurs from the C-H bond into the metal dz2 orbital, and 

back-donation occurs from the metal dxy orbital into the C-H σ* orbital, as illustrated in a 

schematic (Figure 3C) using the d6 configuration of Pt4+. Less or more d electrons (Figure 

S8) lead to weakening interaction with CH4. 

 

Figure 6.1.3 (A) Isosurface plot of the charge density difference from CH4 adsorption on Pt1-rutile-
TiO2 (110): yellow, charge accumulation; cyan, charge depletion. (B) 2-D charge density plot on 
the Ha-C-Hb plane: red, charge accumulation; blue, charge depletion. (C) Schematic of orbital 
interactions between CH4 and Pt4+. 
 

To reveal the extent of the weakening of the C-Ha bond, we used the natural bond 

orbital (NBO) analysis to determine the effective σ occupancy, i.e., the difference in 
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occupancy between σ and σ*.53 Figure 4 shows a linear correlation between C-Ha σ-σ* 

occupancy and CH4 adsorption energy, confirming that the greatest weakening of the C-Ha 

bond takes place on Pt1-TiO2 as suggested by the chemisorption model in Figure 3C. The 

weakening of the C-Ha bond and the polarization of the CH4 molecule are further reflected 

in the linear correlations of the C-Ha bond length and the C-M (single atom) distance with 

CH4 adsorption energy (Figure S9).   

 

Figure 6.1.4 Linear correlation between methane C-Ha σ-σ* occupancy and adsorption energy on 
M1 (single-atom) site on rutile TiO2 (110) with M being various transition metals. 
 

6.1.4.3 Methane C-H activation barriers and linear scaling descriptors 

For single-atom sites yielding the strongest chemisorption of CH4, the heterolytic C-H 

activation on them are expected to be facile as well. Transition states are obtained for these 

single-atom sites on rutile TiO2(110). Of all the single atoms, Pt1 and Pd1 have the lowest 

methane dissociation barriers of only 0.15 and 0.13 eV, respectively. Figure 5 illustrates 
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the minimum free-energy path for CH4 dissociation on Pt1-TiO2, characterized by a 

lengthening of the C-Ha bond and the shortening of the C-Pt distance, which eventually 

results in a hydroxyl group on the Obr site and a methyl group coordinated to Pt. One can 

see from Figure 5 that facile C-H activation is predicted on Pt1-TiO2 below room 

temperature instead of desorption, due to the strong adsorption of CH4.  

 

Figure 6.1.5 Free energy profile of CH4 activation on Pt1-rutile-TiO2 (110) for a range of 
temperatures from 0 to 298 K. The structures for the initial state (A), transition state (B), and final 
state (C) are shown on the right. The free energies are obtained by including the zero point and 
vibrational contributions to the enthalpy. The vibrational frequencies are obtained from the DFT 
calculations. 

 

We further explored methane dissociation on other single atoms on rutile TiO2(110). 

Interestingly, we found that the first C-H activation energy and dissociation energy of CH4 

on the chemisorbing surface sites (blue circles in Figure 6A) follow the Bronsted-Evans-

Polanyi (BEP) relationship (R2=0.99).58-60 The BEP α value is 0.27, suggesting an early 
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transition state with a major influence from both the reactant chemisorption and the product 

(dissociation) energies. Furthermore, the obtained linear correlation for the methane-

chemisorbing single atoms lies beneath physisorbing ones (brown triangles in Figure 6A), 

attesting to the stabilizing and energy-lowering effect of chemisorption on transition state 

energies.  

For low-temperature methane activation to occur, the energy of the transition state of 

C-H activation (Ea) must be lower than the energy of desorption (Ed, the opposite of the 

adsorption Eads) of the reactant CH4 molecule to the gas phase. The shaded area in Figure 

6B where Ea - Ed = Ea + Eads < 0 therefore denotes the region where low-temperature 

activation is most likely. One can see that these include the Pd, Rh, Os, Ir, and Pt single 

atoms. The elements Re and Ru lie close to the boundary and are also possible to activate 

CH4 at low temperature on rutile TiO2 (110). 
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Figure 6.1.6 (A) Correlation between C-H activation energy and dissociation energy of CH4 on the 
M1 site on rutile TiO2 (110) with M being various transition metals. A linear correlation plot is 
drawn for the chemisorbing dopants (blue circles) and fitting parameters shown in the top left. (B) 
C-H activation energy (Ea) vs adsorption energy of CH4 (Eads) on the M1 site on rutile TiO2 (110) 
with M being various transition metals, in comparison with rutile IrO2(110); in the shaded region, 
low-temperature activation of CH4 is most likely. The point labeled ‘Ti’ denotes the pure TiO2 
surface. 
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6.1.4.4 Validation and comparison of functionals 

To be able to compare with previous works,24-25, 55, 61 we have used the DFT-PBE 

functional to describe CH4 adsorption and activation on M1-TiO2 sites. To confirm our 

main findings above based on the GGA-PBE energies, further calculations were performed 

using PBE-D3 to include dispersion interaction,62 a recent meta-GGA (SCAN63), a hybrid 

functional (HSE06),64 and a van der Waals density functional (optPBE-vdW).66 As shown 

in Table S6, the different functionals give slight variations in CH4 adsorption energies and 

the transition state energies. Despite these variations, the main conclusions remain the same 

in all cases that the single-atom sites such as Ir and Pt on rutile TiO2(110) are most 

promising for low temperature CH4 activation, due to strong CH4 chemisorption and low 

C-H activation energy.  

 

6.1.4.5 Implications 

Our results above indicate that CH4 activation on a site such as on Pt1-TiO2 would be 

facile. To our knowledge, there has been no experimental report on this reaction so far. 

