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Abstract

Methanecrackingon transition metal surfacds a catalytically important reactioft.is a key stepto
produce hydrogerand carbonaceous nanomatesialsuch ascarbon nanotulse (CNT) or carbon
nanofibes (CNF), whichdisplayunique mechanical and electrical properties, lzase been widely used
as dectronic components, polymer additiyeyas storage, and catalyst support materithough the
catalytic methane cracking and CNT/CNF growth have didawenof attentions, the understanding of the

catalyticmethane cracking properties and CNT/CiBwth mechanism is still limited.

To develop a betteunderstanihg of the catalyic methanecracking and the CNT/CNF growth
processthe activation of the TH bond of methaneand the creationCi C bond on transition metal
catalyss, especially Nihave beerstudiedat atomic levelsing Density Functional Theory (DFETNI is
of particular interesbecause, mong the different metals commonly used in thethane crackingnd
CNT/CNF production Ni-based catalysts show very good catalytic activity at relativebderate
temperaturesin this researchfactors that affect the methane dissociation properigsgeffect of the
catalyststructure, carbon deposition, oxide support and alloyirege analyzed usindFT calculations.

The study of theNi catalyst surface topologgffect on methane dehydrogenatigoroperties was
conductedon variousNi catalyst surfaces.e., Ni (100), Ni(111) and Ni(553). The transition states for
methane sequentialehydrogenationsn the three surfaces were identifiithe results show that the
adsorption of CH(x=1-3) and H species is favoured on less packed surfaces, e(@Q@®liand Ni(553).
Moreover, it was found thahe Ni (553) and Ni(100) promote the dissociation of Cldpecies by
lowering the activation barriers when compared tqINil) The above study was conductedabsanNi

catalyst surfaces. During the reactions, however, there will be carbon atoms deposited on the Ni surface.
To providea more realisticmodelingof thereaction the study oiNi catalyticmethane cracking then

further extendedby taking into accounthe effects of carbon atonadepositionsMethane dissociation on

clean, surfacearbon, and subsurfacarboncoveredNi (111) surfaces were invegéted. The results

show that the existence of surface and subsurface C atoms destabilized the adsorption of the surface
hydrocarbon species when compared to the cleafilNi) surface. Moreover, it was found that the
presencef carbon atoms increase thél{(x=4-1) species activation barriers especially on the surface
carboncovered(1/4 ML) Ni (111) surface, where GHx=4-1) species encountehe highest energy
barriesf o r di ssociation due to the el ecThe caloulatonsde act i
also show that CHdissociation barriers are not affected by neighboring C sitdntow surface carbon
coveragg1/9 ML).



The DFT study ofNi catalytic methane dissociatigrso far, only focuseson Ni catalyst surface.
However, in theadual processthe Ni catalyst isisuallydeposited omxide supportlittle is known about
the effect of the support, especially the mstgbport interface, on the dissociation propertiemethane
Therefore the dissociations ahethaneand hydrogenon Ni cluster supported oo-Al,O; supportwere
investigated usin@FT calculations. Two systems:Ne | ust er supported-Ab®y the s
(100) surface, @iy), and onthenes pi n e | PAL@L ELO0) sarface, dN@i,), have been used to
model Ni/ -Al,Os. For both models, it was found that £&hd H dissociations ar&inetically preferred
at the particular Ni atomi®cated at the nickedlumina interface when compared with the top of the Ni
cluster. Also, the study of GHand H adsorptio on different sites of the(Si,) and N$Ni,) show that
CH; and H bonded with the Ni atom at JdFAIO; interface are more stable than at the top site
adsorption. Hirshfeld charge analysis showed that the surface Al atom works primarily as a charge
donaton partner when Ckand H are bonded with the Ni atom at the interface. This also resulted in an up
shift of the dorbital around the Fermi energy, which finally stabilized the interface adsorption by this Al
(donory NiT adsorbategacceptor) effect. The results obtainedthe present analysisdicate that the

metatoxideinterface plays an essential role in the dissociationathaneandhydrogen

During the methane cracking process, cartsoteposied on the catalyst. Part oféke carbon atoms
will exists in the form of CNT, and some of them is deposited as encapsulating garhenform of
graphenewhich causes catalyst deactivation. To understhaddle of metal elements the growth of
CNT or graphae, somecrucial proesss occurson the (111) surface of different transition metals, i.e.,
Fe, Co, Ni, and Cu was analyzed usiigT. These processes consisnafthanecrackingto produce C,
C atomssurfacediffusion andC nucleationreactions This study showd that Nibasd catalyst is a
suitable substrate for growing CNT: it has a moc
energy barrier for C atom surface diffusion, and a relatively high nuclelasiorer for the surface C
atoms Meanwhile, tirs study also shwedthat Cu may be auitablecatalyst for synthesis of graphene
due to the low diffusion and nucleation barriers of C adatoms o@ @& key limitation of Cus thelow
reactivity of this metaltowards methane dissociation, which dominates the growth rate and reaction
conditions of the process. Since Fe andwdéref ound more reactive towards
reactionsthe results from this study indicate ti@zt based allay e.g. C¢Ni, maybe a suitable catalyst

for themassproduction of graphene.

To further extendhe understanithg regardingthe behavior of the carbon atoms during the Ni catalyst

CNT growth,the structurenucleationenergetics, and mobility of carbon intermediates up to 6 atoms on
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the Ni (111) surface were investigatedhis study showedthat @rbon clusters were more
thermodynamically stable than adsorbed atomic carbon, with linear carbon structures being more stable
than branched and ring structur&se results also shasthat @arbon chains have higher mobility than
branched configurations. The transition states and gnangers for the formation of different carbon
clusters were also studied. The ressliggesthat the formation of the branchedrbonconfigurations is
kinetically favored as it presents lower energy barriers than those obtained for carbon chains.

Furthermore based on theboveDFT calculations resultsg Ni catalytic CNT growth mechanism
basedon carbon species surface diffusimas developedA multi-scale modeling approach that integrates
DFT calculations and kinetic Monte Car{&MC) simulation was developedin which the energetic
resultsobtained from DFT calculationsere used t@etup the kinetic database fahe KMC simulation.

The KMC simulations explicitly follow the elementary steps involved in the CNT growth that include
CH, dissociation,C surface and bulk diffusion, @ucleation, G trimer diffusion and C and £
incorporation indb CNT wall. The KMC simulations show that CNT growth is dominated by the C surface
diffusion. Moreover, it was found that the surface diffusion of the small C clusteiCetdmer, is also a

critical step in the growth mechanism of the CNT. It prevdass nucleation of the C atoms on the
catalyst surface, and therefore inhibits the deactivation of the catalyst. The CNT growth rates predicted by
KMC simulations fit well with the experimental data, verifying the proposed CNT growth mechanism.
This studywill thereforeprovide insight regarding the mechanism and kinetic properties oatidiytic

methane cracking ar@dNT growth process.

In summary, a systematic theoretical investigation of the catalytic methane cracking and CNT growth
process was performed in this study. It was found the catalyst structure, carbon deposition,oand the
Al,O; support has significant effect on the C#issaiation properties. Moreover, DFT analysikso
shows that the reactivity of the catalyst towards
with differenttransition metalsFinally, based on the DFT study of the carbon cluster nucleation,Ta CN
growth model that accounts for carbon cluster diffusion and nucleation was proposed. Using the kinetic
parameters that obtained by the DFT calculatiart6MC simulationwas developed. By comparing the
CNT growth rate predicted by the KMC simulations hwthe experimental data, the proposed CNT

growth mechanism is validated.
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Chapter 1

|l ntroduction and Motivati on

Methane catalyti@ctivationis an important reaction step in many chemical procegsescularly in
methane cracking, and Chemical Vapor Deposition (CVD), in which hydrogercaabdn nanotubes
(CNT) or nanofibers (CNFareformed. Methanes alsothe main component of natural gas and used to
synthesizeCO andhydrogen, viaeforming pocessgs (steam reformingpartial oxidation, dry reforming,
or combination thereof)The hydrogen produced bsuch reformingprocesss is mixed with large
amounts of CO, whiclmay limit its applicaility as apotentialpower sourceFor example, in proton
exchange membrane (PEM) fuel cells technology, even a small trace of CO (typically above 10 ppm) will
poison the electroatalysts in the fuel celll[Z]; thus, expensive Hpurification process is needed,
making methane cracking an attractive alternatfee the produdgbn of COfree hydrogenMethane
cracking consists in breaking methane into molecular hydrogen and céslqmerimenal observations
have shown that methane cracking is unlikely to hagpéhin reasonable timjeat temperatures below
1000°C without the presence of a catalyst. However, catalytic cracking of methane can occur at
temperatures between 500 and 80(¢3T Among the differenttransition metals commonly used in
catalytic methane crackindNi-based supported catalysts show very goaidlytic activity at relatively

moderate temperaturg$-8]. The most frequently used supports are,SKD,0;, and Mg0[6,8].

