
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Theoretical and Experimental Exploration of 

Transition Metals as Hydrogen Storage Materials 

with Catalytic Dehydrogenation Activity 

 

A Thesis 

Presented to 

the Faculty of the Department of Chemical and Biomolecular Engineering 

University of Houston 

 

 

In Partial Fulfillment 

of the Requirements for the Degree 

Master of Science 

in Chemical Engineering 

 

 

by 

Quan Do 

May 2016 



 

 
 

Theoretical and Experimental Exploration of 

Transition Metals as Hydrogen Storage Materials 

with Catalytic Dehydrogenation Activity 

 

_________________________ 

Quan Do 

 

 

 

Approved:                                                      ____________________________________ 

      Chair of the Committee 

      Lars Grabow, Assistant Professor 

      Chemical and Biomolecular Engineering 

 

 

 

Committee Members:                  ____________________________________ 

      William Epling, Professor 

      Chemical and Biomolecular Engineering 

       

 

____________________________________ 

      Paul Ruchhoeft, Associate Professor 

      Electrical and Computer Engineering 

 

 

 

_____________________________  ____________________________________ 

Suresh K. Khator, Associate Dean  Michael P. Harold, Professor and Chair 

Cullen College of Engineering  Chemical and Biomolecular Engineering



 

iv 
 

Acknowledgements 

 
 The work presented in this thesis could not have been accomplished without the 

help and support of many different people. First and foremost, Dr. Lars Grabow has 

given me this opportunity to perform cutting-edge research. His tutelage and mentorship 

has not only built my ability to wield DFT as a research tool, but he has also led me to 

grow as an independent researcher. I would like to thank Dr. William Epling for 

providing me access to the reactor and giving me useful advice in my experimental work. 

I would also like to thank him and Dr. Paul Ruchhoeft for spending time to serve on my 

defense committee.  

 When I first started research with Dr. Grabow, I was quickly taken up to speed 

with DFT calculations by my fellow group mates. In particular, I would like to thank 

Byeongjin Baek, now a Grabow group alumnus, who had the misfortune of having to 

share the cubicle with me and answer every single one of my incessant questions. I also 

must thank Yuying Song, the graduate student who is my senior by one year, as she 

taught me many basics of DFT. I have also been blessed with having an undergraduate 

mentee, Charlie Chirino. Charlie has been responsible for a large number of calculations, 

including almost the entirety of the DFT calculations on titanium. I greatly enjoy being a 

mentor, and his cheerful and optimistic attitude brought joy every time he stepped into 

the office. Finally, in Dr. Epling’s group, I would like to thank Justin Dodson, a former 

postdoc, who taught me how to use the reactor and helped me resolve my errors early in 

my research work. 



 
 

Theoretical and Experimental Exploration of 

Transition Metals as Hydrogen Storage Materials 

with Catalytic Dehydrogenation Activity 

 

An Abstract 

of a  

Thesis 

Presented to 

the Faculty of the Department of Chemical and Biomolecular Engineering 

University of Houston 

 

 

In Partial Fulfillment 

of the Requirements for the Degree 

Master of Science 

In Chemical Engineering 

 

by 

Quan Do 

May 2016



vi 
 

Abstract 

 
 The direct conversion of readily-available methane into useful chemicals is 

limited due to the molecule’s symmetry and strong C-H bonds. In this thesis, the direct 

upgrade of methane to desirable higher hydrocarbons is sought. Presently, the most 

studied method for the upgrade of methane is the oxidative coupling of methane. 

However, this method has failed to yield an economically viable process due to poor 

carbon selectivities, which result from the over-oxidation of the reactive CH3 

intermediate into CO and CO2. To avoid over-oxidation, the use of hydride-forming 

metals is explored to catalytically cleave the C-H bond, abstract hydrogen, and form C2 

species in the absence of oxygen. Theoretical and experimental results show that five 

early transition metals can form metal hydrides and activate the C-H bond of methane. 

The understanding gained through this thesis builds the foundation for future work on the 

utilization of metal hydrides in important reactions. 
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Chapter 1. Introduction 

 
1.1. Hydrogen Storage in Metal Hydrides   

 The heavy utilization of fossil fuels has led to a general depletion of fossil fuel 

resources and continues to contribute to the ever-worsening global warming situation due 

to the emission of greenhouse gases such as carbon dioxide.
2
 In particular, the United 

States has been found to be the largest contributor to greenhouse gas emissions per 

capita.
3
 Anthropogenic carbon dioxide emissions reached 49 GtCO2/year in 2010, with 

about 65% of the emissions resulting from fossil fuel combustion.
4
 Consequently, the 

study and usage of hydrogen as an alternative fuel has intensified, especially considering 

that it is carbon-neutral.
5
 Another considerable advantage that hydrogen has over fossil 

fuels is due to the chemical properties of the molecules involved. Chemical energy is 

dependent on the energies of the valence electrons, and the hydrogen atom has the 

highest ratio of valence electrons to protons and neutrons in the periodic table. As a 

result, the chemical energy per mass of hydrogen is over three times larger than that of 

other fuels such as liquid hydrocarbons.
6
 The evolution and predicted future of global 

energy systems is depicted in Figure 1, shown on the next page.
7
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Figure 1. The evolution and predicted future of energy systems, taken from Dunn.
7
 

 Presently, various challenges must be overcome in order for hydrogen to achieve 

greater prominence.
6
 One of these challenges involves the storage of hydrogen. Hydrogen 

gas is voluminous; at ambient temperature, hydrogen gas can be modeled by the Van der 

Waals equation, 

                                                  𝑝(𝑉) =
𝑛𝑅𝑇

𝑉−𝑛𝑏
− 𝑎 ∙

𝑛2

𝑉2,                                                     (1) 

where p is the pressure, V is the volume, n is the number of moles, R is the gas constant, 

T is the temperature, a is the dipole interaction constant, and b is the volume occupied by 

the hydrogen gas molecules. When solving the Van der Waals equation at ambient 

temperature and pressure, 1 kg of hydrogen takes up a volume of 11 m
3
. Thus, to increase 

the density of hydrogen in storage, the temperature must be reduced such that it is less 

than the critical temperature of hydrogen (-240°C) so that a hydrogen liquid is formed; 

the hydrogen gas must be compressed; or the molecular repulsion of hydrogen must be 

reduced via an interaction between hydrogen and another material.
6
 In addition, the 
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storage method should also be able to release hydrogen. There are six major methods to 

store hydrogen, five of which are (i) the compression of hydrogen gas in high-pressure 

gas cylinders; (ii) liquefaction of hydrogen and storage in cryogenic tanks; (iii) 

physisorption onto materials; (iv) adsorption onto complex compounds such as LiBH4; 

and (v) the chemical reaction with water.
6
 The sixth method, and the one that is focused 

on in this study, is the storage of hydrogen in metal hydrides. Metal hydrides offer a 

higher hydrogen storage density than hydrogen gas and liquid hydrogen, are much safer 

to handle, and can be formed at moderate temperatures and pressures.
8
 These materials 

were deemed to be of such importance that in 2003, under President George W. Bush’s 

Hydrogen Fuel Initiative, the United States Department of Energy (DOE) launched the 

National Hydrogen Storage Project, focusing on the discovery, creation, and development 

of advanced metal hydrides.
9
 

 Metal hydrides are formed via a process known as direct dissociative 

chemisorption and can be described via the one-dimensional Lennard-Jones potential.
6,8,10

 

This reaction is described as 

                                                      𝑀 +
𝑥

2
𝐻2 ↔ 𝑀𝐻𝑥.                                                      (2) 

Far from the surface, the hydrogen molecule is bound by an H-H bond energy of 436 

kJ/mol.
11

 As the molecule approaches the surface, when it is approximately one hydrogen 

molecule radius away, the hydrogen molecule experiences its first attractive interaction in 

Van der Waals forces, which leads to a physisorbed state.
6,12,13

 As the hydrogen molecule 

continues to approach the surface, it must overcome an activation barrier to homolytically 

break the H-H bond, and the hydrogen atoms on the surface that share an electron with a 

surface metal atom are considered chemisorbed.
6
 The activation barrier for hydrogen 
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dissociation on a metal surface is dependent on the metal’s surface structure, 

morphology, and purity.
14

 On the surface, the chemisorbed hydrogen can diffuse to other 

surface sites, or down into the interstitial sites in the sublayer.
6
 In the bulk layer, when 

the hydrogen-to-metal ratio (H/M) is less than 0.1, the hydrogen is considered to be 

dissolved as a solid solution, or the α-phase.
6
 As the hydrogen-to-metal ratio increases, 

the hydrogen-hydrogen interactions become more important, and the material undergoes 

a phase transition to the hydride phase, or β-phase, which nucleates and continues to 

grow as more hydrogen is present.
6
 

 A metal’s ability to store hydrogen is characterized by its enthalpy of formation of 

metal hydride, ΔH
f
(MH2). A metal hydride that is more thermodynamically stable will 

have a more negative value for ΔH
f
(MH2) and would require a higher temperature to 

perform the reverse reaction, or desorb the hydrogen.
15

 This value can be determined 

through various methods. The most common method is through the use of pressure-

composition isotherms. In the formation of the metal hydride, when the α- and β-phases 

coexist, a small increase in hydrogen pressure greatly increases the hydrogen-to-metal 

ratio.
6,15

 The pressure at which the transformation from the α-phase to the β-phase is 

known as the plateau pressure, and the plateau pressure changes as the hydriding 

temperature changes. Thus, by performing the hydrogen addition to the metal at different 

temperatures, multiple plateau pressures can be obtained. Then, these plateau pressures 

and temperatures can be used to determine ΔH
f
(MH2) and the entropy of formation, 

ΔS
f
(MH2), using the Van’t Hoff equation, 

                                                   ln (
𝑝𝐻2

𝑝0 ) =
∆𝐻𝑓

𝑅𝑇
−

∆𝑆𝑓

𝑅
,                                                     (3) 
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where p(H2) is the plateau pressure, p
0
 is the thermodynamic reference pressure, R is the 

gas constant, and T is the temperature at which the plateau pressure was obtained. By 

plotting the logarithmic term against the reciprocal temperature, the slope will be equal to 

ΔH
f
(MH2) divided by the gas constant, while the intercept will be equal to the negative 

ΔS
f
(MH2) divided by the gas constant. A typical pressure-composition isotherm and its 

corresponding Van’t Hoff plot are shown in Figure 2. 

 

Figure 2. Left: A typical pressure-composition isotherm. Right: The corresponding Van’t Hoff plot.
15

 

 An alternative method for computing ΔH
f
(MH2) is known as the Miedema 

model.
16

 Miedema and co-workers considered binary hydrides, or hydrides of a single 

metal, to be similar to transition metal alloys and predicted that energy effects could be 

treated as contact interactions, and proposed the following empirical model, 

                                 ∆𝐻 =
𝑃𝑐𝐴𝑉𝐴

2
3𝑓𝐵

𝐴

(𝑛𝑤𝑠

−
1
3)

𝑎𝑣

[−(∆𝜙∗)2 +
𝑄

𝑃
(∆𝑛𝑤𝑠

1

3 )

2

−
𝑅

𝑃
] ,                                 (3) 

where A and B are transition metals and A is the minority metal. In the above equation, 

cA is the concentration of A, VA is the volume of A, fB
A 

is the degree to which A atoms are 
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surrounded by B atom neighbors, nws is the electrostatic shielding length, φ is the 

electronegativity, P and Q are proportionality constants, and R is a hybridization term.
16

 

Miedema’s model showed strong agreement between his calculated values and the 

experimental values for ΔH
f
, and demonstrates that many empirical models can be 

formulated to predict various parameters of a system.
16

 

 The other necessary criterion for using a metal hydride for reversible hydrogen 

storage is that it must be able to release the hydrogen. Classically, metal hydrides can be 

dehydrogenated by thermal hydrogen release. The entropy of metal hydride formation, 

ΔS
f
(MH2), can be used to determine the heat evolution from the equation 

                                                           ∆𝑄 = 𝑇 ∙ ∆𝑆𝑓.                                                         (4) 

The same amount of heat must be supplied in order to desorb the hydrogen in the reverse, 

endothermic reaction.
6
 Experimentally, the kinetics of hydrogen desorption can be 

studied with temperature-programmed desorption (TPD). The TPD technique was first 

studied by Ehrlich
17

 and Redhead
18

 and was developed further by Cvetanovic and 

Amenomiya.
19

 TPD generally follows either first- or second-order desorption, which are 

independent and dependent of the initial surface coverage, respectively.
20

 First-order 

desorption corresponds to 

                                                         𝑀 ∗ → 𝑀 + ∗,                                                           (5) 

and follows the equation 

                                               2 ln 𝑇𝑚 − ln 𝛽 =
𝐸𝑑

𝑅𝑇𝑚
+ ln

𝐸𝑑

𝑅𝐴𝑑
,                                           (6) 

where Tm is the temperature of maximum desorption, β is the heating rate, Ed is the 

activation energy for desorption, R is the gas constant, and Ad is the pre-exponential 

factor.
20

 By plotting a straight line of 2 ln Tm – ln β vs. 1/Tm, Ed, which will represent how 
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difficult it is to remove H2 from the surface of the metal, can be determined from the 

slope and Ad can be found from the intercept. These values can then be inserted into the 

Arrhenius equation, 

                                                      𝑘𝑑 = 𝐴𝑑exp (−
𝐸𝑑

𝑅𝑇
),                                                     (7) 

which allows for the calculation of kd, or the desorption rate constant. Similarly, second 

order desorption corresponds to 

                                                      2𝑀 ∗ → 𝑀2 + 2 ∗,                                                       (8) 

and is modeled by 

                                           2 ln 𝑇𝑚 − ln 𝛽 =
𝐸𝑑

𝑅𝑇𝑚
+ ln

𝐸𝑑

𝐴𝑑𝑅𝜎𝑜
,                                           (9) 

where the added term, σo, is the initial coverage. The same values can then be calculated 

to determine the kinetic parameters of the desorption process. 

 

1.2. Methane Activation and Coupling  

 Methane (CH4) is the simplest hydrocarbon and is readily available. CH4 

constitutes approximately 75% of natural gas by volume, and according to the BP 

Statistical Review of World Energy in 2015, there is an estimated 187.1 x 10
12

 m
3
 of 

natural gas reserves.
21

 Furthermore, this number does not include any reservoirs that have 

yet to be discovered or are too costly to mine; for instance, natural gas hydrates in the 

crystalline form are currently too complex to recover, but have been considered as a 

potential energy source,
22,23

 and there are an estimated 1.5 x 10
16

 m
3
 in reserve.