So we look forward to the experimental realization. After the first C-H activation step, 

one possible follow-up route is via the oxidative coupling process to form ethylene. 

Figure 5 suggests that the binding of CH3 and H on Pt1-TiO2 is strong, given the very 

negative energy change. This may impede subsequent reactions. But a recent DFT study 

on IrO2 has shown that the coupling barriers can be very low despite similarly strong 

metal-CHx bonds.67 We expect that a similar process can be catalyzed by Pt1-TiO2.  
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Methane chemisorption energy seems to be a good descriptor for identifying M1-TiO2 

sites that activate C-H facilely. We expect that this descriptor can be extended to other 

oxides and oxide-supported single-atom sites. In contrast, on pure metal surfaces, the 

descriptor used is generally the methane dissociation energy.68  

 

6.1.5 Conclusions 

In sum, we screened single atoms of all 3d, 4d, and 5d transition-metal elements doped 

on TiO2 surfaces for chemisorption of CH4 and heterolytic C-H activation from first 

principles. DFT-PBE identified chemisorption of CH4 and predicted that Rh, Pd, Os, Pt 

and Ir single atoms on rutile TiO2(110) would chemisorb CH4 equally to or even stronger 

than IrO2(110). Detailed electronic structure analysis and correlations show that CH4 is 

polarized by the single atom’s extended d orbitals through the σ-complex formation as well 

as by the surface oxygen atoms on the rutile TiO2(110) surface. Further studies confirmed 

that CH4 can be activated by these single-atom site facilely from the chemisorption 

configuration following a heterolytic pathway. Our work suggests a very promising 

approach to realize low-temperature transformation of methane on precious metal single-

atom sites doped on rutile TiO2. To our knowledge, this is the first time that such an M1-

TiO2 system has been predicted to activate CH4 based on strong chemisorption. 
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Supplementary Information 

 

 

Figure S6.1.1 Binding energies of Pt on oxygen vacancy and pristine TiO2 surfaces. 

 

 

 

Figure S6.1.2 Barrier and reaction energy of diffusion of Pt out of the cationic vacancy site. 
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Figure S6.1.3 Side and top-view of anatase (101) and rutile (110) TiO2. The anchoring site for 

the single atom is highlighted in blue. 

 

Figure S6.1.4 Heat map representing methane adsorption energies for each 3-5d single-atom sites 
on rutile TiO2 (110). 
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Figure S6.1.5 Side and top-views of the isosurface plot of the charge density difference for CH4 
adsorption on rutile Pt1-TiO2, Ir1-TiO2, IrO2, and TiO2 (110) surfaces. 

 

 

 
Figure S6.1.6 Side views of the 2-D charge density plot on the Ha-C-Hb plane with charge 
decrease in blue and charge increase in red for CH4 adsorption on rutile on rutile Pt1-TiO2, Ir1-
TiO2, IrO2, and TiO2 (110) surfaces. 
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Figure S6.1.7 Local density of states of the adsorbed CH4 and single-atom sites for Pt1, Ir1, and 
Mo1 on rutile TiO2(110), in comparison with the undoped rutile TiO2(110). 
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Figure S6.1.8 Diagram of most plausible d-orbital occupations of the 4-d and 5-d transition metal 
single atoms on rutile TiO2(110), based on the 4+ oxidation state and computationally obtained 
electron magnetic moments for the single atoms. 

 

 

 

 

 
Figure S6.1.9 CH4 adsorption on the M1 (single atom) site on rutile TiO2 (110) for M being 
various transition metals: (A) Correlation plot of C-Ha bond distance and CH4 adsorption energy; 
(B) Correlation plot of C-M1 distance and CH4 adsorption energy. See Table S2 for the specifics 
of all data points. 
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Table S6.1.1 Binding energies of the dopant atoms into the cationic vacancy of TiO2. 

Dopant Ebinding(eV) 
Ru -15.64 
Rh -14.15 
Pd -10.99 
Os -16.64 
Ir -15.15 
Pt -12.95 

 

Table S6.1.2 Comparison of CH4 adsorption energies on the M1, single-atom site on TiO2 anatase 
(101) and rutile (110).  

M1 CH4 ads. (eV) 

 Anatase Rutile 
Fe -0.02 -0.04 
Co 0.00 -0.04 
Ni -0.02 -0.03 
Ru -0.14 -0.26 
Rh -0.18 -0.34 
Pd -0.08 -0.32 
Os -0.21 -0.42 
Ir -0.31 -0.51 
Pt -0.18 -0.62 
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Table S6.1.3 Energetic and geometric parameters of methane adsorption on the M1, single-atom 
site on rutile TiO2(110). 

M1  

CH4 
ads. E 
(eV) 

C-M 
dis. (Å) 

O-Ha 
dis. (Å) 

O-Hb 
dis. (Å) 

C-Ha 
dis. (Å) 

C-Hb 
dis. (Å) 

C-H 
diss. E 
(eV) 

C-H act. 
E (eV) 

Apparent 
act. E 
(eV) 