Typically, the catalytic activity of supported Ni catalysts decreases with time due to the deposition of
large amounts of carbon on the catalyrstfact, the depositedacbon, as a dgroduction in the catalytic
methane decomposition, can for@NT or CNF. In the past years, these materials have received
considerable attention due to their extraordinary physical and chemical properties and their potential
applications in the industry. For exampBNT/CNFwith diameters rarigg from 2 to 500nm are used as
catalyst supports, electrodes for fuel cells and lithium ion batteries, adsorbents for hydrogen, polymer
additives, and as gas storage matef&{2].

Although there is an extensive literature on experimental studies for methane dissociation on
transition metals, little is known abouaticroscalepicture of the catalyticmethane cracking=or example,
experimental investigations dhe mechanisnof catalytic reaction igjuite challenging because of the
difficulty in extracting information at the microscopic scale, e.g., identification of active surface sites, or
in accurately describing the barrier heights for the elementary readtiottse past yeargheoretical

studies using e.g. Density Functional TheoryDFT) have been awlucted formethanedissociationon
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various transition metal surfacgk3-22]. These studies, however, have maifdgused on the estimation
of the CH, chemisorption properties and methane dehydratiens onlow-index (111) Ni, Co or Rh

surfaces

Forthe studyof CNT/CNF productionby methane crackinglthough significanadvancesiave been
made through experimentation and simulatighs catalytic CNT/CNF growthmechanismnstill under
debate A mechanism generally accepted for the CNF growth over metallic particles is as fiilgws
(see Figurel.l) :i) methane first cracks on the metal surface forming hydrogen and cajbcarbon
atoms, which can form subsurface carbides, dissolve afudelithrough the bulk of the solid or through
guasi liquid metal particlesiii) due to the cooling down of the particles that lower the carbon solubility
or due to oversaturation, carbon is then expelled and precipitates as more or less perfect pialyaromat
layers; then the catalyst is lifted up which represent the CNF growth process. This continuous process is
always used to explain why the metal particles are most often located at the tip of the CNFs.

e
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Support

Figurel.1 Schematics of tygrowth mechanism for carbon filament growReprinted froni23] with

permission from Elsevier

Recantly, DFT have been applied to investigate the mechanism of cat@Mi¢CNF growth at the
atomicscale[24-27]. It has been found thahé energy barriers for carbon atoms diffusion or(1Ni1)
surface are around 6-@.5eV, while the bulk diffusion barrier through Ni particle is 1eX2[26]. This
shows that the surface diffusion of carbon atoms on a Ni particle surface is more favioaabthet
diffusion of carbons through the subsurface and INilkHence,that studyconcluded that the most
probable diffusion process is carbon atoms surface diffusion, which is the dominant process that
contributes to the growth dENT/CNF [25-27]. Note that bothcarbon nanotubes (CNT@nd carbon
nanofibers (CNF) have hollow structure.The primary differences betwe the materials are their
morphology CNF, also known as Stacke&Ziup Carbon Nanotubes (SCCNT), have a unique morphology

in that graphea planes are canted from the fiber axis, resulting in exposed edge planes on the interior and
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exterior surfaces of the fiber. CNTs, on the other hand, typically resemble an assembly of concentric
cylinders of graphen&lthough they are different materiathey areproducedn a similar mannerand
mostlydepend on the reaction conditiand the size dhe catalyst.The study ohowthe C atoms could

result in CNT or CNF is beyond the scope of this resedrobs, inthis study, when discussing their
growth processn terms of carbon diffusion and nucleatid@nis assumed that the CNT and CNF growth

follows the same mechanism

In summary, rostof the previous theoretical studies on methane cracking reaction have focused on
describingchemisorptiorpropeties and dehydrogenation pathways on-lodex (111) metalsurfaces. A
systematic investigation of catsitymethane crackingy considering factors thatay affect the methane
dissociation propertiese.g, effects of the catalyststructure, carbon depositiomxide support and
alloying, is still lacking in the literatureConcerning th&€NT/CNF growth mechanism, the debateniswv
concentrated on the bulk or surface diffusion mechamislowever all the studie®n this debatdave
focused on the behavior and property of single carbon dt#®&7]. The property and role of the carbon
clusters, formed by thaucleationof carbon atoms, on the Ni surfaces during ¢atalytic growth of

CNT/CNFhave beemarely reported.

Therefore, in this study the above mentionedssueswill be addressed by theoretical DFT
calculations.First, methane cracking orleanNi surfaceswith different surface topology wastudied
throughDFT calculationsIn order to evaluatthe effect of carbon deposih and oxide supparthe DFT
study is then extended to methane dissociation on Ni swwaered by C atoms armAl,O; supported
Ni clusters Also, the nucleation of carbon atoms and the diffusion of the formed carbon chlusiers
also studiedMoreover, based ornhe DFT calculatiomesultsfor methane crackingarbondiffusion and
nucleation a Ni catalytic CNTs growth mechanism based on carbon species surface diffaistbn
nucleationwas proposedA multi-scale modeling approach that integrates DFT calculations and kinetic
Monte Carlo (KMC) simulation was developed for a better understanding of the mechanism of methane
cracking and CNT/CNF growth on Ni cataly$th this approachthe DFT energetic result$or the
methane cracking, together with the carbon diffusion and nucleation enevgaticased to construct the
kinetic database for the KMC simulatiorhe simulations explicitly follow the elementary steps involved
in the CNT growth that include GHlissociation,carbonsurface and bulk diffusioncarbonatoms
nucleation, G trimer diffusion and C and Lncorporation into CNT wallBy comparing he KMC

simulation results with experimental data, it providealidaion of the proposed CNT/CNF growth



mechaism It predics the relative reaction rates of elementary reactions on the catalyst surface at

industrially relevant temperatures and pressures.

1.1 Researchobjectives

Based on the abovehed goal of this researdh to provide a betterunderstanding of theature ofNi
catalyticmethane cracking and CNT/CNF growtiechanismTo achieve this goal, a feaspects that
mayr ev e al t he c amahbne slissocmtiore dropestiastd the cotical steps that govern
CNT/CNF growthwereexplored using DFT calculation$ hespecific objectives of this study are:

i) to understand the influence of the catalyst surfacéopologiesby studying methane dissociation on
differentNi surfaces, e.g. flat and step surface;

i) evaluate more realistic kinetic parametims methane dissociationy studying €H bond activation

on variouscarbon deposid Ni surfaces,

iii) understandhe role ofa-Al,O; support especially the metadupport interface, on the dissociation

properties of methanausing ao-Al,O; supporéd Ni cluster modejs

iv) provide insighs regarding theCNT/CNF growth mechanisrby studying the carbon cluster diffusion

and nucleation propertiéom DFT calculations;

V) developa first-principlebased kinetic Monte Carlo (KMQyodel for Nicatalytic methanecracking
andCNT/CNF growthprocess

The DFT calculationsconductedn this studywere performed on SHARCNE({Iwvww.sharcnet.ca) under
the umbrella of Compute/Calcul Canadgangthe program BAND.