22
 In 

addition, the evolution of the extraction of natural gas from shale rock formations has 

allowed access to huge quantities of natural gas from previously impermeable and 

impractical sources.
24

 Finally, other sources of methane include fossil fuel production and 
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combustion, which is responsible for at least 33% of human methane emissions;
25

 biogas 

from anaerobic digestion of crops;
25,26

 and the decomposition of biodegradable solid 

waste from landfills.
25

 

 While methane is a readily available resource, the direct transformation of 

methane into useful chemicals is limited. Presently, less than 10% of natural gas is used 

as a chemical feedstock.
27

 One of the biggest reasons natural gas is often flared rather 

than converted is because the mass and energy density (0.7-0.9 kg/m
3
 and 30-40 MJ/m

3
, 

respectively) of natural gas are approximately three orders of magnitude lower than that 

of oil (0.7-0.9 kg/dm
3
 and 30-40 MJ/m

3
, respectively), which makes transportation more 

expensive.
27

 Profitable conversion of natural gas into useful chemicals would justify the 

high transportation costs, but presently, only methane conversion to synthesis gas, 

hydrogen cyanide, acetylene, and chlorinated methane has been realized industrially.
27

 

 The lack of profitability from direct natural gas conversion is due to the difficulty 

in activating methane. The four C-H bonds are very stable at 439 kJ/mol,
28

 and because 

of the molecule’s symmetry, the bonds are only very weakly polarized. Methane resists 

nucleophilic reactions because the electron donation into the C-H σ* orbital is difficult 

and sterically hindered, and removing electrons from the C-H σ bond by electrophilic 

reactions is also challenging.
27

 Acid-base catalysis generally cannot occur because 

methane has low proton affinity and is a very weak acid (pKa = 40).
27

 Thus, the easiest 

method to activate the C-H bond is through the homolytic bond cleavage to a methyl 

radical and a hydrogen atom radical.
27

 However, if the nearly inert methane can be 

activated, then its target species will be even easier to activate; for instance, the C-H bond 

of the methyl radical is easier to activate than the C-H bond of methane, leading to the 
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methylene radical.
27

 This is an issue because the activation of one C-H bond in methane 

would likely lead to a series of C-H bond activations until just carbon, or coke, remains. 

 These challenges in the activation of methane limit the possibilities of methane 

conversion. Presently, there are only two industrial methods of converting methane. The 

first and most prominent method is the production of synthesis gas.
27

 Synthesis gas, or 

syngas, is a major industrial intermediate for the production of methanol and ammonia 

and consists of H2, CO, and CO2. Syngas is catalytically and industrially produced from 

methane via steam reforming, dry reforming, and autothermal reforming. Syngas 

technology has been studied for decades and many reviews
29–31

 and books
32,33

 are 

available for more detail. The only other industrial use of methane in direct conversion is 

the formation of hydrogen cyanide through the BMA process or the Andrussow 

process.
34,35

 The conversion of methane and ammonia to hydrogen cyanide will be 

discussed more in detail in Chapter 5.3.2. 

 A potential industrial process that has been of major interest over the past few 

decades is the direct conversion of methane to higher hydrocarbons. Ethylene, C2H4, has 

been widely considered to be the most important industrial chemical,
36

 and is used 

primarily as a building block for other chemicals and in polymerization.
37

 While there is 

not yet a process to produce ethylene from methane that can be scaled to the industrial 

level, the oxidative coupling of methane (OCM) has been studied the most because it 

solves the thermodynamic barrier of activating methane.
38

 In OCM, methane is activated 

on the catalyst surface in the presence of oxygen, and two methyl radicals couple to form 

ethane (C2H6) in the gas phase, which can then further dehydrogenate to form ethylene.
39
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The oxygen can also react with the abstracted hydrogen to form water. This reaction can 

be modeled as 

                                                  2𝐶𝐻4 + 𝑂2 → 𝐶2𝐻4 + 2𝐻2𝑂.                                       (10) 

The major issue with OCM is the poor selectivity of the reaction, as both the methane and 

C2 products can oxidize to form CO or CO2.
39,40

 Economic estimations have placed 

minimum values at 30% yield and 80% selectivity in order for the reaction to be feasible 

at an industrial scale.
41

 However, only a maximum of 70% selectivity and 21% yield has 

been accomplished,
42,43

 and with decades of research having already been performed on 

the subject matter, OCM has suffered from a decline in interest.
42

 In Figure 3 below, a 

literature survey shows how far OCM technology must still go in order to reach the 

industrial target standards for selectivity and conversion. 

 

Figure 3. A literature survey of the selectivity and conversion of various catalysts for OCM (courtesy of 

Dr. Jeffrey Rimer). 

 

 To avoid the unwanted over-oxidization of the carbon species, a novel looping 

process is proposed where the carbon and oxygen are separated. This process, depicted in 

Figure 4 on the following page, consists of two reactors. In the coupling reactor, methane 
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reacts with a metal, which abstracts the hydrogen to form a metal hydride and ethane in 

the equation 

                                                  2𝐶𝐻4 + 𝑀 → 𝐶2𝐻6 + 𝑀𝐻2,                                          (11) 

where M is a metal and MH2 is the corresponding metal hydride. This reaction is depicted 

in Figure 4b. The metal hydride is then used in the regeneration reactor, where the metal 

hydride is regenerated back to the metal via one of two methods; either oxygen can react 

with the hydrogen to remove it as water, or the hydrogen can be desorbed by thermal 

release. Because extremely high temperatures are expected in order to fully desorb 

hydrogen by simple thermal release, the first method will be used in the regeneration 

reactor, and this reaction is described as 

                                                    𝑀𝐻2 +
1

2
𝑂2 → 𝑀 + 𝐻2𝑂.                                           (12) 

The regenerated metal can then be reused in the coupling reactor, creating a loop. 

 

Figure 4. (a) The proposed looping process to couple methane using metals and metal hydrides. 

(b) A cartoon depicting the activation and coupling of methane and the formation of a metal 

hydride. 

 

 This research project will search for possible metals or metal alloys and 

corresponding hydrides that can be used in this reactor scheme. Currently, there are 

thousands of solid materials that have been studied for reversible hydrogen storage and 
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are cataloged in the Hydrogen Storage Materials Database.
44

 Thermodynamic screening 

is used to filter out only the exothermically desirable materials. This is done by 

examining the two individual reactions. The coupling reaction, 2CH4 + M → C2H6 + 

MH2, can be broken down into the series of reactions: 

                                                       2𝐶𝐻4 → 𝐶2𝐻6 + 𝐻2 and                                           (13) 

                                                          𝑀 + 𝐻2 → 𝑀𝐻2.                                                    (14) 

The overall coupling reaction should be exothermic (ΔH < 0). Because the heat of 

reaction of the first reaction (Equation 13) is 65.2 kJ/mol, the heat of reaction of the 

second reaction (Equation 14), or the heat of metal hydride formation, ΔH
f
(MH2), must 

be less than -65.2 kJ/mol so that the overall reaction can be exothermic. This means that 

the metal hydride must form favorably enough so that the hydrogen can be abstracted 

from the methane. 

 Likewise, the same analysis can be performed on the regeneration reaction, MH2 

+  ½O2 → M + H2O. The reaction can be broken into: 

                                                            𝑀𝐻2 → 𝑀 + 𝐻2 and                                            (15) 

                                                         𝐻2 +
1

2
𝑂2 → 𝐻2𝑂.                                                  (16) 

Similar to the coupling reaction, the regeneration reaction should also be exothermic, ie. 

ΔH < 0. Because the heat of reaction of the second reaction (Equation 16) is -241.8 

kJ/mol, the heat of reaction of the desorption of hydrogen from the metal hydride 

(Equation 15) must be less than 241.8 kJ/mol. If this equation were inversed so that it 

showed the formation of the metal hydride, i.e. Equation 14, then the signs of values must 

be inversed as well, giving a heat of metal hydride formation of ΔH
f
(MH2) > -241.8 
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kJ/mol. This means that the metal hydride cannot form too strongly, or else the hydrogen 

cannot be removed with oxygen. 

 These constraints then allow for a cursory screening of potential metal hydrides. 

Immediately, the majority of the later transition metals can be disregarded; although these 

can activate the C-H bond,
45

 they do not form strong hydrides.
13

 From the Hydrogen 

Storage Materials Database, the shortened list of metals that can form hydrides within the 

thermodynamic constraints is shown below in the truncated periodic table in Figure 5.
44

 

In addition, at least 139 metal alloys have been shown to have enthalpies of metal hydride 

formation within the thermodynamic constraints.
44

 

 

 

Figure 5. A truncated periodic table of thermodynamically desirable elements for methane activation on 

metal hydrides, up to Group VIII and including the lanthanide and actinide series elements. The 

red boxes indicate potential metal hydrides, the yellow boxes indicate metals that lack reliable 

data, and the white boxes indicate that there are no known hydrides of that element.
44

 

  

Due to the originality of using metal hydrides and hydrogen storage materials to 

activate and couple methane, very little literature on the subject exists. The non-oxidative 

coupling of methane has been performed on SiO2-supported tantalum hydride
46

 and SiO2-

H He

LiH Be B C N O F Ne
-90.6

NaH MgH2 AlH3 Si P S Cl Ar
-112.8 -76.2 -30.7

KH CaH2 ScH2 TiH2 V2H Cr Mn Fe Co NiHx Cu Zn Ga Ge As Se Br Kr
-115.6 -181.5 -201.0 -144.3 -81.2 -9.0

RbH SrH2 YH2 ZrH2 Nb Mo Tc Ru Rh PdHx Ag Cd In Sn Sb Te I Xe
-104.6 -180.3 -185.8 -169.0 -40.0

CsH BaH2 Lu HfH Ta2H W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
-108.4 -177.0 -96.3 -65.2

Fr Ra Lr

LaH2 CeH2 Pr Nd Pm Sm Eu GdH2 Tb Dy Ho Er Tm YbH2

-207.9 -141.8 -157.0 -139.4

Ac ThH2 Pa UH3 Np Pu Am Cm Bk Cf Es Fm Md No
-139.7 -127.2
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Al2O3-supported tungsten hydride,
47

 but neither use the metal to abstract the hydrogen 

and form the hydride. Fanelli and co-workers proposed in U.S. Patent 4,675,465 that a 

hydrogen dissolving metal could be used to dehydrogenate a hydrocarbon.
48

 While their 

work focused mainly on titanium hydride (TiH2), other metals and metal alloys were 

proposed, including zirconium (Zr), ytterbium (Yb), hafnium (Hf), and zirconium cobalt 

(ZrCo).
48

 Most relevantly, in 1994, Chetina and Lunin studied the direct conversion of 

methane into C2 hydrocarbons at 400 K with titanium and titanium-iron as hydrogen 

acceptors and metal catalysts of platinum, rhodium, and nickel, but they only observed 

coke, and at a conversion of methane of 1%.
49

 

In this thesis, the ability of five different elements to activate and couple methane, 

form hydrides, and regenerate to the metal has been studied through computational and 

experimental methods. The success of this project could lead to a novel commercial 

process for the upgrade of methane or the oxygen-free dehydrogenation of alkanes in 

general. 

 

1.3. Density Functional Theory  

 Density functional theory, or DFT, has been firmly entrenched as a powerful 

research tool over the past 25 years.
50

 Since 1990, the number of research publications 

per year based on “density functional” or “DFT” has exponentially increased, as shown in 

Figure 6.
50
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Figure 6. The exponential growth of publications per year based on DFT.
50

 

 Density functional theory is widely used now throughout the catalysis field 

because it allows for the calculation of the total energy of a system, which then yields the 

system’s structure and various other properties, all without any experimental input.
50

 

While detailed explanations can readily be found in reviews
50–55

 and textbooks,
56,57

 this 

section will provide a brief summary of the steps taken in DFT calculations. 

 A seemingly simple equation that provides information on the total energy of a 

system is the time-independent, nonrelativistic Schrödinger equation, 

                                                         𝐻𝜓 = 𝐸𝜓,                                                              (17) 

where H is the Hamiltonian operator, Ψ is the product of individual electron 

wavefunctions and the set of solutions of the Hamiltonian, and E is the ground-state 

energy of the system. To solve a system with N electrons, the Hamiltonian operator in the 
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Schrödinger equation must be expanded, yielding the more complete, time-independent 

Schrödinger equation without considering electron spin, 

[−
ħ2

2𝑚
∑ ∇𝑖

2𝑁
𝑖=1 + ∑ 𝑉(𝒓𝑖)

𝑁
𝑖=1 + ∑ ∑ 𝑈(𝒓𝑖, 𝒓𝑗)𝑗<1

𝑁
𝑖=1 ] 𝜓(𝒓1, … , 𝒓𝑁) = 𝐸𝜓(𝒓1, … , 𝒓𝑁),  (18)  

where, within the Hamiltonian operator, the first term is the kinetic energy of each 

electron, the second term is the interaction energy between each electron and the atomic 

nuclei, and the third term is the interaction energy between two different electrons.
56

 

Furthermore, the wavefunction Ψ is a function of the spatial coordinates r of each of the 

electrons. Just a cursory examination of the equation leads to immediate issues though. A 

single O2 molecule contains 16 electrons, and since there are three spatial dimensions per 

electron, the wavefunction is then dependent on 48 dimensions. A 3x3x6 slab of titanium 

atoms contains 1,188 electrons, or 3,564 spatial dimensions. Even worse, the 

wavefunction of an individual electron cannot be determined without simultaneously 

considering the other electrons in the system due to the final term of the Hamiltonian 

operator, which defines electron-electron interactions.
56

 This difficult issue, then, makes 

the Schrödinger equation a many-body problem.
56

 

 While the wavefunction contains all of the information of the system, the primary 

interest is in the total energy of the system. This can be obtained from the energy density 

alone, which is  

                                                 𝑛(𝒓) = 2 ∑ 𝜓𝑖
∗(𝒓)𝜓𝑖(𝒓)𝑖 ,                                               (19) 

where n(r) is the density of electrons and the term inside the summation is the probability 

that the electrons are at a particular set of coordinates, and the asterisk denotes a complex 

conjugate.
56

 This quantity is useful for solving the Schrödinger equation because it 

reduces the number of coordinates from 3N to just three. 
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 Various researchers attempted to build models based on this function, such as the 

Thomas-Fermi-Dirac model in the late 1920s,
58–60

 and the Hartree-Fock-Slater model in 

1951
61

, but these models failed for various reasons, including errors in energy,
51

 

However, in 1964, the groundwork for density functional theory was established by 

Hohenberg and Kohn,
62

 the latter of whom went on to win a Nobel Prize for his 

contributions to the understanding of the electronic properties of materials. Their paper 

established two major theorems. The first theorem stated that the ground-state energy of 

the Schrödinger equation is a functional of the electron density and can be expressed as 

E[n(r)], simplifying the problem to just three coordinates.
56,62

 The second theorem is just 

as important, stating that the electron density that minimizes the total energy of the 

functional corresponds to the ground-state electron energy.
51,56,62

 

 One year later, Kohn and Sham developed the equations that are the basis for 

DFT
63

. In their work, they described the energy functional as 

                                       𝐸[{𝜓𝑖}] = 𝐸𝑘𝑛𝑜𝑤𝑛[{𝜓𝑖}] + 𝐸𝑥𝑐[{𝜓𝑖}],                                     (20) 

where Eknown is the collection of contributions from the electron kinetic energies, the 

electron-nucleus interactions, the electron-electron interactions, and the nucleus-nucleus 

interactions, and EXC is the exchange-correlation functional, which contains all other 

quantum mechanical effects
56,63

. From their work, the one-electron Kohn-Sham (KS) 

equation, which is similar to the time-independent Schrödinger equation, is  

                           [−
ℏ2

2𝑚
∇2 + 𝑉(𝒓) + 𝑉𝐻(𝒓) + 𝑉𝑋𝐶(𝒓)] 𝜓𝑖(𝒓) = 𝜀𝑖𝜓𝑖(𝒓).                      (21) 

In the KS equation, the first potential, V(r), is the known part of Equation 20 and is the 

same as the second term in the Hamiltonian operator of Equation 18.
56,63

 The second 
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potential, VH(r), is known as the Hartree potential, describes the Coulombic repulsion 

between the considered electron and the total electron density, and is defined as 

                                                 𝑉𝐻(𝒓) = 𝑒2 ∫
𝑛(𝒓′)

|𝒓−𝒓′|
𝑑3𝑟′.                                                (22) 

The third potential, VXC(r), describes the exchange and correlation contributions, and is 

defined as 

                                                          𝑉𝑋𝐶(𝒓) =
𝛿𝐸𝑋𝐶(𝒓)

𝛿𝑛(𝒓)
.                                                  (23) 

The KS equations are now circular and considered to be self-consistent, and can be 

solved using the following algorithm from Sholl and Steckel:
56

 

1. Define the trial electron density, n(r). 

2. Using the trial electron density, solve the KS equations for the single-particle 

wavefunction, Ψi(r). 