Sc -0.15 2.841 2.577 2.551 1.102 1.106 -0.44   
Ti 

(undoped) -0.10 2.915 2.650 2.492 1.105 1.102 -0.02 0.87 0.76 
V 0.02 2.948 2.620 2.458 1.099 1.097 0.00 0.96 0.97 
Cr -0.04 3.111 2.662 2.563 1.100 1.101 -0.37 0.81 0.77 
Mn -0.04 2.759 2.591 2.388 1.100 1.107 -1.08 0.52 0.48 
Fe -0.04 3.106 2.723 2.640 1.101 1.098 -0.35 1.06 1.03 
Co -0.04 3.177 2.740 2.644 1.099 1.100 -1.21 0.74 0.70 
Ni -0.03 3.026 2.702 2.591 1.101 1.098 -1.82 0.52 0.49 
Cu -0.03 3.170 2.817 2.866 1.099 1.101 -1.03   
Zn -0.04 3.026 2.713 2.691 1.100 1.103 -0.56   
Y -0.29 2.904 2.772 2.596 1.108 1.105 -0.47   
Zr -0.22 2.888 2.602 2.515 1.107 1.106 0.22 0.80 0.58 
Nb -0.12 2.983 2.622 2.557 1.103 1.102 -0.12 0.88 0.76 
Mo 0.03 2.822 2.557 2.474 1.106 1.106 -0.36 0.69 0.72 
Tc -0.29 2.647 2.520 2.375 1.116 1.105 -0.83 0.51 0.22 
Ru -0.26 2.551 2.546 2.310 1.126 1.101 -1.23 0.38 0.12 
Rh -0.34 2.496 2.538 2.277 1.130 1.102 -1.60 0.27 -0.07 
Pd -0.32 2.471 2.527 2.275 1.133 1.103 -2.28 0.13 -0.18 
Ag -0.02 3.115 2.907 2.860 1.100 1.103 -0.88   
Cd -0.09 2.924 2.852 2.786 1.104 1.102 -0.42   
La -0.18 3.167 3.270 3.161 1.104 1.101 -0.36   
Hf -0.21 2.799 2.531 2.463 1.108 1.108 0.26 0.80 0.60 
Ta -0.12 2.894 2.583 2.515 1.106 1.104 -0.23 0.78 0.66 
W -0.10 3.085 2.689 2.605 1.105 1.101 -0.49 0.70 0.59 
Re -0.35 2.612 2.522 2.334 1.119 1.107 -0.83 0.47 0.12 
Os -0.42 2.526 2.568 2.277 1.148 1.099 -1.24 0.37 -0.05 
Ir -0.51 2.477 2.524 2.269 1.144 1.100 -1.63 0.23 -0.27 
Pt -0.62 2.419 2.535 2.212 1.163 1.100 -2.24 0.15 -0.47 
Au -0.02 3.466 3.185 3.093 1.097 1.099 -0.93   
Hg -0.04 3.241 3.028 2.968 1.097 1.101 -0.34   
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Table S6.1.4 Bader charges prior to and after adsorption of CH4 on rutile IrO2(110), TiO2(110), 
and Ir1-TiO2(110), and Pt1-TiO2(110). 

Pre-adsorption Mcus Oa Ob C Ha Hb 
CH4    -0.064 0.016 0.016 
Rutile IrO2 1.459 -0.707 -0.707    
Rutile TiO2 2.026 -0.906 -0.906    
Ir1-TiO2 1.599 -0.904 -0.904    
Pt1-TiO2 1.453 -0.904 -0.904    
Post-adsorption       
Rutile IrO2 1.465 -0.731 -0.733 -0.200 0.026 0.135 
Rutile TiO2 2.033 -0.918 -0.920 -0.151 0.030 0.070 
Ir1-TiO2 1.558 -0.929 -0.931 -0.246 0.064 0.163 
Pt1-TiO2 1.421 -0.933 -0.937 -0.222 0.073 0.204 
Difference       
Rutile IrO2 0.006 -0.024 -0.026 -0.136 0.010 0.119 
Rutile TiO2 0.006 -0.012 -0.015 -0.087 0.014 0.054 
Ir1-TiO2 -0.041 -0.025 -0.027 -0.182 0.048 0.147 
Pt1-TiO2 -0.032 -0.029 -0.033 -0.158 0.057 0.188 
 

 

Table S6.1.5 Adsorption energy of methane to selected, isolated gas phase metals. 

Atom Eadsorption(eV) 

Os -0.11 

Ir -0.23 

Pt -0.13 

Au -0.01 
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Table S6.1.6 Comparison of methane adsorption energy (Eads), activation-energy (Ea), and 
dissociation energy (ΔE) on rutile TiO2(110), and Ir1-TiO2(110), and Pt1-TiO2(110) for different 
functionals. 

Functional Energetics TiO2 Ir1-TiO2 Pt1-TiO2 
PBE Eads -0.10 -0.51 -0.62 

Ea 0.87 0.23 0.15 
ΔE -0.02 -1.63 -2.24 

PBE-D3 EAds -0.39 -0.83 -0.95 
Ea 0.82 0.21 0.13 
ΔE -0.05 -1.60 -2.22 

optPBE-vdW EAds -0.37 -0.75 -0.84 
Ea 0.95 0.30 0.19 
ΔE -0.04 -1.64 -2.27 

SCAN Eads -0.04 -0.76 -0.96 
Ea* 0.96 0.28 0.19 
ΔE 0.19 -1.68 -2.28 

HSE06* Eads -0.28 -0.48 -0.92 
Ea 1.03 0.12 0.25 
ΔE -0.09 -2.09 -2.48 

  *Single point energies. 
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6.2 Role of substrate-single atom electronic coupling on methane 

complexation 

6.2.1 Abstract 

Recent experimental and theoretical evidence has demonstrated the formation of 

methane complexes on both bulk and single atom oxide surfaces with significant 

implications for catalysis and gas separation. Despite its potential chemical and practical 

importance, much remains to be explored regarding the factors determining strong methane 

complexation, and promising oxides with this appealing property remain exceedingly 

scarce. In our proposed model for methane complexation, any doped oxide can chemisorb 

methane so long as requirements for the metal center orbital energies and occupation are 

fulfilled, determined by their geometry in the oxide lattice and by their electron count or 

elemental identity. Using hybrid density functional theory, we validated this prediction by 

confirming strong methane complexation on a host of doped oxides, but also revealed a 

subtle interplay of electronic states on metallic oxides which can disrupt the complexation 

strength of the doped metal center. Whereas single atoms on wide-gap substrates performed 

best, those with a significant overlap of their conduction band with the single atom dz2 

states instead exhibited complexation but with positive adsorption energies. Therefore, a 

third condition for methane complexation on doped oxides is revealed, requiring the 

substrate oxide conduction band to not overlap with the single atom states. This unique 

observation is the first indication of strong substrate-single atom electronic coupling 
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drastically affecting adsorption with significant implications in choosing suitable 

substrates for single atoms.  