1.2 Research contribution

To the best of t h eheaseticadtudyofcatalytic metharieceackiggreportédhine t
the open literature mainly focus on Ckk=1-4) dissociation properties on various transition metal
surfacesFar the study of CNT growth mechanism, the debate is comcentratecn the surface and
bulk diffusion of the surface C atori{nowledgeabout the factorthat may affect the stability of these
CHy species and the activation of t@eH bond,e.g. theeffect of catalyst structure, carbon deposition

oxide supporandthe property and role of the carbon clustarSCNT growthmechanismis still limited.



Theoretical studies on these topit®wever,are essential foa better understanding of heterogengou

catalytic methane cracking and CNT growth mechanism.

This study represents a firstystematicinvestigation ofcatalytic methanecracking reaction. The
effect of catalyst structure, carbon deposition aathlystsupport, which arecritical factors in the
practicalcatalytic reaction systerayeevaluaed byDFT calculationsMoreover,it is the first time that a
detailedinvestigationon carbon clusters diffusion and nucleation kinetiess perforeme@&asedon the
DFT investigationon the properties of thearboncluster,a CNT growthmechanisnthat involvesthe
critical steps during CNT growth, e.gnethane crackingcarbon surface and bullkdiffusion and
nucleation has been developeBor the first time, thegproposed CNT growth mechanism is validated by
comparing the CNT growth ratebtainedby first-principlebasedKMC simulation with experimental
results.KMC simulation proposed here is arguably the most advanced proposed published siroalation
the CNT growh.

1.3 Outline of the thesis
This thesis consists oinechapters as follows:

Chapter 1 gives the overview of the thesis, including introduction and fundamentiaéscafalytic
methane cracking an@NT growth The main objectivesand contributionsof the research are also

presentedh this chapter.

Chapter 2reviewsand summarizeghe literature aboutatalytic methane cracking an@NT/CNF

growth It also gives an introduction to Density Functional Theory (DFT).

Begin with Chapter3, factors that may affect the methane dissociaporpertiesin the practical
catalytic reaction systene.g. the catalysttructure, carbon deposition, oxide support and alloying, were
analyzed using DFT calculations. For exampbapter3 presents a DFBtudy on the effect of Ni
catalyst surface topologyn methane dehydrogenatidry using three differenli catalyst surfaces.g.

Ni (100), Ni (111), and Ni(553); effect of carbon atomgepositions was studieth Chapter 4by
modeling nethanedissociation on clean, surfacarbon, and subsurfacarboncoveredNi (111)surface
the role of the 2-Al,O; support, especially the metslipport interface, on the dissociation properties of

methands reported in Chapter. 5



The above Chapters focus only methane cracking reactiohs,Chapter 6CH, dissociation, carbon
di ffusion together with CTC bond coupling are st

metalcatalysti.e., Fe, Co, Ni, and Ciowards CNTs/graphene growth

Following the DFT calculation results reported in Chaptex dgtailedinvestigation on théehavior
of the carbon atoms during the Ni catalyst CNT growtth, structurenucleationenergetics, and mobility
of carbon intermediates on the (4iL1) surfacevaspresengdin Chapter?.

In Chapter8, a comprehensivali catalytic CNTgrowth modelwas developed. The model incudes
the criticalelementarysteps that involved in the CNT growth, e@H, dissociation, C surface and bulk
diffusion, C clusternucleaton and diffusion etc. Based on thiamodel, a firstprinciplebasedKMC
simulation was conducted to stuthye Ni catalyic methane cracking an@NT growth processin this
study, thekinetic parameters for methane dissociation on clean Ni (111) surfau¢ecep Chapter 4 and
carbon nucleation kinetics obtained in Chapter 7 are used to construct the kinetic data base for the KMC

simulation.

Chapter9 concludes the results obtained from this study and provides recommendations for further

studies.



Chapter 2

Backgranwmihidt er ature Revi ew

This chapter provides the backgrouncédalytic methane cracking and carbon nanotubes (CoITs)
carbon nanofibersQNFs) synthesisThe first sectiompresents an overview of the topfince the study
will be performedusing Density Functional Theory (DFT), a brief introduction offthmlamental theory
of the quantum mechanical calculatiossgiven in section 2.2Literature reviews orthe studiesof
catalytic methane crackingnd CNT/CNF growth are provided in sectio 23 and 2.4, respectively.
Micro-kinetic study of catalytic methane cracking and CNT/CNT growth are discussed in Section 2.5.

2.1 Overview

The stabilityand reactivityof hydrocabon molecules and fragments oretal surfaces is of great
importance for the understanding afeveral catalytic elementaryteps. Among the hydrocarbon
molecules, rathands of mostimportance This molecule is of lowalue as such bubuld provide a low
costenergy productiosourceby hydrogn extractionThe refaming of CH, is amajor catajtic reaction
thathas beemsedto synthesize CO and hydrogd¥or several applications where hydrogen is used as a
power source, the production of highly purified hydrogen is essential. Tduently, methanecracking
has beome a topic of increasirigjmportance becauseproduceCO-free hydrogerand alsds important
for carbonnanotubegCNTs) or carbon nanofibersCNFs) synthesis by standard technigues such as
Chemical Vapour Deposition (CVD) [1,2The overall reactiordescribing methane cracking is as

follows:
60 &6 ¢O DHY,=76kJ/mol (2.1)

In this reaction, methane is dissociated on the surface of a catalys wmbércular hydrogen is
formed whereas the remaining carbon is nucleated to forms@NCNFs. These carbonaceoumsnc
structured materialslisplay unique mechanical and electrical properties, and have drawn attention in
various research field$zor instaie, CNTs have been suggested for gas storage purp@eanfl as
catalysts for chemical reactiond] [thanks to their advantageous surface/volume ratio and to the great
number of possible active sites on the nanotubes vZiN3s havebeen used as electiorcomponents,

polymer additive $-7]. Therefore, m the past decades, the catalytic growth of CNT/CNF has been



extensively studiedoth theoretically and experimentally8-15]. The CNT/CNF growth mechanism

however still remains unclear.

2.2 Density Function Theory(DFT)

The study of the chemical bond between a surface and a molecule is the fundamental basis for
understanding surface chemical reactivity and catalizsiserimental investigations on the natafethe
catalytic surface reactionasre challenging because of the difficulty in extracting information at the
microscopic scale Quantum chemistry calculations, howevean provide useful and important
perspectives on chemicadactions that are not accessible through experimental obieas/ét has been
used tostudy the fundamental aspects of thatalytic reactions such as reaction pathway due to the

theoretical developments, especially accuracy improvement of Density Functional Theory (DFT).

DFT is one of the most popular and veldsatinethods available in condensmdtter physics,
computational physics, and computational chemistry to findmoroximatedolution for the Schrédinger
equation, the fundamental equation that describes the quantum behavior of atoms or mdl€cules [
Within this theory the properties of a marglectrons system can be determined by using functionals,
representing spatially dependent electron densities. Hence, the DEfme&omes from the use of

functionals of the electron density.

The Schrddinger equati is the kg equation in quantum mechanitegt describes thieehavior of a

particle in a force field. One simple form of the Schrédinger equation is as follows:
O ©O (2.2

where,Ois the Hamiltonian operatpr is the wavefunctions, or eigenstates of the HamiltoaraiOis
the energy of the state. The Schrdédinger equation for multiple electrons systems with defined quantities

of theHamiltonianoperatorQ is generally expressed as follows:

B —B — B — B —— By
Y'Y 0 () (2.3)
where,N andNg are the number ofuclei and electrons respectivelyt, andm arethe nuclei and electron

mass, Pare the momentum, R and r are the coordinatesuolei and electrons respectivel is the

charge on théy, nucleus. The first and second ter(itg and Te) on the right hand side of tHequation
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(2.3) are the kinetic energgf nucleusand electrons, respectively. The following three te(g, Vin,