3. Using the wavefunction from Step 2, solve for the Kohn-Sham electron density nks(r) 

using Equation 22. 

4. Compare n(r) and nks(r), and if the electron densities are the same, then the density is 

equal to the ground-state electron density, which can be used to calculate the total 

energy. If they are not the same, the process must be started over again. 

 The only remaining challenge was then to determine what the exchange-

correlation functional was. Since the publication of the KS equations, many theorists 

have developed their own functionals, and John Perdew, who is responsible for many 

functionals, classified and illustrated the hierarchy of functionals using “Jacob’s Ladder,” 

as depicted in Figure 7.
64
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Figure 7. Perdew’s “Jacob’s Ladder,” where higher rungs on the ladder are more accurate, but may have 

more constraints and be more computationally expensive.
64

 

 

 In this thesis, the exchange-correlation functional PW91, developed by Perdew 

and Wang, is used.
65,66

 PW91 is a generalized gradient approximation (GGA), meaning 

that it is not biased towards the description of intermolecular interactions,
67

 and it uses 

information about both the local electron density and its gradient,
56

 as defined below: 

                                           𝑉𝑋𝐶
𝐺𝐺𝐴(𝒓) = 𝑉𝑋𝐶[𝑛(𝒓), ∇𝑛(𝒓)].                                             (24) 

The PW91 functional is a widely used functional because is usually more accurate than 

the Local Density Approximation (LDA) functionals without being too computationally 

expensive. 
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Chapter 2. Methods 

 
2.1. DFT Calculations   

 To elucidate the surface activities and reactions in this thesis, density functional 

theory (DFT) calculations were performed. For all of the computational work in this 

thesis, the Vienna ab-initio Simulation Package
68–71

 (VASP) and Atomic Simulation 

Environment
72

 (ASE) were used. In this thesis, all calculations were performed within the 

generalized gradient approximation (GGA) using the PW91 exchange-correlation 

functional.
66

 The Brillouin zone is sampled by a 6 x 6 x 1 Monkhorst-Pack k-point grid, 

and a 10 Å vacuum space separates the periodically repeated images of the surface along 

its normal direction. The interactions between the electrons are described by the fully 

nonlocal optimized projector augmented-wave (PAW) method,
73,74

 and the cut-off energy 

for the plane wave basis set is 400 eV. Gaussian smearing was used with a smearing 

width of 0.1 eV. Of the highlighted metals in the truncated periodic table in Figure 5, five 

early transition metals were selected and are detailed in Table 1 below. 

Table 1. The early transition metals that were studied in this thesis. 

Element Atomic 

Symbol 

Lattice 

Structure 

ΔH
f
(MH2) 

(kJ/mol)
44

 

Hydride 

stoichiometry 

Scandium Sc hcp -201.0 ScH2 

Titanium Ti hcp -144.3 TiH2 

Yttrium Y hcp -185.8 YH2 

Zirconium Zr hcp -169.0 ZrH2 

Hafnium Hf hcp -96.3 HfH 

 

 The lattice parameters a and c for all five metals in the hexagonal close packed 

(hcp) structure were calculated using the PW91 exchange-correlation functional and 

agree well with published data.
75–79

 The lattice constants were calculated by creating a 

matrix of possible lattice constant values, and then finding a set [a, c] such that the 
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energy of each system was minimized. The calculated lattice constants are given below in 

Table 2. 

Table 2. The calculated lattice constants using the PW91 functional. 

Element a (Å) c (Å) 

Sc 3.313 5.149 

Ti 2.920 4.622 

Y 3.650 5.658 

Zr 3.237 5.166 

Hf 3.198 5.057 

 

 After the lattice constants were calculated, all metals were cut in the (0001) plane, 

the most densely packed and therefore most thermodynamically stable surface in hcp 

structures. The surface was modeled in a 3×3×6 unit cell where the bottom two layers 

were fixed in their bulk truncated positions.
80

 An example unit cell of Y used for 

subsequent adsorption studies is shown below in Figure 8. The surfaces were relaxed, and 

the calculated surface energies are given in Table 3. The surfaces can then be used for 

adsorption studies. 

 

Figure 8. (a) The top view of the (0001) surface of yttrium. (b) The side view of the (0001) surface of 

yttrium. 
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Table 3. The surface energies of the studied metals. 

Element Surface Energy (eV) 

Sc -322.69 

Ti -403.25 

Y -331.78 

Zr -439.02 

Hf -513.57 

 

 After the adsorbates are relaxed, the binding energy (EB) can be calculated by  

                                           𝐸𝐵 = 𝐸𝑠𝑢𝑟𝑓+𝑎𝑑𝑠 − 𝐸𝑠𝑢𝑟𝑓 − 𝐸𝑟𝑒𝑓,                                         (25) 

where Esurf+ads is the energy of the adsorbate on the surface, Esurf is the energy of the 

surface, and Eref is the gas phase reference energy of the adsorbed species. The climbing 

image nudged elastic band (CI-NEB) method is used to calculate the minimum energy 

pathway (MEP) between the initial state (IS) and final state (FS) of a reaction and to 

identify the maximum of the MEP, a metastable saddle point on the potential energy 

surface, representing the transition state (TS).
81,82

 The activation energy barrier is then 

obtained as the total energy difference between the TS and the IS. Finally, to ensure that 

the TS image given by the CI-NEB method is a true saddle point, a frequency analysis is 

performed on the TS to study the atomic vibrations about the equilibrium positions. If 

one imaginary vibrational mode is found, then that position is indeed the true transition 

state for the reaction. 

 In this thesis, some data may not be fully compiled, especially for titanium. If no 

data has been collected, then an “XXX” is shown in the table where the value is missing. 

If data has been collected but further work needs to be done to confirm the validity and 

accuracy of that data point, an asterisk is placed next to the value in the corresponding 

box in each table. 
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2.2. Experimental   

 All reactor experiments were performed in a vertical ThermoScientific 

Lindberg/Blue M Mini-Mite tube furnace, and gas streams were analyzed in a Hiden 

Analytical Mass Spectrometer. 100-mesh titanium metal powder (99.7%) and 40-mesh 

yttrium powder (99.5%) were purchased from Sigma Aldrich, and the powders were 

packed in a 4 mm quartz tube between quartz wool plugs. 2.1e-3 mol of metal was used 

in each run unless specified otherwise. While the specific details of the various 

experimental runs will be given in their respective chapters, all runs were always 

performed under 95 sccm flow of argon and consisted of a waiting period for stabilization 

in the mass spectrometer before each run. In addition, prior to each run, the sample was 

always heated to 120°C and held at that temperature for a minimum of 10 minutes to 

release any physisorbed water or other surface contaminants. 
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Chapter 3. The Metal-Hydrogen System 

 
3.1. DFT Calculations   

3.1.1. Adsorption of Hydrogen onto Metal Surfaces 

 The adsorption and diffusion of hydrogen in metal hydrides has been studied in 

the literature.
83–87

 Similar studies were performed on the five early transition metals 

chosen for this thesis. First, the adsorption onto various sites of the metal was studied. 

Metal surfaces in the hcp(0001) plane have four different adsorption sites, as shown in 

Figure 9. A hydrogen atom was placed on or in each of these sites and relaxed for all five 

metals. The binding energy (EB) was calculated using Equation 25 relative to the gas 

phase energy of hydrogen, E(H2). The binding energies in eV and final location (given in 

parentheses) of each hydrogen atom for the five metals are given in Table 4.                  

 

Figure 9. The different adsorption sites on the hcp(0001) surface. 
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Table 4. The binding energies (eV) of a hydrogen atom on different metals and sites. 

 Metals 

Initial 

Sites 

 Sc Ti Y Zr Hf 

fcc -1.12  

(fcc) 

-1.07 

(fcc) 

-1.04  

(fcc) 

-0.98 

(fcc) 

-1.04 

(fcc) 

hcp -1.06 

(hcp) 

-1.09 

(hcp) 

-0.97 

(hcp) 

-1.03 

(hcp) 

-1.03 

(hcp) 

top 0.00  

(top) 

-1.06 

(fcc) 

0.11 

(top) 

0.28 

(top) 

0.29 

(top) 

bridge -1.11  

(fcc) 

-1.09 

(hcp) 

-1.04 

(fcc) 

-1.03 

(hcp) 

-1.03 

(hcp) 

 

 For all five metals, hydrogen preferentially binds to the two three-fold sites, fcc 

and hcp, with little difference between them. The hydrogen binds very weakly to the top 

site, and the binding energy increases with atomic number. If placed on the bridge site, 

the hydrogen immediately diffuses to one of the two three-fold sites, and usually the 

favored one; however, its final location is truly dependent on whether the hydrogen atom 

is placed closer to the fcc or the hcp site along the bridge site. The distance between the 

hydrogen atom and the closest metal atom in the lattice at the most preferential binding 

site is given in Table 5. 

Table 5. The distance between the most preferentially bound hydrogen atom and closest 

metal atom, as well as the atomic radius of each metal atom. 

Metal Distance (Å) Atomic Radius (Å) 

Sc 2.10 1.84 

Ti 1.96 1.76 

Y 2.29 2.12 

Zr 2.12 2.06 

Hf 2.12 2.08 

 

 The strong binding energies of the hydrogen atom at the three-fold sites show that 

hydrogen would indeed adsorb onto the surfaces of these metals. Furthermore, the 

similarities in binding energies and bond distances allow for the prediction that hydrogen 

will behave similarly in all of the metals. 
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3.1.2. Dissociation of H2 on the Metal Surfaces 

 To form the metal hydride, Equation 2 is followed, where molecular hydrogen is 

dissolved into the metal lattice. To examine the interaction between molecular hydrogen 

(H2) and the metal surface, the molecule was placed onto each of the four adsorption sites 

for each metal. There were two different geometric configurations tested for the bridge 

site: one where the H2 molecule was parallel to the bridge site, and one where the 

molecule was perpendicular to the bridge site such that the hydrogen atoms were 

“spanning” two metal top sites. The difference between these two bridge configurations 

is shown below in Figure 10. 

 

Figure 10. (a) Hydrogen molecule adsorbed spanning two top sites on the bridge site. (b) Hydrogen 

molecule adsorbed spanning two three-fold sites on the bridge site. 

 

 When the H2 molecule is adsorbed onto the fcc, hcp, and bridge sites (in all 

geometric configurations on all five metals), it immediately dissociates into two separate 

hydrogen atoms and co-adsorbed into the three-fold sites adjacent to the original 

adsorption site. Thus, in all of these cases, after the H2 molecule dissociates, there is one 

hydrogen atom adsorbed onto an fcc site and one hydrogen atom adsorbed onto an hcp 

site. Therefore, the energy barrier for the dissociation of H2 on these sites is negligible. 
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 When placed onto the top site on all of the metals except for Ti, H2 did not 

immediately dissociate into two hydrogen molecules. On Ti, H2 dissociated on the top 

site. The binding energy of H2 was calculated with reference to gas-phase H2 and the 

binding energies of H2, the bond length, and distance from the top sites of the five metals 

is given in Table 6. 

Table 6. The binding energies of H2 on the top sites. 

Metal Binding Energy 

(eV) 

Bond Length (Å) Distance from 

Top Site (Å) 

Sc -0.29 0.81 2.13 

Ti N/A N/A N/A 

Y -0.23 0.79 2.41 

Zr -0.19 0.83 2.16 

Hf -0.15 0.82 2.12 

 

 On Sc, Y, Zr, and Hf, H2 is weakly bound to the top sites, and the binding energy 

decreases as the atomic number of the metal increases. The H-H bond length is similar 

between all five metals and is larger than the gas phase H-H bond length (0.74 Å). The 

longer bond length on the top sites suggests that the bond strength of H2 is weaker than 

when H2 is in the gas phase. Finally, the distances of the H2 molecule from the top sites 

are similar for all five metals and are also similar to the respective distances for the 

singular hydrogen atom. 

 To study the activation energy barriers for the dissociation of H2 on the top site, a 

climbing image nudged elastic band (CI-NEB) calculation is performed so that the H2 

molecule dissociates into two hydrogen atoms in adjacent three-fold sites. A sample 

initial state (IS), transition state (TS), and final state (FS) of the H2 dissociation on Hf are 

depicted in Figure 11. The activation energy barriers for each metal and the H-H bond 

lengths of the respective transition state images are given in Table 7. 
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Figure 11. The initial, transition, and final state images of the NEB for H2 dissociation. 

Table 7. The activation energy barriers for the dissociation of H2 on the top site and the 

H-H bond lengths of the transition states. 