6.2.2 Introduction 

Methane is an abundant and inexpensive resource with potential to be a viable 

source for energy or as industrial precursors.1-3 Understanding the interaction of methane 

with solids is therefore a crucial first step towards designing materials with better 

performance for methane catalysis or capture. As a non-polar, inert molecule with a 

strong bond dissociation energy, its interaction with surfaces can be best described as 

weakly physisorbing in the vast majority of cases.4 Methane chemisorption, on the other 

hand, while possible for certain inorganic complexes,5 is still an emergent topic for 

surfaces.6-7 Most prominently, methane was recently discovered to chemisorb and 

dissociate at cryogenic temperatures on rutile IrO2 (110).8-9  

Beyond IrO2, no such oxide has been experimentally observed to exhibit the 

similar degree of activity thus far. Given the rarity of this phenomenon, a brute-force 

screening of potential solid surfaces for methane complex is impractical even by 

computational standards, much less through experimental means. Recently, we proposed 

that methane complex formation depends primarily on the d-orbital occupancy and 

geometry of the metal atom. For the square pyramidal metal site, a common surface 

geometry observed in oxides such as rutile, we expected a 6 d-electron system as most 

suitable for methane complexation by having an empty dz28, 10-11 orbital to accept the 

electron donation from the C-H sigma bond, and a filled dxy orbital for the back-bonding 
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interaction into the C-H antibonding orbitals. Using rutile TiO2 as a model substrate, we 

demonstrate by replacing or doping the surface Ti atoms with other transition metal 

single atoms, we can fulfill both geometry and electron occupancy requirements without 

resorting to bulk oxides. Namely, the Pt4+ doped in the TiO2 framework is predicted to 

form strong methane complexes based on our model (Figure 1). 

 

Figure 6.2.1 Schematic of methane complexation via C-H σ-bond donation into the critical dz2 
orbital on square-pyramidal Pt4+ (green) in an oxide surface. 

This prediction is confirmed by density functional theory (DFT) calculations, 

which found Pt-TiO2 to have the strongest methane adsorption energy of -0.62 eV using 

PBE within the screened 3d, 4d, and 5d transition metals.10 Of the two relevant orbitals 

dxy and dz2, the dz2 orbital filling was found to be the most sensitive for methane 

adsorption, with no adsorption possible as soon as it is partially occupied, such as in the 

case of the 7 d-electron systems Ag-TiO2 and Au-TiO2. These results clearly showed the 

single atom can be thought as behaving like a metal coordination center, with the lattice 

oxygen of the substrate behaving as the ligands in this complex, matching the similar 

interaction found between methane and inorganic complexes.5 From these insights, 

methane complexation on surfaces can no longer be argued as remote or inaccessible. 
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Rather, prediction via intuitive principles of geometry and electron count is sufficient to 

reveal promising candidates. One must wonder then, if these rules are truly broadly 

applicable beyond the model doped TiO2 system, and if other substrates can provide the 

same ‘ligand’ effect for the metal single atom. 

6.2.3 Computational details 

The density functional theory calculations were performed using the Vienna Ab Initio 

Simulation Package (VASP).12-13 Unless otherwise noted, the calculations were 

performed with the Heyd-Scuseria-Ernzerhof screened hybrid functional (HSE06).14 The 

Perdew-Burke-Ernzerhof (PBE)15 functional was used for comparison cases. To focus on 

the chemical bonding contribution of the CH4-Pt interaction, we opted out of using van 

der Waals corrections in this study. All calculations were performed with spin 

polarization. The projector-augmented wave method was used to describe the electron-

core interaction.12, 16 A kinetic energy cutoff of 450 eV was used for the plane waves. 

Due to the computational cost of hybrid functional calculations for geometric relaxations, 

the Brillouin zone was sampled at the gamma-point only for adsorption geometry and 

energy calculations. Comparison of gamma-point only adsorption energies with the a 

3×2×1 Monkhorst-Pack17 k-point sampling using gamma-point relaxed geometries 

showed close agreement.  

A vacuum layer of 15 Å was added for the surface slabs along the z-direction; the 

slab contains a total of four layers, with the bottom two layers fixed in their bulk 

positions. The methane absorption energy (Eads) is calculated with the equation Eads = 

Esurface+CH4 – (Eperfect-surface + ECH4) where Esurface+CH4 is the energy of the surface slab with a 
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methane. The energies of ECH4 was computed by placing the adsorbate in a cubic cell 

with a 15 Å wide vacuum in each direction. Charge densities and isosurfaces were 

visualized using the VESTA program.18 

 

6.2.4 Results  

6.2.4.1 Geometry and electronic structure of methane complexation on rutile TiO2 

On rutile (110), the optimal bonding configuration for methane places the 

methane molecule directly above the single atom center (Figure 2a), with two C-H bonds 

facing downwards and two facing upwards. Methane complexation can be further 

characterized by significantly shortened distances between the methane molecule and the 

surface metal center, beyond the overlapping van der Waals (vdW) radius. In the 

prototypical case of Pt-TiO2 (Figure 2b), the distance between the methane C and surface 