V.o represent theelectronelectron nucleusnucleus and electromucleus interaction potentials,
respectively. In principle, all the physical properties of atoms and molecules are included in the solution
of equation (2). However, for only a few systems, it can be solved analyticelty,,H,. There are no
analytic solutios to the Schrddinger equation for systems with multiple electrons. To solve the
Schrédinger equation for these sysseapproximatios have to be introduced. One major approximation

is the BorrOppenheimer (BO) approximatio® key observation in quantum eohanics is that the
atomic nuclei are much heavier than the electrons, and the mass of each proton or ne@00nimes
heavier than the mass of an electron. That is, the nucleus motion is much slawtretmaotion of
electrons. Thus, one can assuthat the electrons are moving in a field of fixed nuclei. Accordingly, the
Born-Oppenheimer approximation statedere the electron motion and theucleus motion can be
separated. This approximation enables the partition of the Schrédinger equattamiptots, one for the
nuclei and the other for all the electrons. In the first,dtepnucleuskinetic energy is neglected, that is,
subtracted from the total molecular Hamiltonian. In the remaining electronic Hamiltbhidime nucleus
positions are entered as parameters. The elentroleus interactions are not removed and the electrons
still "feel" the Coulomb potential of the nuclei clamped at certain positions in space. The electronic

Schrédinger equation that describes the matfaglectrons in a field of fixed nuclei & follows:

‘O Rl R O iy (24)
The quantity» stands for all electronic coordinates ahofor all nucleuscoordinates. The electronic
energy’O depends on the chosen positiohsof the nuclei. In other word€) is a function of the
positions of these nucle® (Ry, . .., Ry). This is alscknown as thePotential Energy Surface (PES),
(0] ={ . In the second step of the BO approximatithe nucleuskinetic energy is reintroduced and the

Schrédinger equation for theicleusmotion (equation 3) is solved.
Y OY 4 0O 4 (2.5)
The eigenvalu& is the total energy of the molecule.

DFT states that the groursdate energy from the Schrodinger equation is a unique functional of the
electron densitg », which uniquely determines all properties, including the energy and wave function
of the ground stat§l7]. The latter means that the Schrodinger equation casobed by finding a
function ofthethree spatial variableendthe electron density, rather than a functior3dfvariables as in

the wave function. An important property of thenctionalis defined in the second Hohenbétghn
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theorem: the electron dsgity that minimizes the energy of the overall functional is the true electron
density corresponding to the full solution of the Schrddinger equation. The energy functional in DFT is

formulatedas follows [L6]:

| N

QiQi ©O © (2.6)
> »s

0 —B_, ‘nwQi _wor»rerQi —

The terms on the rightand side in (2.6pre, in order, the electron kinetic energies, the coulomb
interactions between the electrons and the nuclei, the coulomb interactions between paitsoasehnd

the coulomb interactions between pairs of nuclei, and the last @rm, , is the exchange
correlation functional. The latter is defined to include all the quantum mechanical effects that are not
considered in thether energyerms. Tle calculation of the right electron densitypirformedby solving

a set of equations in which each equation only involves a single electron. This set of equations, also

known as the Kohih Sham equation, is as follows [18]:
—n O 0> 0 » > > 2.7

The lefthand side of the KohBham equation considers three potentiadsw, w , andw . The first
potential defines the interaction betweeneaectron and the collection of atomic nuclei. The second
potential, the Hartree potential, describes the coulomb repulsion between the electrons being considered
in one of the KohfSham equations and the total electrétinally, w , the exchangeorrehtion

potential, includes all the masparticle interactions.

Solving the KohASham equation is an iterative procedure that can be summarized as follows:
i) Define an initial guess for electron densityp .

ii) Solves the KohiSham equations for the siegparticle wavefunctions,wj ».

iii) Calculate a new electron density from the single particle wave functions by &ising
¢B * .

iv) Compare the new calculated electron density,», with the electron density used in solving the
Kohn-Sham equationé ». If the two densities are the same, then this is the grstatd electron
density, and it can be used to compute the total energy. If the two densities are different, then the trial
electron density must be-sestimated and go back stepii) again, until a sel€onsistent solution of the

Kohn-Sham equations is found.
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It is worth noticing that solving the KoH8ham equations require the specification of the exchange
correlation function©O . One of the approximations to the exchaxgerelation energy functional
is the Local Density Approximation (LDA) [19],which states that the electron density is constant at all
points in space, so the excharugerelation energy functional depends solafyon the value of the
electronic density at each point in space. The othelt establishedapproach to approximate the
exchangecorrelation function is the generalized gradient approximation (GGA) [20]. AlthibigyHso a
local approximation, it takeito account the gradient of the electron density at the same coordinate. For
systems where the charge density is slowly varying, the GGA has proved to be an improvement over
LDA [20].

2.3 Catalytic methanecracking

The reactivity of methane on metal surfaces is a catalytically important re&yioatalyticcracking
reaction, methanegoes through different carbonaceous species as intermedidtieh are the basic
chemicals used hydrocarbon syntheisidustry. The sequential dehydrogenation of methane is also
essential for the production of Gigee hydrogen and CNT/CNF.

2.3.1Catalysts for catalytic methanecracking

Non-catalytic methane cracking @ésvery slowprocesdor practical application at temperatures below
1000°C, wkereascatalytic cracking of methanean occur at temperatures as low as 500°21][ The
experimental studies of methane crackinginly focus onthe development of an effective catalgsid
the investigation of different factors affecting catalgstivity. Muradov et al. 22] used iron oxide as a
catalyst for the cracking of methane and reported that equilibrium conversions were achieved at
temperatures above 800 °Zhang et al. R3] reported that methane cracking takes place at low
temperatureg550°C) over al6.4w€o Ni/SiO, catalyst. Takenakaet al. [24] claimed thatNi (40
wt%)/Si0, is one of the most effective catalysts for methane cracRagma et al. P5| reported that
the catalytic decomposition of methane may be carried out at anosventemperature between 500 and
550°C on a awt% Ni/2-Al,O5 catalyst.In most of the studiesnickel has been described as the most
active catalyst for methane crackif@pbaltis also a goodatalyst for methane cracking, buthias higher

cost compared to nickel.

The performance of the metahtalyst is also a function ofe electronic state and dispersion. For
example, Echegoyen et a2§] and Figueiredo et g27] observed improved performance of thebdised
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catalyst withcopper additionFigueiredo et al[27] attributed the improved stability to an electronic
promotion effect The enhanced methane conversiwas explained byhe influence of copper on the
dispersion of the nickel by inhibiting the formation of nickel adhsite, which increased the metallic
nickel phase available for reaction and the nickel surface area subject to realséenokowet al.[28]
developed anickelbased catalyst with addition of other metals, such as copper and iroi@ Q&b+
10%Cul0%FeAl,O;) for methanecracking. In that study, they reported th#te addition of iron
increased the optimal operating temperature range fromea@0C for Ni/Cu/AO; to 700 750°C while
maintaining good catalyst stability.

Previousstudes on thissubject havalso foundthatthe support materiaanaffectthe metal surface
arecaand t he met al @& and thexefote aftedhée merfosndnae bfehe ¢atalyst2p-30,31].
Ermakova et al. 41] studiedthe effect of magnesia and silica as supportsNbicatalytic methane
crackingand reported &wer methane conversion using magnesiacompared with that using silida.
that study, e authorstatedthat the low methane conversion using magnesiaesta the formation of a
solid solution between Ni and magnesjumhich reducedhe surface area of the Miatalyst In another
study, using Xray diffraction to characterize nickel on different supports {STO,, graphite, AJOs,
MgO and Si@-MgO), Takenaka et al. 31] found that, for equivalent surface area, the lower the

interaction between nickel and the support, the higher the methane conversion.

2.3.2DFT study of catalytic methane cracking

Due totheir industrial and commercial importantee adsorption and decomposition of methane on
transition metakatalystshave beerextensivelystudied[32-45]. Lee et al[42, 43 studied theactivated
dissociativeadsorption of CH on Ni (111) by molecular beam techniques coupled Wijh-Resolution
Eledron EnergyLossSpectroscopy{HREELS). That study reported that the adsorbedCatlical and H
atom were identified as the products of the dissociative reaction. The existence of the chemisgrbed CH
CH, and CH on Ni{111) has also been reported by Secondary lon Mass Spectr¢Stbl8) and Xray
Photoelectron Spectrosco¥PS) [44, 45). Nevertheless, experimental investigations on theraabf
the decomposition of methane on transition metal surfaces are challéegiagse of the difficulty in
extracting information at the microscopic scale, e.g., identification of active surface sites, or in accurately

describing the barrier heights for the elementary reactions.