Metal Activation Energy Barrier 

(eV) 

H-H Bond Length (Å) 

Sc 0.10 0.83 

Ti 0.00 N/A 

Y 0.39 0.80 

Zr 0.76 0.88 

Hf 0.29 0.84 

 

In the dissociation of H2 on the top site, the molecule begins to move down the 

top site towards a three-fold site, and the bond cleavage occurs soon after it has left the 

top site. Other than on Zr, the dissociation is facile, with activation barriers under 0.4 eV. 

The H-H bond lengths of the transition states are only minimally larger than the H-H 

bond lengths of the initial states, given in Table 6, indicating that soon after the H-H bond 

starts to expand, the bond breaks. The activation barrier on Zr is larger than those of the 

other metals and occurs when the transition state H-H bond length is longer than the 

others. This supports literature experimental results that show that titanium takes on a 

greater weight gain when reacted with hydrogen at lower temperatures than zirconium.
88

 

The H2 dissociation reaction is exothermic on all five metal surfaces, and the very low or 

negligible activation barriers support studies that claim that H2 undergoes non-activated 

dissociation on most transition metal surfaces.
83
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3.1.3. Subsurface Hydrogen 

 To further understand how hydrogen moves through the metal lattice and 

eventually forms a metal hydride, the stability of atomic hydrogen in the subsurface of 

the metal lattice is studied. Furthermore, subsurface hydrogen may play a significant role 

in hydrogenation reactions (see Chapter 5.3.3).
89

 These studies have been performed in 

depth both theoretically and experimentally on nickel,
89–91

 palladium,
92–94

 rhodium,
95–97

 

and ruthenium,
98,99

 and broader studies of multiple transition metals have also been 

performed.
83,100

 There are three different subsurface sites in an hcp(0001) metal: the 

octahedral site, which is directly below the surface fcc site; the tetrahedral I site, which is 

directly below the hcp site; and the tetrahedral II site, which is directly below the top site. 

These sites are depicted below in Figure 12, taken from Greeley and Mavrikakis.
90

 

 

Figure 12. The placement of the tetrahedral and octahedral sites in the hcp(0001) subsurface, from Greeley 

and Mavrikakis.
100

 

 

 In this section, hydrogen was placed in all octahedral and tetrahedral sites for all 

five metals in both the first and second sublayers. The binding energies of each site, 

calculated in the same way as the binding energy of a hydrogen adatom on the surface, 

are given in Table 8 for the first sublayer and Table 9 for the second sublayer. 
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Table 8. The binding energies (eV) of hydrogen in the first sublayer. 

 Metals 

Initial 

Sites 

 Sc Ti Y Zr Hf 

Octahedral 

 

-0.83 -0.43* -0.76 -0.38 -0.30 

Tetrahedral 

I 

-0.89 -1.09* -0.94 -0.48 -0.46 

Tetrahedral 

II 

-1.08 -0.28* -1.15 -0.41 -0.26 

 

 

Table 9. The binding energies (eV) of hydrogen in the second sublayer. 

 Metals 

Initial 

Sites 

 Sc Ti Y Zr Hf 

Octahedral 

 

-0.84 -0.48 -0.76 -0.43 -0.32 

Tetrahedral 

I 

-0.99 -0.40 -1.00 -0.52 -0.43 

Tetrahedral 

II 

-1.02 -0.47 -1.04 -0.56 -0.49 

 

 In both sublayers, as the atomic number increased, the binding energy decreased. 

While the preferred binding site for each individual metal in each sublayer varied, the 

hydrogen almost always bound weakest to the octahedral site in both sublayers. The 

binding energies were similar in their respective sites between the 1
st
 and 2

nd
 sublayers; in 

particular, the binding energies in the octahedral sites in the 1
st
 sublayer was almost 

identical to the binding energies in the octahedral sites in the 2
nd

 sublayer for all metals. 

Literature DFT and experimental studies have shown that a drastic difference between the 

two sublayers is an indicator that hydrogen is insoluble in the metal; on the other hand, a 

small difference is an indicator of solubility.
83

 Finally, the binding energies of hydrogen 

in the most preferred adsorption site on the surface of Sc, Ti, and Y are similar to the 

binding energies of hydrogen in the most preferred sublayer site in the respective metals. 

This contrasts with studies of the later transition metals, which show that hydrogen is 

much less stable in the first sublayer than the surface.
83
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Below, in Table 10, the distances from the hydrogen atoms in the first sublayer to 

the plane of the top layer of metal lattice atoms are given, and in Table 11, the distances 

from the hydrogen atoms in the second sublayer to the plane of the top layer of metal 

lattice atoms are given. Figure 13 below displays a sample measured distance. 

Table 10. The distances (Å) between the 1
st
 sublayer H atom and the top layer. 

 Metals 

Initial 

Sites 

 Sc Ti Y Zr Hf 

Octahedral 

 

1.25 XXX 1.37 1.18 1.21 

Tetrahedral 

I 

0.53 XXX 0.62 0.17 0.27 

Tetrahedral 

II 

1.93 XXX 2.06 1.71 1.74 

 

 

Table 11. The distances (Å) between the 2
nd

 sublayer H atom and the top layer. 

 Metals 

Initial 

Sites 

 Sc Ti Y Zr Hf 

Octahedral 

 

3.80 XXX 4.23 3.77 4.06 

Tetrahedral 

I 

3.03 XXX 3.39 3.14 3.09 

Tetrahedral 

II 

4.54 XXX 4.98 4.40 4.32 

 

Figure 13. The distance between the top layer and the hydrogen atom in the octahedral site in the 1
st
 

sublayer of yttrium. 
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 As expected, the tetrahedral I sites are the closest to the surface because they are 

located atop a lattice atom, while the tetrahedral II sites are the furthest from the surface 

because they are located below a lattice atom. The hydrogen atoms in the 2
nd

 sublayer 

have similar relative distances from the surface as their respective counterparts in the 1
st
 

sublayer. Finally, in Zr and Hf, which have the weakest binding energies in the 

subsurface, the hydrogen atoms are much closer to the surface than the other three metals, 

particularly in the 1
st
 sublayer tetrahedral I site. 

3.1.4. Diffusion of Hydrogen into the Sublayers 

 The CI-NEB method was used to estimate the difficulty of hydrogen diffusion 

into the sublayers of the metal lattice. The most straightforward path for hydrogen to 

diffuse to the 2
nd

 sublayer is through the surface fcc site, the 1
st
 sublayer octahedral site, 

and into the 2
nd

 sublayer octahedral site. This pathway was consistently selected for all 

NEB calculations, which were split into two separate NEB calculations for each metal: 

one for the diffusion from the surface to the 1
st
 sublayer and one for the diffusion from 

the 1
st
 sublayer to the 2

nd
 sublayer. The diffusion activation energy barriers are given in 

Table 12 and a potential energy diagram is depicted in Figure 14. 

Table 12. The straight diffusion barriers for hydrogen through the 1
st
 and 2

nd
 sublayers. 

Metal EA,1 (eV) EA,2 (eV) 

Sc 0.79 0.89 

Ti 0.93 0.72 

Y 0.97 1.08 

Zr 1.55 1.25 

Hf 1.24 0.81 
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Figure 14. The potential energy diagram for straight hydrogen diffusion through the 1
st
 and 2

nd
 sublayers. 

 

 While this study does not necessarily give the minimum energy pathway from the 

surface to the 2
nd

 sublayer, it does allow for a comparison between the five metals. Zr and 

Hf show the highest diffusion barriers, and these two metals also have the weakest 

binding energies in the sublayer sites. Meanwhile, Sc, Ti, and Y show diffusion barriers 

less than and around 1 eV, indicating that while the straight diffusion is not 

instantaneous, it is nevertheless facile. In addition, from the potential energy diagram in 

Figure 14, it can be seen that the relative binding energies in the 1
st
 and 2

nd
 sublayer 

octahedral sites are almost equal. Finally, two pairs of metals show similar relative 

binding energies in both sublayers: Sc and Y, and Ti and Zr. Interestingly, Sc and Y are 

both Group III elements, while Ti and Zr are both Group IV elements.  
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3.1.5. Kinetics of Sublayer Interstitial Hopping 

 Hydrogen diffusion between interstitial sites in metals usually occurs via 

thermally activating hopping.
84,101

 If a surface hydrogen can only hop into an interstitial 

site, the hopping rate khop can be described through harmonic transition state theory as
102

 

                                                      𝑘ℎ𝑜𝑝 = 𝛤exp (−
𝐸𝐴

𝑘𝑇
)                                                                            (26) 

and  

                                                     𝛤 =
∏ 𝑣𝑖𝑓(

ℎ𝑣𝑖
2𝑘𝑇

)3
𝑖=1

∏ 𝑣𝑇𝑆,𝑗𝑓(
ℎ𝑣𝑇𝑆,𝑗

2𝑘𝑇
)2

𝑗=1

,                                                  (27) 

where Γ is the pre-exponential factor, EA is the diffusion activation energy barrier from 

the 1
st
 to 2

nd
 sublayers (given in the last column of Table 12), vi is the vibrational 

frequency of hydrogen at the octahedral site in the 1
st
 sublayer, vTS is the vibrational 

frequency of the transition state between the 1
st
 and 2

nd
 sublayers, and f(x) = sinh(x)/x. 

The pre-exponential factors and hopping rates at 500°C are given in Table 10. 

Table 13. The pre-exponential factor and rate for activated interstitial hopping. 

Metal Γ (1/s) khop (1/s) 

Sc 4.07e12 6.43e6 

Ti XXX XXX 

Y 2.44e12 2.25e5 

Zr 1.08e12 7.65e3 

Hf 9.11e11 4.78e6 

 

 The metals with stronger binding energies in the sublayer interstitial sites and 

lower diffusional activation energy barriers have higher pre-exponential factors and 

activated interstitial hopping rates. A few limitations to this model exist though. First, the 

vibrations of the hydrogen atoms are assumed to be decoupled from the phonons of the 

solid.
84,101

 Therefore, this model cannot be used at lower temperatures, at which the 

assumption fails.
103

 In addition, only the straight diffusion pathway from the 1
st
 to 2

nd
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sublayer was studied. Other diffusion pathways may have lower activation barriers, 

which would alter the activated interstitial hopping rate. 

 

3.2. Experimental Results 

3.2.1. Experimental Method 

 After holding the metal under 95 sccm argon at 120°C, the metal was heated 

under 5 vol% H2 at 10°C/min until it reached a certain inlet target temperature (Tt). The 

reactor was held at Tt under H2 for 15 min, after which the H2 flow was shut off. The 

reactor remained at Tt for 10 min more before undergoing a temperature ramp to 800°C at 

10°C/min. The metal was held at 800°C until the H2 outlet flow reached steady-state. A 

sample mass spectrometry (MS) plot is shown in Figure 15 where the metal is Ti and Tt = 

500°C. 

 

Figure 15. A sample spectrum for Ti hydrogenation at Tt = 500°C. 
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3.2.2. Determination of the Optimal Tt for Titanium 

 To determine the optimal temperature for H2 addition, Tt was varied. The total 

amount of H2 added to the metal was determined by integration of the curve labeled 

“Hydrogen Addition” in Figure 15. Similarly, the total amount of H2 desorbed from the 

metal in the temperature-programmed desorption (TPD) section was determined by 

integrating the curve labeled “TPD” in Figure 15. The integrated data for both addition 

and desorption values are compared for varying Tt in Table 14and confirms that within 

experimental error bars the amount of H2 added is equal to the amount of H2 that was 

desorbed. Thus, this analysis is restricted to the TPD curves and the experimental run 

where the most H2 is desorbed contains the optimal Tt. The effect of varying Tt on the 

TPD spectrum is shown in Figure 16.  

 

Figure 16. Comparison of TPD spectra of various Tt on Ti. 
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Table 14. The moles of H2 adsorbed and desorbed at various Tt. 

Tt (°C) H2 added (mol) H2 desorbed (mol) 

450 1.58e-4 2.40e-4 

470 7.43e-4 8.54e-4 

500 1.53e-3 1.61e-3 

530 9.28e-4 1.09e-3 

550 8.36e-4 7.63e-4 

 

 From these experiments, the optimal Tt is ca. 500°C because it had the greatest 

amount of H2 adsorbed and desorbed. At Tt below 500°C, the metal has not been filled to 

capacity, while at Tt above 500°C, H2 begins to desorb from Ti even if H2 is still being 

flowed over Ti. This Tt will be important later, because the C-H bond in methane must 

break at or below this temperature. At higher temperatures, the hydrogen atom will not be 

stored as efficiently and will not form titanium hydride. Because 2.1e-3 mol Ti was used 

in each run, the stoichiometric ratio of Ti to H2 can be determined. At Tt = 500°C, the 

titanium hydride formed is of the stoichiometric ratio TiH1.53. From the equilibrium T-X 

phase diagram
104

 shown in Figure 17 and literature desorption studies,
105

 this corresponds 

to the δ-phase of titanium hydride. In comparison, Zhang and Kisi were able to 

accomplish the formation of TiH1.73 through high-temperature gas adsorption.
106

 

 

Figure 17. The equilibrium T-X phase diagram for Ti-H, taken from Ding and Jones.
104
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 In the literature, the decomposition of TiH2 is typically studied by differential 

scanning calorimetry (DSC).
105,107–109

 At a TPD ramp rate of 10°C/min, there are three 

distinct thermal events in the full decomposition of TiH2: a small peak at ~500°C, a large 

peak at ~580°C, and a shoulder at ~700°C.
105,107,108

 By examining the spectrum of Tt = 

500°C, shown and annotated in Figure 18, the last two features can easily be 

distinguished. However, the first feature, the small peak at ~500°C, cannot be seen in this 

spectrum because the thermal ramp begins at 500°C. In the spectrum of Tt = 450°C in 

Figure 16 above, a slight hitch at 500°C might correspond to the small peak.  

 

Figure 18. The H2 TPD spectrum of the Tt = 500°C run. 
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 Phase transitions during dehydrogenation can be studied using the phase diagram. 

In this discussion, the example of Tt = 500°C is used, when hydrogen is present in the δ-

phase due to the stoichiometric chemical formula TiH1.53. As the temperature increases 

and the atomic ratio decreases to TiH1.5, the system begins to enter the β + δ-phase.
104,105

 

Any small peak at or around 500°C would correspond to this phase change; it is not 

visible in the TPD spectrum, but this is because there is only a small stoichiometric loss 

of H0.03. The δ-phase is completely depleted when the chemical formula is approximately 

TiH.
105,110

 From the phase diagram, a phase change occurs at an atomic ratio of 1:1 when 

the temperature is approximately 580°C. In the TPD spectrum, this phase change 

corresponds to the large peak. The structure remains in the β-phase until the chemical 

formula TiH0.2 is reached, at approximately 700°C.
104,105

 At this point, the β-phase begins 

to coexist with the α-phase, and in the spectrum, this is demarked by the broad shoulder. 