Pt was found to be only 2.406 Å, compared to the combined vdW radius of 3.45 Å for C-

Pt. To counter the energetic penalty of the repulsive interactions with the surface at these 

distances, a strong interaction between the methane and surface Pt is necessary. This 

interaction is observed from charge density difference plots (Figure 2c, d) showing 

charge accumulation between the two molecules suggesting the formation of a chemical 

bond. In addition, a lengthening of the C-H bond can be observed from a gas phase length 

of 1.090 Å to 1.154 Å for the adsorbed complex. Finally, the adsorption energy obtained 

for the methane complex was found to be -0.75 eV. The adsorption energies, geometries 

and charge accumulation, obtained using the hybrid functional, are in line with those 
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obtained using GGA.10 In the subsequent sections, we will demonstrate that this is not 

necessarily the case for any substrate.  

 

Figure 6.2.2 (a) Ball-and-stick and (b) CPK model adsorption geometries of CH4 on Pt-TiO2 (Pt 
= green, Ti = grey, O = red). (c) Isosurface plot of charge density difference from CH4 adsorption 

and (d) 2D charge density difference plot along the H-C-H plane. 

 

6.2.4.2 The methane adsorption conundrum – the failure of rutile Pt-IrO2 

 To move beyond the model case of rutile TiO2, we study the impact of different 

substrates on the CH4-Pt complexation starting with rutile IrO2. The IrO2 (110) surface 

has already been experimentally shown to adsorb methane, and here we verify these 

results with hybrid functional calculations showing an adsorption energy of -0.60 eV and 

similar adsorption geometries with Pt-TiO2 (Figure 3a, b). One would expect then, that by 

replacing a surface Ir atom with Pt would result in similar if not stronger adsorption 

energies. Instead, methane was found to be non-interacting in its more stable adsorption 
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geometry with a C-Pt distance extending just beyond the vdW radius, with a length of 

3.675 Å, and no corresponding lengthening of the C-H bonds can be observed (Figure 3c, 

d). A second adsorption geometry was observed with a C-Pt distance of 2.535 Å and a 

lengthened C-H bond length of 1.132 Å but a slightly positive adsorption energy of 0.07 

eV . While this adsorption mode is a local minimum due to the complexation with the Pt; 

however, the CH4-Pt interaction has been weakened to the extent where the energy is 

positive relative to the gas phase (i.e. the repulsive energy from steric interaction is 

greater than attraction from C-H donation).  

 

Figure 6.2.3 Adsorption energies and geometries of CH4 on IrO2, and Pt-IrO2 (Pt = green, Ir = 
blue, O = red) 
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 Within the model for methane complexation outlined previously (Figure 1), the 

reason for positive adsorption energy can be traced to a change or occupation of the dz2 

orbital previously identified as responsible for bonding with CH4. A naive hypothesis 

may suggest the oxidation state of Pt in IrO2 may be different from that in TiO2. 

Specifically, the Pt in Pt-IrO2 may be in a 3+ or 2+ oxidation state in contrast with the 4+ 

state in Pt-TiO2, leading to a one or two electron occupancy in the dz2 orbital. While 

assigning oxidation states remains an ongoing chemical challenge,19 there are many 

reasons which suggest Pt is not in the 3+ or 2+ state. First, the magnetic moment of Pt 

was found to be 0.560 µB, which can neither be attributed to being 3+ or 2+. This result 

is also contrary to the case of Au4+ in Au-TiO2 which is isoelectronic to Pt3+ (d=7 

electrons), but was found to have a moment close to 1 µB from the previous study.10 

Second, the methane complex, with positive adsorption energies for Pt-IrO2 was not 

observed in Au-TiO2, demonstrating that the Pt in Pt-IrO2 does not behave like a 7 

electron system for methane interaction. Finally, Pt3+is an uncommon oxidation state 

compared to Pt4+, and it is furthermore unusual to expect the single atom to be reduced in 

the stochiometric rutile slab in the absence of reduction via an oxygen vacancy or other 

means.  

 Instead, we must look to other means to explain the positive methane complex 

formation energies, namely by the changes to the dz2 orbital in the electronic density of 

states (Figure 4). Returning once more to the model case of Pt-TiO2, the empty Pt dz2 

states above the Fermi level can be clearly visualized in the projected density of states 

plot (Figure 4a) which inhabit the region between the valence and conduction band of the 
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substrate, TiO2. Similarly, in IrO2 (Figure 4b), the dz2 states are also found above the 

fermi level, albeit in a less localized fashion – this may also explain why Pt-TiO2 exhibits 

stronger methane chemisorption than IrO2. In contrast, for Pt-IrO2 (Figure 4c), the dz2 

states appear disrupted, with many states being pushed below the Fermi level. Here we 

hypothesize this is due to the dz2 states of Pt occupying the same region as the 

conduction band of the substrate, IrO2, leading to overlap or hybridization of the dz2 

states and the formation of new hybrid states below the Fermi level. As the surface Ir-Pt 

distance is found to be just slightly beyond usual bonding distances at approximately 3.18 

Å, interaction should be expected to occur.  
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Figure 6.2.4 Density of states plots for (a) Pt-TiO2, (b) IrO2, and (c) Pt-IrO2, showing the total 
DOS (left Y-axis) with the projected dz2 DOS (right Y-axis) overlaid in red. 
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6.2.4.3 Adsorption on different rutile substrates 