Advances in computational sciences have enabled hieaton of DFTto studythe fundamental
aspects of theatalytic methane cracking reactiofior example, Au et al. §} conducted extensive

clusterbased DFT calculations for methane activation, which incliiesRh, Ir, Pd, Pt, CKua et al.
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[47] performed a complete study of GHx=0-3) adsorptionon Pt, Ir, Pd, Rh, and Raualusters. These

metal clusters models suffer from edge effects, which limit the accuracy of these results. Also,
Henkelmanet al. [48] demonstrated that the surface relaxations wjthcific cluster size can greatly

influence the DFTcalculationresults. Thus, with the increase of computational power, more and more
periodicslab based DFT calculationsave beenapplied to study methane activation on metals.
Michaelides 49] reportedenergies for Ckihydrogenation reactions on Pt (118jichaelideset al.[50]

alsostudied the dehydrogenation of €&h Ni (111) by DFT Zuo et al.[5]] studied the dehydrogenation

of CHyon Co (111) surface by DFT. They calculated the adsorption enefdles adsorbed CHx=0-4)

species and located the transition states iRYOBEHY CHYCHYC r eacti on pat hways.
[37] studied the stability of CkHspecies on Ni (111) and reported that the threefold site is preferred by the

CH, intermediatesLai et al. B2] reported an activation barrier of 0.¥ for the reactionCH,(gag Y
CHs(ads)+H(ads) on Ni (100). Naveetdh3 anal yzed 24 transition states:s
breaking of methane on five metal surfaces: Ni (111), Ni (101 H), Pt (100), and Pt (110). Wang et

al. [54] presented a comparative study of ,GiHemisorption on Ni (111), Ni (100) and Ni (110) surfaces

using plane wave DFT calculations. Inatistudy, the reaction energies along the methane successive
dehydrogeation pathway were also calculated. By comparing these thermodynamic schemeg of CH
dissociation, they reported that Ni (100) is the preferred surface fpdiSsbciation, when compared to

Ni (110) and Ni (111). However, &ihstudy did not include a studyn the kinetic properties for methane

dissociation.

Recently, DFT calculations and experiments have shown that the step edges in general are more
reactive towards the adsorption and dissociation of a number of simple molecules such as C®, NO, O
and N [55-60]. For the study o methane dissociation, Bengaard et[@l] used a Ni(211) surface to
study the effects of surface steps on the activation of the fitdtl@nd breaking in methane. dtstudy
showed that the activation energy on(RlL1) is 0.2V lower than that reported for the Mi11) surface.

The higher activity of the step surface over the terraces has been confirmed by FrariReébilsen et
al. [62], who investigatedCH,(gag Y aHs)+Hads) reaction on the terraces and steps of @ Ni)

surface by DFT calculations combined with Ultra High VacyuidV) experiments.

Based on the aboygli-based catalystsave showrvery good activity forcatalytic methane cracking
reaction Experimental studies also showed that the performance afthbyst is affected by the nature
of the support and by doping with other metal elements such as Cu or Fe. For the theoretical investigation

of catalytic methane cracking reaction, the publiskiedly mainly focus onthe estimation of th&€H,
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(x=1-4) adsorption and dissociatigropertieson various metal surfacesespecially the (111) surface
Comparative studiesf methane dissociative adsorption reactiomslow-coordinated Ni(100) and Ni

(211) step surface were also reporféd]. Neverthelessthere are no systematic DFT studims the
complete dehydrogenation energetics for the transformation ¢ft@€€B and Hon Ni as a function of
catalyst site morphology (flaind step).Moreover, for acomprehensiveinderstanding of the nature of

this reaction theoretical studies of the effects of the support and carbon deposited on methane
dissociation is alsnecessaryThese types of studies, however, are still missing in the open literature.

2.4 Catalytic CNF/CNT growth

A generally acceptethicro-scaleprocess forcatalyticmethane cracking on catalyst surface is: first,
methane dissociates into glind H atom on the catalyst surface; adsorbed fGtther dehydrogenate
into CH, and H. The surface dehydrogenation reaction continues until C is proddemehding on the
catalyst, catalyst particle size and reaction conditittrescarbon atomform eitherCNF or CNT (Figure
2.1). Due to the extraordinary property of these carbaterniak, research in this field has undergone an
explosive growth. Niu et al. B prepared frestanding mats of entangled nanotubes electrodes with an
open porous structure from carbon nanotubes of high purity and narrow diameter distribution, which is
highly desirable for high power and long cycle life of electrochemical capacitors. Xie é4]ahdded
multiwalled carbon nanotubes (MWCNT) into polar liquids, e.g., distilled water, to prepare a nanofuild
that has higher thermal conductivities thanhibee fluidsCarbon nanotubes or nanofibres have also been
applied for gas storag&add et al. 5] used carbon nanotubes to store Argon using a hot isostatically
pressing (HIPing) technique. Research conducteDiliyn et al. [66] showed that single wlahanotubes
are goodadsorbenfor hydrogen storage at ambient temperatures.
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Figure2.1 SEM micrographs of Ni/SiO, catalyst after exposure to methane. Reprinted f@ghwith

permission from Elsevier.

Since these carbon materiale suitable for different applicatiogrthie production o€ENF/CNT is of
great interestThus far, therehave been a tremendous number sifidieson the growth of carbon
nanotubs. The catalyticChemical Vapour Deposition (CVD)method p7] is the most widely used
method to produce carbon naotubkesCVD, the carbon atoms are sourced from the decomposition of a
hydrocarbon gas (methane, ethyleet) at the surface of supported catalytic particles (Fe, Co, or Ni).
Depending orthe temperature, different products are obtained. Although there are no general rules, the
tendency is to obtain multvalled nanotubes at medium temperatures (betweenab80908 ) and
SWNTs at higher temperatures (73Q0% ) [68]. A very important aspeaoof these studies is on the
CVD synthesis of high yield CNTs at low growth temperatures. Kong et al. extensively studied the
growth of highquality SWCNTs fronthe CVDof methane§9]. Low growth temperaftres were reported
by Mo et al.[70] who synthesizé a mixture of SWCNTs and MWCNTs at 600°C usaugtyleneas
carbon source anad mechanically mixed ADs/Ni ascatalyst. Similarly, other studies have focused on
the parameters and reaction conditions that affect the growth of CNTs.eMaltfi7 1] studied the effect
of catalyst(Fe-basedomposition, hydrocarbon flow rate, and synthesis temperature on thesailgd
carbon nanotubes (SWCNTSs) growth. That study showed that the catalyst composition has a significant
effect on the catalyst lifetimé>roper modification of its composition with Mo can prolotige catalyst
lifetime and thereforemprowe the yield of grown SWCNTSs. That study also showed that an inchease
flow rate or temperature results in an increase of the nanotubes growth ratel.Lju®&tfound that the
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diameter of carbon nanotubesthre CVD method can be controlled by tiydrocarbonfeeding rate.
Anna et al. T3] performeda review on the role of metal nanoparticles in the catalytic production of
singlewalled carbon nanotubeand the effect of various parameters on SWCNT formatiowhich it is
reported thathte formof the precipitated carbon is dictated by the catalyst particle cideon feedate

and reactor conditions. Alsthe feed rate of carbon to the metal pag8cinust be controlled in order to
selectivelyproduce SWCNTSs and to avoid accumulation of amorphous carbon.