Only the α-phase exists at the formula TiH0.08, and this occurs at approximately 

720°C,
104,110

 which corresponds to when the desorption becomes very slow in the 

spectrum. To confirm the estimated phase changes in the TPD spectrum, the spectrum 

was integrated in parts to determine how much hydrogen was desorbed up until each of 

the three denoted temperatures. The amount of hydrogen desorbed was then compared to 

the theoretical stoichiometric chemical formulas to confirm the phase change behavior, 

and the results are shown in Table 15. 
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Table 15. The comparison between theoretical phase changes and the TPD spectrum. 

Phase Integration 

Temperatures 

(°C) 

Theoretical 

Chemical 

Formulas 

Theoretical 

Loss of 

Hydrogen 

(%) 

Actual 

Hydrogen 

Desorbed 

(mol) 

Actual Loss 

of 

Hydrogen 

(%) 

β + δ 500-580°C TiH1.53 – 

TiH1 

34.6 5.41e-4 33.7 

β 580-700°C TiH1 – 

TiH0.2 

52.2 9.85e-4 61.4 

α + β 700-720°C TiH0.2 – 

TiH0.08 

7.8 5.14e-5 3.3 

α 720-800°C TiH0.08 – 

TiH0 

5.2 2.69e-5 1.7 

 

 Although the percentage of actual loss of hydrogen varies slightly from the 

theoretical loss of hydrogen in the last three phases, this is most likely due to the 

difficulty in pinpointing the precise temperatures to perform the integrations and study 

the phase transitions. For instance, simply changing the second integration temperature 

from 700°C to 690°C changes the percent loss in the β-phase and α + β-phase  to 58.1% 

and 5.8%, respectively. This suggests, however, that the major thermal events in the TPD 

spectrum of TiHx correspond with phase transitions in the system. 

 This study can be extended to the other TPD spectra of different Tt. In the 

spectrum where Tt = 450°C, the first peak represents the presence of the β-phase, while 

the shoulder represents the presence of the α-phase. The peak and shoulder (β- and α-

phases) occur at lower temperatures than the spectrum for Tt = 500°C, which is consistent 

with a lower atomic percentage of hydrogen. Likewise, in the spectrum for Tt = 550°C, 

the peak at ~620°C is diminished because the temperature is greater and the atomic 

percentage of hydrogen is lower, and at a temperature a few degrees higher, the α-phase 

will begin to appear. Yet, the shoulder in this spectrum is similar to that of the spectrum 
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for Tt = 500°C because there is a similar atomic percentage of hydrogen at similar 

temperatures. 

3.2.3. The Kinetics of H2 Desorption on Titanium 

 To study the kinetics of H2 desorption at Tt = 500°C, the previous method of 

hydriding the Ti powder remained the same while TPD ramp rates were changed to 15 

and 20°C/min. The comparison of these three TPD spectra is shown below in Figure 19. 

 

Figure 19. The comparison of TPD spectrum for Tt = 500°C and ramp rates of 10, 15, and 20°C/min. Note: 

the amount of H2 desorbed for all three runs is the same. The peak areas are different because 

the amount of H2 desorbed is integrated with respect to time, while this plot depicts only 

concentration and temperature. 

 

 Because the temperature at the maximum peak (Tm) is dependent on the ramp rate, 

the desorption rate is of either the first or second order. Furthermore, from Figure 19 

above, because Tm is dependent on the amount of H2 adsorbed onto the Ti powder and 
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therefore dependent on the initial coverage (σo), the desorption rate must be second order. 

To calculate the activation barrier (Ed), pre-exponential factor (Ad), and kinetic rate (kd) 

of desorption, Equations 7 and 9 were used. The initial coverage σo was chosen to be 

0.765, which is the ratio of H2/Ti at the start of the desorption. The kinetic parameters are 

given below in Table 16. 

Table 16. The kinetic parameters for H2 desorption on Ti powder. 

Ed  

(eV) 

Ad  

(1/s) 

kd (at 500°C) 

(1/s) 

2.20 7.15e10 3.50e-4 

 

 While the kinetic parameters for H2 desorption have not yet been calculated in 

DFT for Ti, the Ed calculated from DFT for Sc was 2.05 eV. From the studies in the 

previous section, it can be seen that all five metals behave similarly, so the assumption 

can be made that the DFT Ed for Ti would be similar as well. Furthermore, it was found 

that varying σo did not change the magnitude of kd. 

3.2.4. The Experimental Testing of Yttrium 

 A similar study to determine Tt was performed using yttrium powder. The only 

procedural difference was that the TPD was performed to 1000°C rather than 800°C. 

Immediately, issues were observed in the H2 addition and TPD sections on the provided 

yttrium powder. A sample run, with Tt = 400, is shown in Figure 20. 
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Figure 20. Hydrogen addition with Tt = 400°C and the resulting TPD on Y. 

 Visually, the TPD peak is much larger than the H2 addition peak. This would 

indicate that more H2 was desorbed than was adsorbed. This was confirmed by 

integrating the two peaks. The addition peak showed that there were 4.71e-4 moles of H2 

added to the powder, yet the TPD showed that there were 1.75e-3 moles of H2 desorbed. 

To ensure that the surface of the Y powder was clean, new Y powder was used, and it 

was “cleaned” with a TPD to 1000°C. This TPD peak is shown is Figure 21. 
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Figure 21. The TPD of the Y powder. Note: The concentration scale is different from that of Figure 20.  

 

 By overlaying the two plots, it can be seen that the peaks are nearly identical. This 

indicates that there is some impurity on the Y powder. To ensure that the powder was 

fully cleaned, another TPD was performed on the same sample. Indeed, this subsequent 

TPD spectrum showed no desorption of any species, so it was assumed that the Y powder 

was fully cleaned after just one TPD. 

 On this now-cleaned sample, another H2 addition was performed, with Tt = 

800°C. The addition spectrum is shown below in Figure 22. The integration of the peaks 

showed that the same amount of H2 was added and desorbed. From the TPD, the 

stoichiometry of the hydride created was YH1.04. While the Ti powder was able to add 

more hydrogen, it is important to note that the target temperature is not yet optimized for 

the Y powder. Yttrium may prove to be more useful in methane activation because it 
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releases H2 at a higher temperature than titanium, allowing any reaction with methane to 

go to an even higher temperature than titanium. Further studies need to be conducted to 

learn more about the yttrium-hydrogen system. 

 
Figure 22. The H2 addition and TPD spectrum on Y powder with Tt = 500°C. 
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Chapter 4. The Metal-Methane System 

 
4.1. DFT Results 

4.1.1. Activation of CH4: CH4 + 2* → CH3* + H* 

 To study the activation of methane, CH4 was placed on all four adsorption sites of 

all five metals. The binding energy was calculated according to Equation 25 and in 

reference to the energy of methane in the gas-phase, and in all cases, the binding energy 

was approximately 0 eV. Furthermore, all CH4 molecules relaxed 3-4 Å away from the 

surface. This indicated that CH4 remained in the gas phase, and DFT is limited in 

describing weak interactions including van der Waals forces, disallowing further study on 

methane physisorption. Then, to determine how CH4 would dissociate into CH3* and H*, 

a methyl group (CH3) was placed on all four adsorption sites for all five metals. The 

binding energies, in reference to gas-phase methane, in eV and final location (given in 

parentheses) of each CH3 group for the five metals are given in Table 17. 

Table 17. The binding energies (eV) of a CH3 group on different metals and sites. The 

most stable site for each metal is highlighted in bold font. 

 Metals 

Initial 

Sites 

 Sc Ti Y Zr Hf 

fcc -0.25  

(fcc) 

-0.28 

(fcc) 

-0.10 

(fcc) 

-0.10 

(fcc) 
-0.14 

(fcc) 

hcp -0.23 

(hcp) 

-0.00* 

(hcp) 
-0.29 

(hcp) 

-0.13 

(hcp) 

-0.08 

(hcp) 

top -0.23  

(fcc) 

0.69* 

(top) 

-0.09 

(fcc) 

0.67 

(top) 

0.73 

(top) 

bridge -0.25  

(fcc) 

-0.27* 

(fcc) 

-0.10 

(fcc) 

-0.10 

(fcc) 

-0.13 

(fcc) 

 

 In all cases, the most stable site is a three-fold site. The hydrogens sit in a plane 

parallel to the surface above the carbon, and they point towards either the metal atoms or 

the metal-metal bond centers. A separate study was conducted and indicated that there 
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was little energetic difference as to whether the hydrogens pointed at the metal atoms or 

the metal-metal bond centers. This supports literature studies that show that CH3 tends to 

rotate in “helicopter” motion.
111

 Although CH3 remains on the top site for Ti, Zr, and Hf, 

the binding energies indicate that these positions are energetically unfavorable. 

Interestingly, in all cases, when CH3 is adsorbed onto the bridge site, it always diffuses to 

the fcc site, even if the hcp is the preferential site, such as in Y and Zr. Similar studies 

have been performed on Rh(111),
112,113

 Ni(111),
114–117

 and Ru(0001),
118

 where all of the 

CHx species preferentially adsorbed onto the 3-fold hollow sites. Meanwhile, previous 

studies have shown that on Pd(111),
115,119

 Ir(111),
81

 and Pt(111),
115,120

 CH3 preferentially 

adsorbs on the top site. This can be explained by the contraction of the d-orbitals of the 

metals. The adsorption of intermediates such as CH3 is related to the spatial expansion of 

the d-orbitals, and on metals such as nickel, the d-atomic orbitals are contracted, causing 

the intermediates to fall to hollow site.
115

 On the other hand, platinum has expanded d-

orbitals, causing the preferential adsorption of CH3 on the top site.
115

 This may also 

explain why either the fcc or hcp site is preferred for the five studied metals.  

 The co-adsorption of CH3* and H* was then studied. Due to lateral interactions, it 

was found that the most favorable adsorption sites were those in which the CH3* and H* 

were not adsorbed closely, which matches with literature studies for other metals.
118

 The 

resulting most favorable co-adsorption configurations consisted of the CH3* and H* 

adsorbed in their respective preferential binding sites. 

 CI-NEB calculations were then performed to determine the activation energy 

barrier for the first C-H bond scission of CH4. In each case, the minimum energy pathway 

(MEP) was found where the initial state (IS) of CH4 was above the top site and two 
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hydrogen atoms were pointing down towards the surface. This IS matches with the 

literature initial configuration for CH4 activation over Ru(0001).
118

 The C-H bond breaks 

above the top site, and the CH3· and H· fragments move to their respective positions. 

Sample initial, transition, and final configurations for methane activation on Zr(0001) are 

shown in Figure 23. Also below, Table 18 gives the activation energy barriers (EA) and 

the energy difference between the initial and final states on all five metals. For the final 

states, the energies were calculated with infinite separation, i.e. the FS binding energy is 

equal to the sum of the respective H* and CH3* binding energies. 

 
Figure 23. The IS, TS, and FS images in the MEP of CH4 activation on zirconium. 

 

Table 18. The CH4 activation energy barriers and energy differences between the IS and 

FS on all five metals. 

Metal EA (eV)   ΔE (eV) 

Sc 0.85 -1.36 

Ti XXX -1.35* 

Y 0.97 -1.33 

Zr 0.82 -1.16 

Hf 0.85 -1.18 

 

 All five of the metals exhibit the ability to perform the C-H bond scission, with 

activation energy barriers under 1 eV. For comparison, the SUNCAT Center for Interface 

Science and Catalysis group’s CatApp web application
121

 was used. The activation 

energy barriers for various metal catalysts for methane dehydrogenation were determined 

from transition state scalings,
1
 and some selected metal catalysts and their respective 

activation energy barriers and energy differences are shown in Table 19. 
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Table 19. Selected metal catalysts and their respective energy activation barriers and 

energy differences for methane dehydrogenation.
1,121

 

Metal (surface) EA (eV) ΔE (eV) 

Mn(111) 1.1 -0.50 

Ni(111) 1.3 0.54 

Pd(111) 1.1 0.53 

Pt(111) 1.1 0.20 

Re(111) 1.3 -0.03 

Rh(111) 1.1 0.52 

Ru(111) 1.1 0.29 

 

 While these values are not exact because the transition state energies are predicted 

based on the final state dissociation energy and they are not perfectly comparable because 

they were calculated based on the RPBE exchange-correlation functional, the predicted 

EA values are close to the actual values,
1
 and the RPBE functional gives similar activation 

barriers to PW91. The (111) surface of an fcc crystal is its most densely packed surface, 

and the fcc(111) and hcp(0001) are very similar and therefore comparable. The (0001) 

facets of the five studied metals show lower activation barriers than the selected metals, 

and unlike the selected metals, the five studied metals hold onto hydrogen well, allowing 

for the formation of a metal hydride. Then, using the fitted parameters for the Brønsted-

Evans-Polanyi (BEP) relations
1
 and assuming that the activation energy barriers are the 

same in both the RPBE and PW91 functionals, a back-calculation can be performed to 

estimate the energy difference if the system were studied using the RPBE functional. The 

estimated energy differences are shown below in Table 20. 

Table 20. Estimated energy differences using fitted parameters for BEP relations.
1
 

Metal Estimated ΔE (eV) 

Sc 0.09 

Ti XXX 

Y 0.22 

Zr 0.05 

Hf 0.09 
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 The dissociation energy values can now be directly compared to the values from 

the BEP scaling. While the reactions on Mn(111) and Re(111) are more exothermic, the 

five studied metals have lower activation barriers and are known to bind hydrogen more 

strongly. This means that Mn(111) and Re(111) bind CH3 more strongly, indicating that 

it is more difficult for CH3 to desorb from the surface, leading to coke formation on those 

metals. 

4.1.2. Coupling of CH3: 2 CH3* → C2H6 

 The overall goal of this thesis is to upgrade methane into useful products, 

including ethane. To model this in DFT, ethane was placed on all four adsorption sites. 

Like methane, ethane relaxed at least 3-4 Å from the surface, and when the binding 

energies were calculated with reference to the gas-phase energy of ethane, they were all 

found to be approximately 0 eV, indicating that ethane was physisorbed onto the surface. 

Then, two CH3 groups were co-adsorbed in three-fold hollow sites. The CI-NEB method 

was used to determine the MEP for each metal. Figure 23 show the top and side views of 

the MEP for CH3 coupling on Zr, while Table 21 gives the IS configuration, FS 

configuration, EA, and ΔE. In this case, the binding energy of ethane is calculated in 

reference to the energy of gas-phase methane. 
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Figure 23. (top row): The top view of CH3 coupling on Zr(0001). (bottom row): The side view of CH3 

coupling on Zr(0001). 