Table 6.2.1: Adsorption energy, substrate band gap, Pt magnetic moment and Pt Bader charge of 
single atom Pt on studied substrate rutile oxides 

Substrate Eads (eV) 
Band Gap 

(eV) 
Pt Magnetic 

Moment (µB) 
Bader 

Charge (e) 
Pt-TiO2 -0.75 2.8 0.000 1.59 
Pt-VO2 -0.36 1 0.036 1.55 
Pt-CrO2 -0.44 Half-metal 0.134 1.63 
Pt-MnO2 -0.30 0.1 0.021 1.63 
Pt-RuO2 -0.04 Metallic 0.503 1.42 
Pt-OsO2 -0.09 Metallic 0.582 1.36 
Pt-IrO2 0.00 Metallic 0.560 1.36 
Pt-ZrO2 -0.84 4.6 0.000 1.30 
Pt-SiO2 -1.00 6.8 0.000 1.66 
Pt-GeO2 -0.80 2.7 0.000 1.61 
Pt-SnO2 -0.68 2.1 0.000 1.59 
Pt-PbO2 -0.52 0.1 0.001 1.63 

 

To verify this hypothesis as well as screen for additional suitable substrates for 

methane complexation, we extend our study to a wider range of rutile oxides (Table 1). 

These include Ti, V, Cr, Mn, Ru, Os, Ir, Ge, Sn, and Pb, which form stable rutile 
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oxides,20 as well as Si which forms under high pressures, and a theoretical Zr rutile phase. 

From these oxides, roughly half are metallic while the remainder span from semimetals to 

insulators, which provides a suitable range of substrate environments to test CH4-Pt 

complexation. Precisely as our hypothesis predicts, substrates with a metallic band gap 

disrupt CH4-Pt complexation leading to more positive adsorption energies (Ru, Os, Ir). 

Meanwhile, substrates with the widest band gaps have the strongest methane adsorption 

energies (Ti, Zr, Si, Ge) and those with intermediate gaps fall somewhere in the middle 

(V, Mn, Sn, Pb). Cr being a unique and well-known half-metal, allows for moderate CH4-

Pt adsorption energy despite overlap with the dz2 states in one spin direction 

(Supplementary Figure 2). This clear correlation between band gap and CH4-Pt 

adsorption energy once again strongly suggests the overlap between dz2 states and the 

conduction band as the prime culprit for disrupted interaction. Charge transfer, on the 

other hand, is insufficient to fully describe the extent of hybridization of the dz2 states, as 

Pt Bader charges are roughly similar across different substrates, nor does a less positive 

charge necessarily result in occupied dz2 states, such as ZrO2. 



250 
 

 

Figure 6.2.5 Model illustrating the interaction of (a) the non-zero gap oxide substrate and the (b) 
metallic oxide substrate d states above the Fermi level with the metal single atom d orbitals. 

 

 Therefore, the described interaction can be best explained by the model in Figure 

5, which illustrates the difference between substrates with large band gaps with metallic 

ones. In the situation where the substrate band gap is sufficiently large (Figure 5a), the d 

orbitals of the metal single atom lie between the valence and conduction bands, and the 

coupling between the substrate metal d states in the conduction band with the single atom 

d orbitals is weak. Consequently, the dz2 orbital remains localized above the Fermi level, 



251 
 

allowing it to accept electrons from the C-H bond (as seen in Pt-TiO2 in Figure 4a). On 

the other hand, when the substrate is metallic, the single atom d orbitals lie in the same 

energetic region as the substrate d states, which leads to a greater coupling or 

hybridization and a delocalization of dz2 orbital. This delocalization leads to dz2 states 

below the Fermi level which are subsequently occupied by the substrate electrons and 

hinders the interaction with the C-H bond (as seen in Pt-IrO2 in Figure 4c).  

 

Figure 6.2.6 Plot of CH4-Pt adsorption energy versus (a) the band gap of the substrate oxide and 
(b) the magnetic moment of the embedded Pt single atom.   

 

 To quantitatively illustrate the aforementioned model for the studied substrates in 

this work, we plot the CH4-Pt adsorption energy versus the band gap of the substrate 

oxide and the magnetic moment of the embedded Pt single atom (Figure 6).  First, a 

general trend can be observed for all studied substrates whereby a larger band gap leads 

to stronger CH4-Pt adsorption while at zero band gap, denoting metallic systems, CH4-Pt 
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adsorption can be observed to approach zero. This trend is the natural result of a larger 

band gap leading to a poorer energetic overlap between the conduction band and the d 

orbitals in the single atom. Second, dz2-conduction band coupling leads to hybridization 

and formation of new states below the Fermi level which become partially occupied, 

resulting in a nonzero magnetic moment on Pt single atom. The substrates with zero or 

close-to-zero moments have the strongest CH4-Pt adsorption which decreases 

dramatically with even a small partial occupancy or moment in the Pt dz2 orbital. As the 

dative interaction between CH4 and Pt is a two electron-two orbital process, any partial 

occupancy leads to strong electronic repulsion. Therefore, both band gap and Pt magnetic 

moment can be viewed as important descriptors for CH4-Pt adsorption strength. 