Based on the aboyenany efforts have been made toward unveiling the mechanism of SWNT growth
in the CVD process to produce SWNTs with highoductivity and desired atomic structure<l-[g].
Despite all theeefforts, the growth mechanisms of CNTSs still remain somewhat controversial. A general
four step process has often been proposed (Figureip@gs precursor (ethylene, acetylene, matha
first adorbed on the catalyst surfacig) the surface reactions, such as methane cracking, produce
adsorbed carbon and hydrogeomsiiii ) H, molecules desorb and carbon atoms diffuse through the bulk
of the catalgt particlesjv) the carbons then nucleate and are incorporated into graphene overlayers for
the growth of the CNTThe key step in this mechanism is believed to be the diffusion of capsmes
through theparticle from the surface on which the dehydrogenation of hgdooas occurgearthe rear
faces B]; v) during CNT/CNF growth the depositedarbon on thenetalgas interfacecan alsoform a
layer called encapsulating carbon, which blocks reactant acressauses catalyst deactivatipfg]. As

a result of carbonaposition on nickel, the catalyst activity changes as the reaction proceeds.

n'm
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Figure2.2 Schematic picture of the formation of a full fibre (left) and a hollow tube (right). In the case of
the fibre, the nucleation has takglace over the entire back of the metal particle; in the case of the tube,
the nucleation has been restricted to the vicinity of thengztal interfaceReprinted fronf9] with

permission from Elsevier.
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In this mechanisngomestudieshavesuggested that the driving force for cartiark diffusion is the
temperature gradiepB0,81], created in the metal catalyst particle by the exothermic decomposition of the
hydrocarbon at the exposed front faces and endothermic deposition of carboreat faees, which are
initially in contactwith the support surface. Nothat for endothermic hydrocarbon decompositions it
arguedthat the heat is supplied by thadiation from the surroundinge the gas/metal inteace[80].

There are alsother sudiesthat suggeshat the carbon diffusion driving force is the carbon concentration
gradient between the surface and bi@R-84]. The seady state growthmesultsfrom a delicate balance
between dissociation of the carboontaining gases and carbon diffusion through the catalyst particle,
and a balance between carbon diffusion through the catalyst particle and rate of nucleation and formation
of graphitic layers§3].

In recent yearsatomicscale environmental transmission electron microscope (ET&id)n situ
time resolvedX-ray photoelectron spectroscopyRS) techniques are used to monitor carbon nanofibre
growth, which enables the study of these praesashigher resolutionHofmannet al. [L1] studied the
carbon nanotube growth usirigsH, decomposition over a nickel catalyst, and they suggested that the
nucleation and growth of graphene layers are associated with the dynamic formation and restructuring of

monoatomic steqgdges at the nickel surface (Figure 2.3).

Figure2.3 (aed) ETEM image sequence showing a growing CNF in 3:3:88H, at 1.3 mbar and 480
°C. The video was recorded at 30 frames/s, and the time of the respective pictures is ifbpatethd
from [11] with permission fronthethe American Chemical Society.
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Lin et al. [L2] reportedthe formation of bambobke multiwalled carbon nanotubes, ly situ high-
resolution transmission electron microscogelRTEM), via catalytic decomposition of ,8, on Ni
catalyst at 650°C. In those experimentgdjpabased growth mode was observed (Figure 2.4) and the
catalyst parti@ remainedas crystalline metallic Ni at 650°C during the growth procé@$st study
showed thathe mechanism of CNT growth is not through C precipitatiom NisC but rather through

the diffusion of C adatoms followed by nucleation and growth. Two Iplesdiffusion pathways were
proposed: bulk diffusion and surface diffusimnthe boundary of the Mjraphene growth interface, with

the latter being the dominant process due to a lower activation energy barrier and lower coordination
number.Hofmannet al [13] also reported that the surface diffusion is a low activation energy path for

nanotube growth (Figure 2.5).

Figure2.4 A sequence of TEM images showing the formation of annmpdete knot in less than 6s
Reprinted fron{12] with permission fronthe American Chemical Society.
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Figure2.5 (a) Schematic of the growth process. (b) Bright field image and electron energy loss
spectroscopy Ni and carbon edge elementg@isnad aPECVD CNF at 500°CReprinted fron13] with
permission fronthe American Physical Society.

In addition to these experimental works, theoretical methods, such as DFT, have also been applied to
investigate the carbon nanotube growth mechan@mquini etal. [14] studied carbon adsorption and
diffusion on the surface and subsurface of Ni angPllialloy. TheDFT calculations showed thain the
Ni surface, the diffusion of carbon is fast and the surface diffusion barrierse{@48e smaller than that
for penetration through the bulk (1.@¥). Abild-Pedersermt al.[15] studied thegrowth mechanisms for
catalytic carbon nanofibre b initio DFT calculations (Figure 2.6T.his study showed thatickel step
edge sites act as the preferential growthtersnfor graphene layers on the nickel surface. Based on
different transport pathways of carbon atoms by surface or subsurface diffilgnproposed three
mechanisms for graphene growih:front growth,ii) base growth by C incorporation aiit) atom

exchange at the Ni step edge with energy barriers of 1.43atd12.4¢V, respectively.
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Al Initial state: 0.55 ¢V C1 Initial state: 0.86 eV

BI Initial state: 0.60 eV

C2 Transition state: 1.40 eV

B3 Final state: -0.49 eV C3 Final state: 0.97 eV

A2 Transition state: 1.43 ¢V

A3 Final state: -0.47 ¢V

a) b) c)

Figure2.6 Initial, transition, and final states in the front growth mechanigrbgse growth mechanism

(b) andatomexchange growth mechanism (apdeled using DFT calculationReprinted fronj15] with

permission fromthe American Physical Society.

Recently, Ohtat al.[85,86] reported a rapid growth of a singhalled carbon nanotube on an iron cluster
by performingDensityFunctional TightBinding molecular dynamics simulation§hat study showed
that thecontinuouggrowth of the SWCNs idue tothe repetitive insertion and subsequent bridging of the
carbon fragment (3C;) formation resulting in the rapid formatiaf five-, six-, sever, and sometimes

even eighimembered rings, at tha €e interface (Figure 2.7).
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Figure2.7 Snapshots of growth processéciory of a seed nanotube ofr@g cluster Reprinted from

[85] with permission fronthe American Chemical Society.

2.5 Microk inetic study of catalytic methane cracking and CNT/CNF growth

A primary goal of research and development in heterogeneous catalysis is the identification of
catalytic materials and reactiotonditions that lead to efficient catalytic processes, which can be
implemented in industrial practice through appropriate reaction engine8mgi\[micro-kinetic model
is one of the most powerful tools that can be used to evaluate the performaneseadytstemslhese
modelscan be used to predict the reaction rates for each elementary reaction under different reaction
conditions, determine the rdieniting steps, and calculate the conversions of reactants or yields of
productions. Based on this imfoation, the evaluation of the catalyst and the optimization of the reaction
process opperatingconditions can be performed maetectively.

The kinetics ofmethane crackingnd CNT/CNF growtthas been studied extensively over the past
four decadeqd88-92]. The derivation of these microkinetic models are based on the bulk diffusion
mechanism of CNT/CNBrowth The modelusually consistof two aspects: the surface reactions with a
gradual dehydrogenation of methane and@hd/CNFgrowth by C bulk diffsion For example, Snoeck
et al. [88] devdoped a kinetic model for the formation of filamentous carbon on a nickel catalyst by

methane cracking lsad on the mechanism show in Fig@r8 The modeincludes the following steps:
Surface reactions:

50 P § 02 (2.8)
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Dissolution/segregation:

6zP & 2 (2.19)
Diffusion of carbon through nickel:

0 p©0 f (2.15

Precipitation/Dissolution of carbon
0 P O (2.16)

whereo 2 is theadsorbedcabon on the Ni surfac®  and0 f are thecabon dissolved in nickedt
the gasside of the particlend at thesupport side of the particle, respectivaly;, is the carbon at the

carbon filament.
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Figure2.8 Mechanism of the formation of filamentocarbon by the methane crackimeprinted from

[88] with permission from Elsevier.

In this model,Snoeck et alassumd that a segregation/ dissolution equilibrium exists at the gas side
of the nickel particle between adsorbed carf@a) and carbon disolved in nickel(0 ). It is also
assumed thathere is a carbon precipitation/dissolution equilibribetweend ; andd f . In that
study, the dehydrogenation of the firsti B bond is assumeds the rateleterminingstep whereas in
someother studiesadsorption of methane on the surface of catalyst is treated as tdetextaining step
[89,90].