 

Table 21. The properties of CH3 coupling on all five metals. 

Metal Initial 

Configuration 

Final 

Configuration 

EA (eV) ΔE (eV) 

Sc fcc-fcc top 3.11 0.75 

Ti fcc-fcc top 2.94* 0.77* 

Y hcp-hcp top 2.94 0.76 

Zr fcc-hcp top 3.04 0.80 

Hf fcc-fcc top 3.34 0.79 

 

 In most cases, the initial configuration for the MEP of CH3 coupling corresponds 

to two CH3 groups co-adsorbed in the three-fold hollow site that is most favored, as noted 

by Table 21. In the one exception, Zr, the fcc and hcp sites have nearly identical binding 

energies. In all cases, the MEP for the coupling occurred over the top site. From the side 

view of Figure 23, it can be seen that the metal atom that is the top site becomes 

dislocated and drawn from the metal lattice. For all transition states on all metals, the top 

site atom was displaced approximately 0.3 Å from its original position. 
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 The activation energy barriers for the coupling of CH3 are all large, at 

approximately 3 eV, indicating that the formation of ethane would be very difficult. In 

order for an industrially-appropriate amount of ethane to be formed, the competing 

process, the further dehydrogenation of CH3, must have an even larger energy barrier. 

4.1.3. Dehydrogenation of CH3: CH3* → CH2* + H* 

 To study the dehydrogenation of the CH3 group, CH2 and H were co-adsorbed to 

form the final state image for the CI-NEB calculations. CH2 was kept in the most-favored 

adsorption site for CH3, while H was adsorbed in the adjacent three-fold hollow site. 

While the energy of the system was lower when H was adsorbed further from the CH3 

group due to lateral interactions, studying those configurations as the final state created 

undesired transition states in the NEB method because hydrogen surface diffusion 

barriers were introduced. Thus, it was found that the close co-adsorptions of CH2 and H 

as the final state images yielded the lowest activation energy barriers. An example CH3 

dissociation MEP on Zr and the energetic properties of the reaction on all five metals are 

shown below in Figure 24 and Table 22. 

 

Figure 24. The dissociation of CH3 on Zr. 
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Table 22. The CH3 activation energy barrier and the dissociation energies. 

Metal EA (eV)   ΔE (eV) 

Sc 0.50 -1.15 

Ti XXX -1.11* 

Y 0.61 -0.93 

Zr 0.41 -0.74 

Hf 0.60 -1.01 

 

 The activation energies for CH3 dehydrogenation are much lower than the 

activation energies for CH3 coupling, indicating that CH2 is much more likely to form 

than ethane. Furthermore, the CH3 dehydrogenation energy barriers are also lower than 

the methane activation energy barriers, indicating that once the first C-H bond in methane 

is broken, it is likely that a second C-H bond will break soon after. This same trend is 

seen in the methane activation of other metals, such as Ni,
118

 Rh,
117

 and Ru.
112

 Once the 

perfect symmetry of the methane molecule has been disturbed, it is much easier to break 

the subsequent C-H bonds. 

4.1.4. Desorption of CH3 into the Gas Phase: CH3* → CH3· + * 

 The only other pathway where the adsorbed CH3 group could avoid further 

dehydrogenation was the desorption into the gas phase as a methyl radical. To determine 

the energetics of this process, the energy of a gas-phase methyl radical was calculated 

and used the reference to determine CH3 desorption energy. Table 23 lists the energy 

needed to desorb CH3 from the most stable site for each of the five metals. 

Table 23. The desorption energy for CH3 on the most stable site. 

Metal Desorption Energy (eV) 

Sc 2.79 

Ti 2.83 

Y 2.84 

Zr 2.67 

Hf 2.68 
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 The energies needed to desorb CH3 from its most stable site into the gas phase are 

very high. This indicates that the desorption of CH3 into the gas phase is very unlikely 

compared to the further dehydrogenation. However, the desorption energies are slightly 

less than the activation energy barriers for CH3 coupling. Two CH3 groups then would 

more likely desorb into the gas phase and couple in the gas phase rather than coupling on 

the surface. This supports literature work that suggest that two CH3 groups couple in the 

gas phase rather than on the surface.
122–124

  

4.1.5. Dehydrogenation of CH2: CH2* → CH* + H* 

 Since CH3 dehydrogenation is the most likely of the previous three steps, 

calculations were performed to determine if CHx further dehydrogenated. To determine 

the activation energy barriers for the dehydrogenation of CH2, the adsorption of CH2 was 

studied on the adsorption sites of the five metals. From previously studied metals, when 

CH3 adsorbed onto the three-fold hollow sites, all other CHx groups preferred the three-

fold hollow sites as well.
112,118

 Thus, the adsorptions of CH2 on the five metals were only 

studied on the fcc, hcp, and bridge sites. Table 24 below gives the binding energies on all 

five metals. 

Table 24. The binding energies (eV) of a CH2 group on different metals and sites. The 

most stable site for each metal is highlighted in bold font. 

 Metals 

Initial 

Sites 

 Sc Ti Y Zr Hf 

fcc -0.09 

(fcc) 

-0.04 

(fcc) 
-0.12 

(fcc) 

0.12 

(fcc) 

0.02 

(fcc) 

hcp -0.13 

(hcp) 

-0.07 

(hcp) 

-0.11 

(hcp) 

0.24 

(hcp) 

0.16 

(hcp) 

bridge -0.09  

(fcc) 

-0.07 

(hcp) 

-0.12 

(fcc) 

0.23 

(hcp) 

0.02 

(fcc) 

 

 The binding energies of CH2 show that CH2 is not as strongly adsorbed as CH3; 

Zr and Hf show positive binding energies. Interestingly, the preferential binding sites for 
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Sc, Ti, Y, and Zr switched between CH3 and CH2. In all cases, the two hydrogen atoms 

rested in a plane parallel to the surface, and one hydrogen atom pointed towards a top site 

of a metal atom while the other hydrogen atom pointed at the opposite metal-metal bond 

center. 

 CH and H were then co-adsorbed onto neighboring three-fold hollow sites in 

order to generate the final image for the CI-NEB calculations. Similar to the previous 

dehydrogenations, although the energy of the system was lower when the H atom was 

adsorbed farther away due to lateral interactions, the MEP was found when CH and H 

were in neighboring sites. Unlike the previous dehydrogenations, the lateral interactions 

caused a very small shift in the geometries of the adsorbates. The carbon in the CH group 

shifted away from the co-adsorbed H, while the H in the CH group rotated slightly down 

and moved closer to the co-adsorbed H so that it no longer sat directly on top of the C. 

While it became more clear that lateral interactions played a role in the geometry, the 

shifts in geometry were still of a magnitude less than 0.1 Å. In Figure 25, the IS, TS, and 

FS of the CH2 dehydrogenation on Zr are depicted, while Table 25 gives the activation 

energy barriers and dissociation energies on all five metals. 

 

Figure 25. The dissociation of CH2 on Zr. 
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Table 25. The CH2 activation energy barrier and the dissociation energies. 

Metal EA (eV)   ΔE (eV) 

Sc 0.88 -0.53 

Ti XXX -0.56* 

Y 0.61 -0.13 

Zr 0.41 -0.24 

Hf 0.54 -0.58 

 

 Like the dehydrogenation of CH3, the dehydrogenation of CH2 is even more facile 

than the activation of CH4, indicating that once the first C-H bond of methane breaks, at 

least the next two C-H bonds will break as well on these five metals. The CH2 activation 

energy barriers for Y, Zr, and Hf are nearly identical to the CH3 activation energy 

barriers; on these three metals, the CH2 dissociation occurred on the same three-fold 

hollow site as the CH3 dissociation. For Sc, the MEP was found when CH2 dissociated on 

the hcp rather than the fcc site, the dissociation site for CH3. Further vibrational studies 

will be performed to ensure that the chosen pathway is indeed the correct MEP. Finally, 

while activation energy barriers are small, the CH2 dehydrogenation is not as exothermic 

as the previous dehydrogenation steps. As a result, future studies will include the 

examination of the coupling of CH2 to form C2H4, or ethylene. 

4.1.6. Dehydrogenation of CH: CH* → C* + H* 

 The final dehydrogenation step, that of CH, was studied in a similar manner to the 

previous dehydrogenation steps. Since no previous CHx group relaxed into the bridge 

site, the adsorption of CH was studied on only the fcc and hcp sites. The CH dissociation 

on Zr is shown in Figure 26, and the binding energies are given in Table 26. The co-

adsorptions of C and H were also studied and the NEB calculations were performed, 

yielding the energetic results in Table 27. 
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Figure 26. The dissociation of CH on Zr. 

Table 26. The binding energies of a CH group on different metals and sites. The most 

stable site for each metal is highlighted in bold font. 

 Metals 

Initial 

Sites 

 Sc Ti Y Zr Hf 

fcc 0.74 

(fcc) 
0.46* 

(fcc) 

1.05 

(fcc) 
0.57 

(fcc) 

0.45 

(fcc) 

hcp 0.58 

 (hcp) 

0.51* 

(hcp) 
0.91 

(hcp) 

0.74 

(hcp) 

0.59 

(hcp) 

 

Table 27. The CH activation energy barrier and the dissociation energies. 

Metal EA (eV)   ΔE (eV) 

Sc 0.71 0.10 

Ti XXX 0.21* 

Y 0.63 0.36 

Zr 0.87 0.40 

Hf 0.72 -0.05 

 

 The binding energies of CH relative to gas-phase methane are all greater than that 

of CH2 and CH3. It is important to note, however, that this does not mean that CH is more 

likely to desorb than CH2 and CH3. The CH··· radical is much less stable in the gas phase 

than the CH2·· and CH3· radicals, making it much less likely to desorb into the gas phase 

than the radicals with higher hydrogen content. In addition, the most favorable adsorption 

site is not consistent between CH, CH2, and CH3. Interestingly, for all metals except for 

Sc, the activation energy barriers of CH dehydrogenation are higher than those of CH2 

dehydrogenation. The CH dehydrogenation barriers are also higher than the CH3 
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dehydrogenation and methane activation barriers, except for in the case of Zr. For Zr, the 

CH activation energy barrier is higher than the methane activation barrier, but further 

vibrational studies will be conducted to ensure that this data is correct. However, this 

general trend indicates that on all five metals, once methane is activated, it would likely 

fully dehydrogenate into just coke on the surface, which is detrimental to the metal’s 

catalytic ability. 

4.1.7. Comparison of the Activation Energy Barriers of CHx 

 The activation energy barriers for the dehydrogenation of CHx on Sc, Y, Zr, and 

Hf were compiled and are compared in the plot in Figure 27. It can be seen that for all 

metals, after the initial C-H bond scission of methane, the following dehydrogenation of 

CH3 is relatively facile. For Y, Zr, and Hf, the dehydrogenation of CH2 has almost the 

exact same activation energy barrier as CH3, while the dehydrogenation of CH2 on Sc has 

a higher activation energy barrier than the activation of methane. In this regard, future 

work may include the study of the coupling of CH2 to form C2H4, or ethylene, on Sc. 

Finally, the activation energy barrier of the dehydrogenation of CH is similar to the 

previous two dehydrogenation steps on Sc, Y, and Hf. However, Zr shows a high final 

dehydrogenation activation barrier. After vibrational frequencies studies have been 

completed to confirm this value, future studies could include the coupling of CH to form 

C2H2, or acetylene.  
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Figure 27. The activation energy barriers for the dissociation of CHx. 

4.1.8. C Surface Adsorption 

 To understand the process of coking on the metal surfaces, one carbon atom was 

placed on the fcc and hcp sites of all metals. The binding energies, calculated relative to 

methane, are given in Table 28. 

Table 28. The binding energies of C on different metals and sites. The most stable site 

for each metal is highlighted in bold font. 

 Metals 

Initial 

Sites 

 Sc Ti Y Zr Hf 

fcc 0.06 

(fcc) 

1.30* 

(fcc) 
0.49 

(fcc) 

1.43 

(fcc) 

1.39 

(fcc) 

hcp 1.22 

(hcp)
 

0.85* 

(hcp) 

1.40 

(hcp) 
1.10 

(hcp) 

0.99 

(hcp) 

 

 Interestingly, this is the first carbon species that shows a major discrepancy 

between the two three-fold hollow sites. When carbon is adsorbed onto the fcc sites of Sc 
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and Y, not only do they adsorb 1 eV stronger than on the hcp sites of their respective 

metals, they also adsorb stronger than the CH groups relative to methane. This stability 

shows the propensity of these metals to form coke on their surfaces. Furthermore, on the 

hcp on all metals, the carbon diffused into the subsurface layer of the metal lattice, 

resting at the tetrahedral I site. This could indicate that these metals may even have a 

strong ability to form carbides. Unfortunately, the diffusion of carbon into the subsurface 

demonstrates the difficulty of removing the carbon from the surface. The result is that 

these metals have an excellent ability to activate the C-H bond of methane, but 

unhindered coke formation make them poor catalysts overall. 

4.1.9. Potential Energy Diagram 

 Figure 28 below shows the full potential energy diagram of the studied reactions 

with respect to methane for Hf. While the other metals have different activation energies 

and binding energies, this study has shown that the values for all five metals are relatively 

similar, so the potential energy diagram of Hf serves as a model for the other four. 

 
Figure 28. The potential energy diagram of CH4 activation for Hf. 
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 In the steps showing blue arrows, it is assumed that the hydrogen fragment from 

the dissociation step is desorbed into the gas phase and is no longer taken into account in 

the potential energy diagram. In the step with a red block arrow, a second methane 

molecule is adsorbed onto the surface, and an H2 molecule (one hydrogen atom from the 

first methane and one from the second methane) is desorbed. Furthermore, in some of the 

dehydrogenation steps, the energy barrier is higher than the listed one from previous 

sections. This is because in the depicted potential energy diagram, some CHx diffusion 

barriers are taken into account and added to the dehydrogenation activation barrier. From 

the potential energy diagram, it can be seen that once methane has activated and CH3 

remains on the surface, CH3 is most likely to dissociate into CH2. In addition, methyl 

radical desorption is more likely to occur than CH3 coupling on the surface. These 

potential energy diagrams indicate that the five studied metals are not good catalysts for 

the upgrade of methane due to over-dehydrogenation. 

 

4.2. Experimental Results 

4.2.1. Experimental Method 

 After holding the metal under 95 sccm argon at 120°C, 100 mg titanium powder 

was heated under 5 vol% CH4 at 10°C/min until it reached 800°C. The reactor was held 

at 800°C under CH4 for 40 minutes, and cooled down to room temperature under CH4. 