 

6.2.5 Discussion  

Recent theoretical studies have speculated the chemical properties of a single 

atom on a substrate can be determined primarily by the local properties of the SA and the 

neighboring coordinating atoms.21 By using these local properties such as the atom 

electronegativity, coordination number, and other parameters, predictions can be made on 

the basis of linear relationships21-23 or via more complex machine-learned regression 

models.24-26 However, the role of the substrate on the SA properties, beyond those 

deriving from the geometry and local properties of the SA adsorption site, is often 

overlooked. From the theoretical standpoint, methane complexation presents a useful 

probe process due to its extreme sensitivity towards the electronic properties of the 
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complexation site. From this study we therefore reveal a third requirement for CH4-Pt 

adsorption, beyond the metal-oxygen geometry and d-electron count: the interaction 

between empty metal dz2 states and the conduction band should be avoided, primarily 

through substrates with sufficiently wide band gaps. We expect this substrate requirement 

to also play a role in the adsorption of other molecular species other than methane. A 

unique avenue for modulating the electronic or chemical properties of the single atom 

may also arise via the intrinsic or extrinsic tuning of the substrate band gap, with 

significant implications for designing more active single atom catalysts. 

Another aspect to note is the importance of the computational method, in 

particular the DFT functional, in obtaining accurate predictions for methane 

chemisorption due to the routine underestimation of band gaps by GGA functionals. 

While GGA functionals such as PBE is sufficient for cases where the gap is sufficiently 

wide such that the conduction band rises far beyond the Pt atom dz2 states, such as 

TiO2,10 it must be used with caution for the strongly-correlated oxides VO2, CrO2, MnO2 

for which PBE fails. Furthermore, the failure of PBE for adsorption energies also extends 

to geometries, as the methane complexing adsorption mode (Figure 1) is no longer 

accessible in many cases, hence the need to perform both relaxations and energy 

calculations at the hybrid DFT level. 

6.2.6 Conclusions 

 In this work, we use hybrid density functional theory calculations to explore the 

recently discovered Pt-CH4 strong complexation on rutile oxides. While Pt-TiO2 is shown 
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to be a strong methane complexing surface consistent with previous PBE results, Pt-IrO2 

exhibits positive adsorption energies despite IrO2 being able to strongly chemisorb 

methane. We attribute this paradoxical behavior as being linked to the band gaps of the 

substrates rather than through simple oxidation state change or through charge transfer 

processes on the single atom. We hypothesized the overlap between Pt dz2 states and the 

substrate conduction band leads to coupling or hybridization, disrupting the states for 

interaction with the methane orbitals, which is clearly visible in the calculated density of 

states. A screening of a total of twelve rutile oxides spanning from metallic to insulating 

confirms this hypothesis by showing positive adsorption for the metallic substrates and 

exhibiting similarly disrupted dz2 states. Furthermore, we demonstrate our dz2-

conduction overlap model is valid regardless of the method or functional used and 

highlight the need for a functional which can accurately predict band gaps for correct 

predictions of methane complexation. For edge-cases of substrates with small gaps, or for 

strongly-correlated oxides, regular GGA functionals such as PBE is shown to give 

disparate geometries and energies from the HSE06 results. For the first time in the 

literature, global electronic properties of the substrate are shown to play a major role in 

single atom properties beyond those obtained from just the local coordination, 

electronegativity or charge. These effects are quantum-mechanical in nature, as we have 

shown from the coupling and hybridization of the single atom-substrate electronic states, 

and are sensitive to proper treatment of the electron exchange and correlation energies 
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7 Conclusions and outlook 

7.1 Summary 

We used first principles density functional theory to study alkane activation and 

conversion and approached this problem in several stages. We first began our study on 

the most active conventional system for alkane catalysis, metal oxides. In particular, we 

studied the complete ethane dehydrogenation pathway on the experimentally observed 

(111) surface of spinel Co3O4.1 In agreement with the literature for propane 

dehydrogenation on Co3O4 (111),2 the first C-H bond was favorably activated via a 

homolytic pathway by the lattice oxygen. This is followed by a second C-H activation 

and facile desorption of ethylene. The remaining hydroxyls can diffuse on the surface to 

cluster and form water, leaving a vacancy, which is refilled by molecular oxygen. The 

high activity of Co3O4 for ethane dehydrogenation could be traced to the low first C-H 

activation energy (0.62 eV), though we observed the water formation barrier was non-

trivial to overcome in the overall reaction cycle. Comparing these results with ethane 

dehydrogenation on the less-stable (311) facet, we find even lower C-H activation 

barriers (0.40 eV) consistent with experimental observations of higher oxygen activity 

and methane oxidation ability of the (311) facet.3 However, selectivity to ethylene on 

(311) is poorer in large part due to ethane dehydrogenating to form a deprotonated 

ethylene glycol intermediate on the surface instead of desorbing as ethylene, which is 

subsequently further oxidized to form CO2. The importance of the first C-H activation 

energy and the oxygen activity were recognized as key catalytic descriptors for alkane 
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conversion in these two studies. Motivated by this insight, as well as a collaborative work 

on Si doping of Co3O4,4 we turn to a systematic study of tuning the oxygen reactivity 

(and by extension the C-H activation activity) on Co3O4 by substitutionally doping the 

neighboring Co atoms with other elements.5 We furthermore compare the differences in 

the effect of the dopant on replacing Co2+ ions on the (111) surface and Co3+ ions on the 

(311) surface. Consistent with our hypothesis, substitutional doping can tune the C-H 

activation barriers on the nearest neighbor oxygen sites with a direct correlation to its 

vacancy formation energy and hydrogen adsorption energies.  