Different from the above mentioned studies, in which the methane dissoc¢mdictionstarts with
methane surface adsorption, there areistudrguingthat methane cracking proceeds with a stepwise

dehydrogenation of the surface species after a direct dissociative adsorption of n&t8ahe [
00 zP 00z 02 (2.17)

It was then postulated thébth the dissociative chemisorption step and the dehydrogenation of the

adsorbed methyl groupould be ratedetermining
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2.6 KMC approach

It can be observed that, perform microkinetic modelling onehas tomake an assumption of the
reaction mechanism and treat tteactionsteps as either beirig thermodynamical equilibrium or as
kinetically hindered ongvay reactions. Irmany studiespnly one of thaeaction stepss treatedin nort
thermodynamicalequilibrium making it the ratelimiting step. This will limit the accuracy of the
microkinetic modellingstudy in the absence afgood of knowledge about the reaction mechanism as
well as the physical properties that determine the equilibrium and rattantm of the reactions.
Moreover, it is known that microkinetic modeling treats adsorbate species using thefigltean
approximation, expressing reaction rates in terms of species coverages. It neglects the dynamic effects
such as surface restructuringdapossible interactions between adsorzatsorbate, which may be
important parameters in certagystems [985]. Kinetic Monte Carlo KMC) simulation, however,
models the catalytic surface as a lattice of reaction sites, explicitly performing eacbrreactie lattice
as function of time and processing condition§,99]. This approach can explicitly track the diffusion,
adsorption/desorption and reactiohthe reactants/intermediatf8, 99]. In addition, KMC simulatios
also show the ratdeterminng step and the most abundant reaction intermedidteeover, KMC
simulation is a suitable strategy to bridge the gap between the results obtained by DFT at the molecular
scale and the macroscopic behavior of catalytic reaction observed in the experiments

In thevariable time steMC model, the catalyst surface is simulated using an NxN 2D lattice. Each
position on the lattice represents active site of the catalyst. The intrinsic kinetic database calculated with
the DFT analysis, the size of the lattieed the reaction conditions are the key inputs needed to develop
the KMC simulation for this process. The simulated system is allowed to evolve according to algorithm

described in Figure.2 and is summarized as follows:

i) Generate an initial configuration and set the initial ttpén most of the casean empty lattice, which

representa cleancatalyst surface, is taken as the initial configuration.

i) List all possible events that could occur on the current laticdiguration and time, and then
determine the rate of each event. Since the kinetic parameters (activation eneegpopential factor)
for a specific event have been obtained by DFT calculations, the rate for the possible event is calculated

under tke framework of transition state theory, which has been discussed in section 2.2.

iii) Calculate the total ratd? of all these events by summing all possible surface reaction ratead

generate two random uniformly distributed numbBerand” thatare in the rage of (0,1]. The total rate
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is subsequently used along with random number the variablestepesquation given below to determine

the time step at which some possible event on the surface will occur,

iv) The total rateR is used along withhe random number to pick up an event from the event list
obtained at stefi). The event is chosen by comparing the cumulative reaction probability distribution

given below against :
0 BiTY (2.18
If the random numbem is betweend  and0 , then eveniis chosen as the executed event.

v) Update the configuration of the system (species on the lattRejnove the executed event and add

new enabled processes.

vi) A time interval is generate by the variable tigtep equation given below to determine the time step at

which the chosen event on the surface will occur:
Yo o -at (2.19
The total time is then updated by adding the calculated variable tim¥gctiephe current time t:

o o Yo (2.20)

vii) If the maximum simulated timé,,, are fulfilled then stop; Otherwise, go back to step
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Figure2.9 KMC algorithm flow chart

As mentioned abovyeDFT study of the catalytic reaction mechangliows one to predict the events
that occur on the catalyst surface at the molecular level, which is quite difficultdbtédieed through
experimental measurements or observatitinsanthereforebe used t@enerate firstprinciplesbased

kinetic database, e.gctivation energies and pexponential factoref the chemical reactiongor the
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KMC simulations This combined DFT/KMC approach maintains important atomic features of a catalytic
metal surface and can therefaféer an efficient strategy to bridge the gap between the results obtained
by DFT at the microscopic scale and the dynamic behaviors of theéngaatalyst surface under given
operating conditionsreviously, this approach was successfully used to study the mechanism of catalytic
surface reactions, for instance, to examine the decomposition of acetic acid @Il1pd[100.
Aleksandrowet al. [101], studied the ethylene conversion to ethylidyne on Pd (111) afid Ptsurfaces
usingKMC simulations, on the basis of reaction enthalpies and barriers obtained from DFT calculation.
The simulations predietl the most fausible pathway and estimaé@parentactivation energ for the
formation of ethylidyne that agree well with experimental resulssng KMC simulations, Stamataki®t

al. [1027 provided evidence that the active siter watergas shift reaction on platinum surfaceay be
conditionspecific and may entail multiple individual sites under certain conditions.

In summary, DFT is a powerful tool that enables the study of the catalytic surface reactions in great
detail. The DFTcalculatel kinetic parameters fothe proposedeactionstepscan beused toconstruct the
kinetic data base iIKMC modelng, which is usually referred as KMC simulations. Swsifmulatiors
provide accuratepredicton of thed y n asmi ocfc att tad y t i undenmvariaus teaction sonditions
Reliable statistical e st ionbattaeisn edf bmga ck M@ cDipraw! abtei
compar ed wi tda,teadphadrienfeonrt@litiationoofthiegreposed e a cmechanism.

The resultingKMC model caralsobeused as a toobf catalystdesign and optimization.
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Chapter 3

Met hane Dissociation on FI at and

In this chapter, effect of catalyst surface structure on methane cracking reactions was study by
DFT calculationsNi catalyst was modeled ki (100), Ni(111), and N{553)surface \ith either fat or
steppedsurface structured he stability of CH, specien the three surfacegasevaluatecandtransition
states for methane sequential dissociations were identifieé simulation resultshow that low
coadinates Ni surface e.dNi (553) step surface, is more reactive than the higidgkedNi (111)
surface. Thichapter is organized as followsection 3.1 present a background and motivation of this
study Details about the DFT calculation method and modets described in section 3.2; DFT
calculation results are presented in section 8.8ummary of the DFT simulation is provided at the

end of thischapter.

3.1 Introduction

In the past decade, the use of hydrogen as a source of alternative clean energy has attracted much
attention. Conventionally hydrogen is produced from steam reforming of natural [Gel. In this
process, methane reacts with water on a catalyst sutygieally Ni based6-8], to form hydrogen and
carbon monoxid¢CO). In some applications the presence of CO may be detrimEontaéxampleCO
abovel0 ppm may completely poison the catalyst in a preéxehangenmembrangPEM) fuel cell[9,
10]. The direst cracking of methane aan alternative route for Gfee hydrogen production is a
promising technology11-14]. The sequence of GHiehydrogenation reactions that transform,@-IC
and H on catalyst surfaces are also often regarded as crucial steps for the production of carbon nanotubes
(CNTs) and carbon nanofibe(€NFs) by Chemical Vapor Depositigqit VD) [15-17]. Accordingly,
catalytic methane dissociation for hydrogen andTGNCNFs production has recently gained increasing
attention[19-22].

Recently the adsorption and decomposition of methan&libbased catalystisave beermextensively
studied[23-36]. Lee et al[33, 34] studied thactivated dissociativadsorption of CH on Ni (111) by
molecular beam techniques coupled witfigh-Resolution Electron Energy Loss Spectroscopy
(HREELS). This study reported that the adsorbed @Hical and H atom were identified as the products
of the dissociative reaction. The existenceh® themisorbed C§HCH, and CH on Ni(111) has also
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been reported by Secondary lon Mass Spectrog@IMS) and Xray Photoelectron Spectrosco$PS)

[35, 36]. Nevertheless, experimental investigations on the nature of the decomposition of methane on
transition metal surfaces are challenging because of the difficulty in extracting information at the
microscopic scale, e.g., identification of active surface sites, or in accurately describing the barrier heights

for the elementary reactions.