Once room temperature was reached, the CH4 flow was shut off, and the reactor was 

heated back to 120°C under argon. At 120°C, the reactor was held under 5 vol.% O2 for 

15 minutes. Then, the reactor was heated under O2 at 10°C/min until it reached 800°C. It 

was held at 800°C for 40 min until the reactor was shut off. 
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4.2.2. Methane Addition to Titanium 

 Methane was added to the titanium powder via the method listed above, and the 

mass spectrum is shown below. 

 
Figure 29. The addition of methane to Ti. 

 

 It can be seen that there is very little methane uptake into the powder, as the 

methane flow remains near 5 vol. % throughout the run. Between 80-100 min, a small H2 

peak appears. The DFT results show that methane is readily dehydrogenated on the five 

studied metals. Consequently, the H2 peak in the spectrum is from the dehydrogenation of 

methane, which follows the equation 

                                                 𝐶𝐻4 + ∗ → 𝐶 ∗  +2𝐻2.                                                   (28) 
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Afterwards, temperature programmed oxidation (TPO) was performed, and the resultant 

mass spectrum is below in Figure 30 (top). A zoomed in version of the TPO spectrum is 

also displayed in Figure 30 (bottom). 

 

 
Figure 30. (top) The temperature programmed oxidation on Ti. (bottom) The TPO spectrum on Ti, 

zoomed in. 
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 The TPO spectrum shows some uptake of O2, particularly after 60 min have 

passed. There are three reactions for O2 in this system. They are: 

                                                           𝐶 ∗  +𝑂2  → 𝐶𝑂2,                                                 (29) 

                                                2𝐻 ∗ +
1

2
𝑂2 → 2𝐻2𝑂, and                                               (30) 

                                                          𝑇𝑖 + 𝑂2 → 𝑇𝑖𝑂2.                                                   (31) 

From the spectrum, it is immediately evident that some CO2 is formed. This supports the 

claim that most of the methane that is adsorbed onto the metal is fully stripped of its 

hydrogen. In addition, a very small amount of ethane is formed, but its relatively small 

peak size demonstrates the catalyst’s poor selectivity towards the desired products. To 

further quantify this observation, the H2 peak from the methane addition spectrum and the 

CO2, H2O, and C2H6 peaks from the TPO spectrum are integrated. These results are 

tabulated in Table 29. 

Table 29. The amounts of the reaction products after TPO. 

Product Amount Desorbed  

(moles) 

H2 9.9e-5 

CO2 3.9e-4 

H2O 4.7e-5 

C2H6 1.7e-5 

 

Assuming that the total amount of atomic hydrogen released in both spectra is 

stoichiometrically related to the amount of methane that is adsorbed, the carbon 

selectivities can also be determined. From hydrogen balances, it is determined that there 

are 3.0e-5 moles of CH4 that were added. However, the number of moles of CO2 is 

greater than the number of moles of CH4 added, which would indicate that carbon was 

generated. This can be elucidated by two explanations. First, finding the baseline for the 



65 

 

integration of H2O and CO2 is based off a visual estimate. Raising or lowering the 

baseline would respectively decrease or increase the calculated amount of H2O or CO2 

that is desorbed. Second, some hydrogen that was stripped from the methane may have 

remained in the titanium. Further TPO experiments of TiH2 would show if 800°C is a 

high enough temperature for all of the hydrogen to desorb as H2O. 

Since the stoichiometric assumption cannot be followed and it is difficult to 

determine how much CH4 was truly reacted, a crude estimation of the carbon selectivity 

must be performed. Assuming that CO2 and C2H6 are the only carbon-based products, the 

selectivities for the two products are 89.5% and 10.5%, respectively. The selectivity to 

C2+ products is very poor, even compared to literature OCM catalysts. Furthermore, the 

conversion is also low, verifying that Ti is not a good catalyst for the non-oxidative 

coupling of methane. Strategies to improve upon this catalyst are given in Chapter 5. 
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Chapter 5. Future Studies 

 
5.1. Improvement of Current Results 

5.1.1. Metal Hydrides – DFT Section 

 All calculations marked with an asterisk must be performed again to ensure 

accuracy; this is mostly on the Ti surface. In the diffusion of hydrogen throughout the 

bulk of the five metals, only the diffusion path straight down the fcc site was studied. All 

possible diffusion pathways must be studied to determine the true MEP to dissolve a 

hydrogen adatom from the surface to the 2
nd

 sublayer. A lower activation energy barrier 

for subsurface diffusion would also affect the interstitial hydrogen hopping rates. The 

surface diffusion rates of hydrogen can also be studied. This would require further 

vibrational frequency calculations for the hydrogen on the fcc and hcp sites. Finally, the 

effect of coverage on the diffusion of hydrogen into the bulk can be examined. 

Realistically, in experimental work, the coverage of hydrogen would be greater than θ = 

1/9, the coverage that was modeled in the DFT work. The effect of coverage on the 

diffusion rates can be determined using microkinetic modeling. 

 Soulivong and co-workers found that a silica-supported tantalum hydride could be 

used to non-oxidatively couple methane.
46

 Although their catalyst is only a single-site 

catalyst and does not have any true hydride-forming properties, the activity of tantalum is 

noted and the metal could be probed to see if a metal hydride can be formed. From the 

Hydrogen Storage Materials Database,
44

 tantalum did not form a hydride within the 

necessary thermodynamic requirements. 
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5.1.2. Metal Hydrides – Experimental Section 

 To optimize the hydrogen loading on titanium, the effects of hydrogen exposure 

time, ramp rate, and H2 flow rate on the stoichiometric ratio can be examined. Increasing 

the hydrogen concentration on titanium could result in the observation of different 

phases, including the δ-phase. 

 The runs on yttrium powder need to be performed again after cleaning the surface. 

While zirconium is cheap, it is packaged in water, and must be dried properly in order for 

any studies to be performed on it. Hafnium requires delicate handling and scandium is a 

very expensive metal, so these two metals would be difficult to study experimentally. 

5.1.3. Methane Activation – DFT Section 

 All remaining calculations marked with an asterisk must be completed. More 

vibrational frequency calculations on the transition states need to be performed to ensure 

that the generated transition state images from the CI-NEB calculations are true saddle 

points. Vibrational frequency calculations can also be performed on the adsorbed CH3 

species to determine the temperature needed to make its desorption favorable, i.e. when 

ΔG is negative. If this temperature is considerably higher than the temperature needed to 

dehydrogenate CH3, then performing the CH3 coupling would be difficult on that metal 

surface. Finally, the coupling of CH2 to form ethylene and CH to form acetylene could be 

studied. 

5.1.4. Methane Activation – Experimental Section 

 First, the addition of methane may need to go to higher temperatures. Keller 

showed that he achieved higher conversions of methane to C2 products on titanium 

supported on alumina in the oxidative coupling of methane.
38

 To determine what is on the 
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titanium surface after the methane addition and TPO, Fourier transform infrared 

spectroscopy (FTIR) can be used after each step. In addition, the method of removing all 

surface species and regenerating the metal needs to be elucidated. There are two methods, 

TPO and TPD. TPO could be a risky regeneration method, as titanium oxidizes readily, 

especially at high temperatures.
125–127

 The TPO of titanium hydride would be an 

appropriate experiment to observe if all of the hydrogen is removed from the metal and if 

any TiO2 is formed. On the other hand, if CH4 is fully stripped and only carbon remains 

on the Ti surface, performing a TPD would not remove any carbon and might result in 

the formation of titanium carbide (TiC).
128

 Alternative metal hydrides are most likely 

needed to perform methane coupling. 

 

5.2. Metal Alloys 

 The results of this thesis show that binary metal hydrides are not good catalysts 

for methane upgrade. To enhance the catalytic ability, bimetallic alloys can be used. The 

Hydrogen Storage Materials Database
44

 and various literature works
86,87

 show that 

ternary metal hydrides, or metal hydrides of the form AxByHz, can also form within the 

necessary thermodynamic requirements. This section explores the different ways that the 

five selected metals can be alloyed to improve their catalytic performance. 

5.2.1. Improving the Conversion 

 The lack of uptake of methane on titanium showed that titanium suffered from 

poor conversion. The most active noble metals for methane activation are Rh, Ir, Pt, Ru, 

and Pd
129,130

 while the most active non-noble metal is Ni.
131

 By alloying one of the five 

early transition metals with one of the active metals, the hydrogen storage abilities of the 
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early transition metal will be coupled with the methane activation abilities of the active 

metal. Some of these alloys can form metal hydrides within the necessary thermodynamic 

constraints, such as PdTi2,
132

 NiZr,
133

 and NiZr2.
134

 Theoretical and experimental work 

could be performed to determine if the activation energy barriers to break the C-H bond 

of methane are lower and if a higher conversion is achieved. 

5.2.2. Improving the Selectivity 

 The preference of the methane to fully dehydrogenate and form CO2 after the 

TPO demonstrates the catalysts’ poor selectivity towards the desired C2+ products. Metals 

such as Al, Sn, and Sb have been found to reduce the formation of carbon on metal 

surfaces. Alloying the five early transition metals with these antifouling metals would 

provide hydrogen storage and coke prevention capabilities. Ti3Al,
135–137

 Ti3Sn,
138

 and 

Ti3Sb
135

 have been found to also have hydride formation enthalpies within the 

thermodynamic constraints. In particular, Ti3Al is rather resistant to oxidation
139–141

 and 

some preliminary DFT calculations have been performed. Early results show that the 

hydrogen binding energies are stronger on Ti3Al than on Ti while the binding energies of 

the carbon species are lower on the alloy. This indicates that Ti3Al would have a higher 

selectivity towards the C2+ species without suffering from a decrease in hydrogen storage 

ability. Figure 30 shows the Ti3Al(0001) surface used for the DFT calculations. 
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Figure 30. The top and side views of the Ti3Al(0001) surface. 

 

5.2.3. Near-Surface Alloys 

 Some two-component metal systems do not mix in the bulk; rather, they form 

stable alloys near the outermost surface layer.
142

 A sample near-surface alloy, taken from 

Greeley and Mavrikakis, is shown in Figure 31.
100

 Hydrogen adsorption has been studied 

on these alloys and H2 dissociation is facile on some of these surfaces.
100,143

 The 

likelihood of a metal to congregate on the surface can be performed through a simple 

calculation. If the solute metal is more stable on the surface than in the bulk, it is more 

likely to form a near surface alloy.
144

 Preliminary DFT calculations on the near-surface 

alloys of TiPd, TiNi, YPd, and ZrPd have been initiated. Figure 32 shows the top and side 

views of ZrPd. 

 

Figure 31. Side view of a sample overlayer. Taken from Greeley and Mavrikakis.
100
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Figure 32. The top and side views of the ZrPd near-surface alloy. The Zr host is cut in the (0001) plane. 

 

5.3. Other Dehydrogenation/Hydrogenation Reactions 

 While the coupling of methane to form C2+ products was the goal of this thesis, 

the studied metals can also be used for a variety of other reactions involving the removal 

(or addition) of hydrogen. It is expected that the same conversion and selectivity issues 

that arose in this thesis would arise again in the studies of other reactions, so the metal 

alloy hydrides may be studied more in depth in the future. Three possible reactions to 

model in the future are proposed below. 

5.3.1. The Dehydrogenation of Alkanes 

 Commercially, olefins are primarily produced through hydrocracking. However, 

as the United States continues to move away from crude oil, there has been a decrease in 

olefin production. For instance, propylene, a high-demand olefin due to its use as a raw 

material in polypropylene and propylene oxide, has seen its production drop. The reasons 

are twofold: fluid catalytic cracking throughput has decreased, and ethane is increasingly 

used as the feed in steam cracker units due to the recent discovery of U.S. shale gas 
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reserves; these light feeds produce significantly less propylene than the cracking of 

heavier liquids. As a result, alternative methods to directly synthesize propylene and 

other olefins have been sought. 

 One such method is the dehydrogenation of an alkane to an alkene. Presently, 

oxidative dehydrogenation (ODH), where the reaction is CnH2n+2 + ½ O2→ CnH2n + H2O, 

is the most-studied route because the reaction becomes more favorable at lower 

temperatures.
145

 Like OCM however, an inherent issue with ODH is that there is poor 

selectivity to the desired product due to over-oxidation to form oxygenated species, 

including CO and CO2. Similarly to the work in this thesis, metal alloy hydrides can be 

used to abstract two hydrogen atoms from propane or any other alkane. The conversion is 

expected to be higher for this reaction, as the C-H bond in C2+ alkanes is weaker than that 

of methane. A new challenge arises, however, as the catalyst should not also break the C-

C bonds in C2+ alkanes. The work from this thesis shows that this should not be too 

problematic. The potential energy diagram in Figure 28 shows that going from Step 4a 

(ethane) to Step 3a (two adsorbed CH3 groups) still requires overcoming a very large 

activation energy barrier on Hf. This possible issue must be studied thoroughly in future 

studies, though. 

 Preliminary DFT studies have been performed for the dehydrogenation of 

propylene on Ti, Ti3Al, and Y. As expected, the single metals most likely will not be 

good catalysts. Propylene was adsorbed onto all three surfaces, and on Ti and Y, the 

molecule was immediately further dehydrogenated, modeling the reaction C3H6* → 

C3H4* + 2 H*. Meanwhile, on Ti3Al, propylene remained intact, and when the molecule 

was placed near the Al top site, it diffused away. This would indicate that propylene, the 
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desired product, is more likely to desorb from the surface on Ti3Al than on the single 

metals. 

5.3.2. HCN Synthesis 

 Presently, the only direct conversion of methane to a useful product is the 

formation of hydrogen cyanide, a chemical building block, through the BMA process 

(CH4 + NH3 → HCN + 3 H2)
34

 or the Andrussow process (CH4 + NH3 + 1.5 O2 → HCN 

+ 3 H2O).
35

 The Andrussow process is more important industrially because it is an 

exothermic reaction, but the presence of oxygen leads to undesired side reactions. 

Meanwhile, the BMA process, also known as the Degussa process, is more desirable 

because there are no undesired oxygenated products, but the process is endothermic. 

Grabow and co-workers used a descriptor-based analysis to find that the turnover 

frequency (TOF) for NH3 conversion was greatest when CH4 was fully dehydrogenated 

to just C adsorbed onto the surface.
146

 From the thesis work, the studied early transition 

metals readily and fully dehydrogenate methane, leaving the desired surface C for the 

BMA process. The dehydrogenation of NH3 was studied in DFT on Y, and the activation 

energy barriers for the dehydrogenation are shown in Table 30. 

Table 30. The dehydrogenation activation energy barriers for NH3 on Y(0001). 