Out of these studies, we also observed a correlation between oxygen activity and C-H 

activation barriers contemporaneous with  other works on C-H activation descriptors in 

the literarure.6-7 We then sought to elucidate a link between oxygen activity and its more 

fundamental properties such as coordination and charge. In our subsequent study, we 

developed a descriptor containing the coordination number of the oxygen and its 

neighboring metal to predict both the local charge on the oxygen. From this property, we 

are able to predict the oxygen reducibility from vacancy formation and hydrogen 

adsorption energies, and finally correlate to C-H activation barriers with low error bars.8 

Though coordination number descriptors have been proposed in the past for metals,9-10 

this represents the first study to successfully correlate coordination in a metal oxide with 

reaction barriers. For comparing materials with different compositions (where 

coordination itself is not sufficient), we turn to electronic and energetic descriptors. We 

use hydrogen adsorption energy as a descriptor for methane oxidative coupling on 

different perovskite compositions.11 As we expected, hydrogen adsorption energy is a 
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viable descriptor for C-H activation on perovskites, but it is also further capable of 

predicting methyl adsorption energy. Via the Lunsford mechanism for oxidative 

coupling,12 ethylene is produced from gas phase methyl radicals; therefore we can 

identify active perovskite catalysts with low C-H activation barriers and methyl 

desorption barriers via a single descriptor of hydrogen adsorption. Finally, we try to 

elucidate the underlying electronic mechanism governing the adsorption strength of 

hydrogen and other radicals on the surface. Through a thorough analysis of the electronic 

structure and Crystal Orbital Hamilton Populations of perovskite surfaces before and 

after radical adsorption, we are able to demonstrate that adsorption leads to reduction of 

the oxide surface and occupation of M-O antibonding orbitals.13 The stronger the M-O 

bond, the lower the adsorption energy due to the greater destabilizing effect of M-O 

antibonding occupancy. These descriptor-based studies provide powerful tools for the 

screening of metal oxide for alkane conversion based on easily and affordably obtained 

information such as coordination number, electronic structure and adsorption energy. 

Additionally, to tackle to problem of alkane activation on sub-nanometer metal 

clusters, we first recognize the importance of accurately obtaining the cluster structure 

and local coordination information. We use basin-hopping global optimization to sample 

the potential energy surface and obtain low-energy structures of Pt10-13 clusters.14 From a 

sampling of 20000 locally-optimized structures, we compare the structural diversity 

between cluster sizes through a number of features including coordination number, 

interatomic distances and shape. We find Pt10 is unique in its cohort due to low structural 

diversity near the global minima as a possible ‘magic’ cluster compared to the more 
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fluxional Pt11, 12, 13. In the low-energy region, the average coordination number of Pt10 is 

localized around 5.6-5.8, whereas for Pt11, 12, 13 the range is expanded down to ~4.8. The 

presence of greater undercoordinated sites on Pt11, 12, 13 suggests a greater catalytic 

activity. Therefore, we can explain the higher methane combustion ability of Pt11, 12, 13 

compared to Pt10.15-16  

In metal single atom systems, we explored heterolytic pathways for alkane activation. 

On rhodium single atom sites in ZSM-5, we find methane can be activated heterolytically 

over Rh-O5 and Rh-O4 sites. Further calculations find subsequent coupling of methyl and 

hydroxyl with carbon monoxide can occur to yield acetic acid in this catalyst.17 Under 

certain, rare, conditions the heterolytic activation of methane was found to be complex-

mediated, which can allow for methane activation at cryogenic temperatures.18 Motivated 

by the experimental confirmation of this phenomenon on rutile IrO2, we conducted a 

systematic study of metal doped rutile oxides to elucidate the underlying electronic 

properties which govern strong methane complexation and identify promising catalysts 

with similar or even better performance than IrO2. In the first part of the work on a model 

TiO2 substrate, we find Pd, Rh, Os, Ir, and Pt single atoms can activate methane at similar 

or lower temperatures than IrO2. We further identify the interaction between methane and 

the dz2 orbitals of the single atom as key to chemisorption, which we show can be easily 

predicted from our d orbital occupation descriptor in a square pyramidal crystal field.19 In 

the second part, by varying the composition of the substrate, we find a strong correlation 

between the substrate electronic properties and the methane complexation on the single 

atom.  



262 
 

7.2 Future directions 

Gathering from our studies so far on alkane catalysis, we have obtained valuable 

insights on alkane activation and mechanistic pathways for their conversion to various 

industrially valuable products. Furthermore, we been successful in developing descriptors 

to quickly screen and predict materials with high alkane activation efficacy. For example, 

hydrogen adsorption energy and vacancy formation energy can be used to quickly predict 

C-H activation barriers on a variety of systems, including metal oxide surfaces on diverse 

terminations and metal doped oxides. From d-orbital occupancy, the elusive methane 

complexation property can be deduced on doped and bulk oxide surfaces.  

However, there is nevertheless significant room for further development of 

computational studies in this area. First, the methodology used can be improved beyond 

conventional density functional theory and GGA functionals. Future studies with a 

greater focus on hybrid DFT, or even a number of beyond-DFT techniques such as the 

random-phase approximation (RPA) may be desired or even necessary for an accurate 

calculation of catalytically important properties such as vacancy formation energy. 

Second, to provide an even greater scope and impact of the descriptor approach, it is 

desirable to expand the calculations to the high-throughput level on larger databases of 

possible materials. In this aspect, more computationally efficient descriptors, such as 

those based on bulk or other fundamental properties may be crucial. Finally, it would be 

prudent to utilize the significant technological advances within the machine learning field 

in recent years to apply to the screening and prediction of better alkane conversion 

catalysts. While possible avenues for applying machine learning to catalysis are 
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numerous, with many appearances in the topical literature, more chemically-motivated 

approaches may yet offer significant advantages.  

Utilizing these suggested improvements coupled with validation and corroboration to 

experimental results, the high throughput screening of complex materials can be within 

grasp. Which such efforts are now commonplace for catalysis on metal surfaces, 

significant technical challenges still prevent such an application to materials such as 

metal oxides or other metal compounds in general. Unlocking this barrier to these 

systems can significantly broaden our search space and lead to much higher functionality.  
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