Reaction Activation Energy Barrier (eV) 

NH3 → NH2* + H* 1.01 

NH2* → NH* + H* 0.43 

NH* → N* + H* 1.26 

 

 The activation energy barrier for the final dehydrogenation step of NH3 is higher 

than the first dehydrogenation step, possibly indicating that the dissociation of NH3 will 

stop at NH. While this work is in the early stages, the reactivity of the C* species makes 

this potential project promising, even on the single metal catalysts. It is expected that a 
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metal alloy would still be needed to increase concentration or selectivity in order to 

improve upon the current industrial catalyst, Pt. 

5.3.3. The Selective Hydrogenation of Acetylene 

 All previous projects have involved the dehydrogenation of the reactant 

molecule(s). The reverse can also be performed using metal hydrides. As seen in the TPD 

work with titanium hydride, H2 can be slowly and thermally released, a useful property 

for selective hydrogenation. Acetylene (C2H2) is an undesired side product from steam 

cracking, as it affects the polymerization process of ethylene (C2H4). As a result, 

acetylene must be selective hydrogenated to ethylene without forming any ethane (C2H6), 

which is not as valuable as ethylene. Commercial catalysts presently employ Ag to 

increase selectivity,
147

 but Ag is an expensive metal. The studied metals and metal alloys 

may provide a cheaper option for the selective hydrogenation of acetylene. Preliminary 

DFT work of the hydrogenation of acetylene over TiH2 has begun. 

 

5.4. Summary 

 The abilities of five early transition metals to upgrade methane were explored 

through theoretical and experimental research. It was found that these five early transition 

metals readily form metal hydrides and can activate the C-H bond of methane, but are 

poor catalysts for methane upgrade due to poor conversion and selectivity. The 

understanding gained through the work of this thesis builds the foundation for future 

work on the use of metal and metal alloy hydrides in important, catalytic reactions. 

 

 



75 

 

References 

 
1. Wang, S., Petzold, V., Tripkovic, V., Kleis, J., Howalt, J. G., Skulason, E., 

Fernandez, E. M., Hvolbaek, B., Jones, G., Toftelund, A., Falsig, H., Bjorketun, 

M., Studt, F., Abild-Pedersen, F., Rossmeisl, J., Norskov, J. K., Bligaard, T. 

Universal transition state scaling relations for (de)hydrogenation over transition 

metals. Phys. Chem. Chem. Phys. 13, 20760–5 (2011). 

2. Höök, M. & Tang, X. Depletion of fossil fuels and anthropogenic climate 

change—A review. Energy Policy 52, 797–809 (2013). 

3. Matthews, H. D., Graham, T. L., Keverian, S., Lamontagne, C., Seto, D., Smith, 

T.J. National contributions to observed global warming. Environ. Res. Lett. 9, 

014010 (2014). 

4. Climate Change 2014 Synthesis Report Summary for Policymakers. at 

<https://www.ipcc.ch/pdf/assessment-

report/ar5/syr/AR5_SYR_FINAL_SPM.pdf> 

5. Dutta, S. A review on production, storage of hydrogen and its utilization as an 

energy resource. J. Ind. Eng. Chem. 20, 1148–1156 (2014). 

6. Züttel, A. Hydrogen storage methods. Naturwissenschaften 91, 157–72 (2004). 

7. Dunn, S. Hydrogen futures: toward a sustainable energy system. Int. J. Hydrogen 

Energy 27, 235–264 (2002). 

8. Sakintuna, B., Lamaridarkrim, F. & Hirscher, M. Metal hydride materials for solid 

hydrogen storage: A review☆. Int. J. Hydrogen Energy 32, 1121–1140 (2007). 

9. Satyapal, S., Petrovic, J., Read, C., Thomas, G. & Ordaz, G. The U.S. Department 

of Energy’s National Hydrogen Storage Project: Progress towards meeting 



76 

 

hydrogen-powered vehicle requirements. Catal. Today 120, 246–256 (2007). 

10. Lennard-Jones, J. E. Processes of adsorption and diffusion on solid surfaces. 

Trans. Faraday Soc. 28, 333 (1932). 

11. Blanksby, S. J. & Ellison, G. B. Bond dissociation energies of organic molecules. 

Acc. Chem. Res. 36, 255–63 (2003). 

12. Schlapbach, L. & Züttel, A. Hydrogen-storage materials for mobile applications. 

Nature 414, 353–8 (2001). 

13. Mueller, W., Blackledge, J. & Libowitz, G. Metal Hydrides. (Elsevier, 1968). at 

<https://books.google.com/books?hl=en&lr=&id=JgIcBQAAQBAJ&pgis=1> 

14. David, E. An overview of advanced materials for hydrogen storage. J. Mater. 

Process. Technol. 162-163, 169–177 (2005). 

15. Andreasen, A. Predicting formation enthalpies of metal hydrides. 1484, (2004). 

16. Bouten, P. C. P. & Miedema, A. R. On the heats of formation of the binary 

hydrides of transition metals. J. Less Common Met. 71, 147–160 (1980). 

17. Ehrlich, G. Kinetic and Experimental Basis of Flash Desorption. J. Appl. Phys. 32, 

4 (1961). 

18. Redhead, P. A. Thermal desorption of gases. Vacuum 12, 203–211 (1962). 

19. Cvetanović, R. J. & Amenomiya, Y. A Temperature Programmed Desorption 

Technique for Investigation of Practical Catalysts. Catal. Rev. 6, 21–48 (1972). 

20. Boudart, M. & Djega-Mariadassou, G. Kinetics of Heterogeneous Catalytic 

Reactions. (Princeton University Press, 2014). at 

<https://books.google.com/books?id=iqf_AwAAQBAJ&pgis=1> 

21. BP. Natural Gas section - Statistical Review of World Energy. (2015). at 



77 

 

<http://www.bp.com/content/dam/bp/pdf/energy-economics/statistical-review-

2015/bp-statistical-review-of-world-energy-2015-natural-gas-section.pdf> 

22. Makogon, Y. F., Holditch, S. A. & Makogon, T. Y. Natural gas-hydrates — A 

potential energy source for the 21st Century. J. Pet. Sci. Eng. 56, 14–31 (2007). 

23. Dawe, R. A. & Thomas, S. A Large Potential Methane Source—Natural Gas 

Hydrates. Energy Sources, Part A (2007). at 

<http://www.tandfonline.com/doi/abs/10.1080/009083190948676> 

24. Wang, Q., Chen, X., Jha, A. N. & Rogers, H. Natural gas from shale formation – 

The evolution, evidences and challenges of shale gas revolution in United States. 

Renew. Sustain. Energy Rev. 30, 1–28 (2014). 

25. Bousquet, P., Ciais, P., Miller, J. B., Dlugokencky, E. J., Hauglustaine, D. A., 

Prigent, C., Van der Wert, G. R., Peylin, P., Brunke, E. G., Carouge, C., 

Langenfelds, R. L., Lathiere, J., Papa, F., Ramonet, M., Schmidt, M., Steele, L. P., 

Tyler, S. C., White, J.. Contribution of anthropogenic and natural sources to 

atmospheric methane variability. Nature 443, 439–43 (2006). 

26. Weiland, P. Biogas production: current state and perspectives. Appl. Microbiol. 

Biotechnol. 85, 849–60 (2010). 

27. Horn, R. & Schlögl, R. Methane Activation by Heterogeneous Catalysis. Catal. 

Letters 145, 23–39 (2014). 

28. Ruscic, B. Active Thermochemical Tables: Sequential Bond Dissociation 

Enthalpies of Methane, Ethane, and Methanol and the Related Thermochemistry. 

J. Phys. Chem. A 119, 7810–37 (2015). 

29. Rostrup-Nielsen, J. R., Sehested, J. & Nørskov, J. K. Hydrogen and synthesis gas 



78 

 

by steam- and C02 reforming. Adv. Catal. 47, 65–139 (2002). 

30. Tsang, S. C., Claridge, J. B. & Green, M. L. H. Recent advances in the conversion 

of methane to synthesis gas. Catal. Today 23, 3–15 (1995). 

31. Aasberg-Petersen, K, Dybkjaer, I., Ovesen, C.V., Schjodt, N.C., Sehested, J., 

Thomsen, S.G. Natural gas to synthesis gas – Catalysts and catalytic processes. J. 

Nat. Gas Sci. Eng. 3, 423–459 (2011). 

32. Hydrogen and Syngas Production and Purification Technologies. (John Wiley & 

Sons, Inc., 2009). 

33. Rostrup-Nielsen, J. & Christiansen, L. J. Concepts in Syngas Manufacture. (World 

Scientific, 2011). 

34. Koberstein, E. Model Reactor Studies of the Hydrogen Cyanide Synthesis from 

Methane and Ammonia. Ind. Eng. Chem. Process Des. Dev. 12, 444–448 (1973). 

35. Andrussow, L. Blausäuresynthese und die schnell verlaufenden katalytischen 

Prozesse in strömenden Gasen. Chemie Ing. Tech. 27, 469–472 (1955). 

36. Myers, R. L. The 100 Most Important Chemical Compounds: A Reference Guide. 

(ABC-CLIO, 2007). 

37. Gao, R., Sun, W.-H. & Redshaw, C. Nickel complex pre-catalysts in ethylene 

polymerization: new approaches to elastomeric materials. Catal. Sci. Technol. 3, 

1172 (2013). 

38. Keller, G. Synthesis of ethylene via oxidative coupling of methane I. 

Determination of active catalysts. J. Catal. 73, 9–19 (1982). 

39. Lunsford, J. H. Catalytic conversion of methane to more useful chemicals and 

fuels: a challenge for the 21st century. Catal. Today 63, 165–174 (2000). 



79 

 

40. Lee, J. S. & Oyama, S. T. Oxidative Coupling of Methane to Higher 

Hydrocarbons. Catal. Rev. 30, 249–280 (1988). 

41. Su, Y. Upper bound on the yield for oxidative coupling of methane. J. Catal. 218, 

321–333 (2003). 

42. Hammond, C., Conrad, S. & Hermans, I. Oxidative methane upgrading. 

ChemSusChem 5, 1668–86 (2012). 

43. Jašo, S., Arellano-Garcia, H. & Wozny, G. Oxidative coupling of methane in a 

fluidized bed reactor: Influence of feeding policy, hydrodynamics, and reactor 

geometry. Chem. Eng. J. 171, 255–271 (2011). 

44. Energy, U. S. D. of. Hydrogen Storage Materials Database. at 

<http://hydrogenmaterialssearch.govtools.us/> 

45. Arndt, S. & Schomäcker, R. in Reference Module in Chemistry, Molecular 

Sciences and Chemical Engineering (Elsevier, 2014). doi:10.1016/B978-0-12-

409547-2.10948-5 

46. Soulivong, D., Norsic, S., Taoufik, M., Copéret, C., Thivolle-Cazat, J., Chakka, S., 

Basset, J.M. Non-oxidative coupling reaction of methane to ethane and hydrogen 

catalyzed by the silica-supported tantalum hydride: ([triple bond]SiO)2Ta-H. J. 

Am. Chem. Soc. 130, 5044–5 (2008). 

47. Szeto, K. C., Norsic, S., Hardou, L., Le Roux, E., Chakka, S., Thivolle-Cazat, J., 

Baudouin, A., Papaioannou, C., Basset, J.M., Taoufik, M. Non-oxidative coupling 

of methane catalysed by supported tungsten hydride onto alumina and silica-

alumina in classical and H2 permeable membrane fixed-bed reactors. Chem. 

Commun. (Camb). 46, 3985–7 (2010). 



80 

 

48. Fanelli, A. J., Maeland, A. J., Armbrust, R. W. & Rak, G. Dehydrogenation 

Reaction Employing Hydride Forming Metals, Alloys and Intermetallic 

Compounds. 214, (1987). 

49. Chetina, O. V & Lunin, V. V. Hydride forming metals and alloys as hydrogen 

acceptors in catalytic dehydrogenation. Russ. Chem. Rev. 63, 483–489 (1994). 

50. Jones, R. O. Density functional theory: Its origins, rise to prominence, and future. 

Rev. Mod. Phys. 87, 897–923 (2015). 

51. Becke, A. D. Perspective: Fifty years of density-functional theory in chemical 

physics. J. Chem. Phys. 140, 18A301 (2014). 

52. Burke, K. Perspective on density functional theory. J. Chem. Phys. 136, 150901 

(2012). 

53. Greeley, J., Nørskov, J. K. & Mavrikakis, M. Electronic structure and catalysis on 

metal surfaces. Annu. Rev. Phys. Chem. 53, 319–48 (2002). 

54. Nørskov, J. K., Bligaard, T., Rossmeisl, J. & Christensen, C. H. Towards the 

computational design of solid catalysts. Nat. Chem. 1, 37–46 (2009). 

55. Nørskov, J. K., Abild-Pedersen, F., Studt, F. & Bligaard, T. Density functional 

theory in surface chemistry and catalysis. Proc. Natl. Acad. Sci. U. S. A. 108, 937–

43 (2011). 

56. Sholl, D. & Steckel, J. A. Density Functional Theory: A Practical Introduction. 

(John Wiley & Sons, 2011). 

57. Dreizler, R. M. & Gross, E. K. U. Density Functional Theory: An Approach to the 

Quantum Many-Body Problem. (Springer Science & Business Media, 2012). 

58. Thomas, L. H. The calculation of atomic fields. Math. Proc. Cambridge Philos. 



81 

 

Soc. 23, 542 (1927). 

59. Fermi, E. Statistical method to determine some properties of atoms. Rendiconti 

Lincei 602–607 (1927). 

60. Dirac, P. A. M. Note on Exchange Phenomena in the Thomas Atom. Math. Proc. 

Cambridge Philos. Soc. 26, 376 (1930). 

61. Slater, J. C. A Simplification of the Hartree-Fock Method. Phys. Rev. 81, 385–390 

(1951). 

62. Hohenberg, P. Inhomogeneous Electron Gas. Phys. Rev. 136, B864–B871 (1964). 

63. Kohn, W. & Sham, L. J. Self-Consistent Equations Including Exchange and 

Correlation Effects. Phys. Rev. 140, A1133–A1138 (1965). 

64. Perdew, J. P. Jacob’s ladder of density functional approximations for the 

exchange-correlation energy. in AIP Conference Proceedings 577, 1–20 (AIP, 

2001). 

65. Physik, T. U. D. I. für T. & Society, E. P. Electronic structure of solids ’91: 

proceedings of the 75. WE-Heraeus-Seminar and 21st Annual International 

Symposium on Electronic Structure of Solids held in Gaussig (Germany), March 

11-15, 1991. (Akademie Verlag, 1991). 

66. Perdew, J. P. & Wang, Y. Pair-distribution function and its coupling-constant 

average for the spin-polarized electron gas. Phys. Rev. B 46, 12947–12954 (1992). 
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