Advances incomputational sciences have enabled the applicationeoisily Functional Theory
(DFT) to studythe fundamental aspects of thatalytic methane cracking reactioVatwe et al.[28]
studied the stability of CiHspecies on N{111) and reported that the ¢lefold site is preferred by the ¢H
intermediates Michaelideset al. [37] studied the dehydrogenation of €ldn Ni (111) using DFT
analysis This study showethat the reaction, Cia d s ) %(ad€)+HHads), is about 0.5eV endothermic
with an activation engy in excess of V. Haroun et al[38] conducted DFT calculations on the
dissociative adsorption of methane on a(Nil) surface with and without adatom. This study reported
that the presence of a Ni adatom facilitates, @li$sociation with a loer activation energy when
compared to the flat surface. Wenzhen ef38] reported an activation barrier of 0.73eV for the reaction:
CHiga9 Y gaHs)+Hads) on Ni(100). Nave et a[40] analyzed 24 transition stat@ss) for the first
CI H bond breaking of methane on five metal surfaces{1dL), Ni(100), Pt(111), Pt(100), and Pt
(110). Wang et a[41] presented a comparative study of,@Hemisorption on N§111), Ni(100) and Ni
(110) surfaces using plane wave DFT calculationshiggtudy, the reaction energies along the methane
successive dehydrogenation pathway were also calculated. By comparing these thermodynamic schemes
of CH, dissociation, they reported that KL00) is the preferred surface for ¢Hissociation, when
compaed to Ni(110) and Ni(111). However, this study did not include a study on the kinetic properties
for methane dissociation. Recently, DFT calculations and experiments have shown that the step edges in
general are more reactive towards the adsorption &sdaiation of a number of simple molecules such
as CO, NO, @and N [42-47]. For the study of methane dissociation, Bengaard ¢#&]l.used a Ni
(211) surface to study the effects of surface steps on the activation of thei firdbd@d breaking in
metane. This study showed that the activation energy d21Ni) is 0.2QV lower than that reported for
the Ni(111) surface. The higher activity of the step surface over the terraces has been confirmed by Frank
Abild-Pedersen et a[49], who investigatedCH,(gag YCHs(ads)+Hads) reaction on the terraces and
steps of a N(111) surface by DFT calculations combined with Ultra High Vac(uhrtV) experiments.

Based on the above, most of the previous theoretical studies on methane cracking reaction have

focusedon the estimation of the GHhemisorption properties and methane successive dehydrogenations
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on Ni (111) surface. Methane dissociative adsorption reactiong(gCHs ) Yad$}+Hads), on low
coordinated N{100), andNi (211) step surface were also repditNevertheless, few theoretical studies

have systematically analyzed the complete dehydrogenation pathways and the energetics for the
transformation of CHlto C and H on these lowo or di nat ed f I at and step Ni
knowledge, the inv&igation of the Chlsuccessive dehydrogenation that leads to C and Ni (100)

and highindex Ni step surfaces has not been reported in the open literature. That is, a systematic
comparative study of CHadsorption and methane dehydrogenation reactiordifferent flat and step Ni

surfaces is not currently available. Such a study is fundamental to gain a comprehensive understanding of
the methane cracking reaction on Ni based catalysts and expected to play an important role in practical
cases involvingolycrystalline Ni systems.

In the present work, a systematic theoretical study of the activation of methane and its corresponding
fragments on N{100), Ni(111) and Ni(553) surfaces have been performed. Thg3%¥3) surface is
chosen because it is a hililler indices index step surface, which has never studied before. It consists of
(111) terraces an@d 11) orientated monoatomic steps. Thus, it provides a different surface topology from
that of Ni(211) surface considered in previous works which castdill}like terraces an@l00) steps
[48]. DFT calculations on the adsorption and diffusion of thg @hktl H species on these three Ni
surfaces have been conducted. Moreover, the TSs and energetics for stiseqQehtial dissociation
reactions on these surfaces have been identified. Furthermore, comparisons between the adsorption
properties of the CHspecies on N{100), Ni(111) and Ni(553) and between the energy profiles of the

dissociation reactions aregsented in this work.

3.2 Computational details
3.2.1Calculation methods

The DFT calculationgperformed in this studwere performedisingthe program BANDO50, 51] on
SHARCNET (www.sharcnet.ca) under the umbrella of Compute/Calcul CamadAND, the surfaces
are modeled by a slab withanslationalsymmetry in two directions. Also, the electron wave functions
were developed on a basis set of numerical atomic oriN&l©s) and of Slater type orbita(STOs). For
the core of the atom(n this caseNi and C), a frozen core approximation was usegtdiice the size of
the basis set. The calculations performed on this study wereisgstricted and thRevised Perdew

Burke-Ernzerhof(RPBE) generalized gradient approximati¢@GA) for the exchange andicelation
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energy terms were employeld.is the revision suggested by Hammer et 32| fo improve adsorption
energetics compared to the PBE functional originally developed by Perdew, Burke, and Efa&rhof
This functional is applied for the presesitidy because it has been widely used for catalysis applications
and provides reliable adsorption energetics of the transition metal system (e.g. P34-Bli). [The
groundstate atont geometries were obtained by minimizing the forces on each atomdw BeD5

eV/A. A characteristic of the BAND program is to perform numerical integrations for all the matrix
elementg58]. The accuracy of the integration in real space and the sampling of the Brillouin zone for the
integration accuracy in-kpace are the two major numerical parameters in the calcu[®nThe
general precision parameter for numerical integration in real space in EA&ed: Accuracy) was set

to 4, which is a reasonable value for this param@®&61]. The kspace paranter was set to,3which
represents thathé quadratic tetrahedron methsl2] was used in the present analysis fespace
numerical integrationScalar relativistic corrections were included through the zematlr regular
approximation(ZORA) [63]. The search and verification of the transition staf€S) were conducted
using the following procedul®4-66:

i) A geometry of the transition state is proposed based on the geometries of the reactant and product in a

particular elementary step.

i) Frequencycalculations are conducted at the proposed geometric point. The lowest vibrational mode in
the direction of the transition sta(€S) is sought from the frequency calculations. The search for the
transition state is performed starting from this pdiatvest vibrational mode) using the hessian of this

frequency run.

iii) Frequency calculations are performed on the transition state obtained from the previous step. The TS
is confirmed if there is only one imaginary frequency corresponding to a singleveeggtiational
mode. Otherwise, a new geometry is needed, i.e., go back t.st@gs procedure continues up until the

TS with only one negative vibrational mode is identified.

iv) The TS is further verified by slightly perturbating the TS along theti@n coordinate, corresponding
to the normal mode with imaginary frequency, in the direction of the product or reactant.
v) The perturbed transition state geometry obtained in step is then optimized, yielding the

corresponding geometry of the product or the reactant in a particular elementary step.

In order to describe the interactions between &H0-3), H and the Ni surfaces, the adsorption

energieqEaq9 Of the adsorbates wedefined by the following equation:

31



Eads:EA/sIaH_ EslabT EA,gas (3 . 1)

whereEusian represents the energy for the slab with the adsorbate A on the sixfads the energy of a
clean relaxed Ni slab arff,, g is the energy of the free adsorbate A in the gas phase. A neBafive
corresponds to a stable adsorbstdy systemPleasenote thatunless otherwise specifically statate
sameDFT calculation methods, e.functional bass setand parameterss usedn the DFT calculations
conducted in other chapters.

3.2.2Surface models

The models for the Nj100), Ni(111), and Ni(553) surfaces are shown in Fig84. Ni (111) has
the most compact surface with a coordination number of 9 for each surface a{@@ONs a more open
surface with a coordination number of 8 for the surface atoms. T{&bB) surface is stepped, c@sisg
of (111) terraces an@d 11) orientated monoatomic steps. The coordination number of the surface atoms is
9 on the upper terraces, 7 at the step edge, and 11 for atoms at the bottom of the stefd.ODheid Ni
(111) surfaces were modeled usintheee layers slab with 2x2 unit cell. For the relaxation of the Ni
surfaces, experimental work of Lu et g87] found that the relaxation of NL11) is less than 2%with
respect to the bulk). A previous DFT study by Sautet g28]. has also showthat the top layer of Ni
(111) undergoes only very small inward relaxat{0r6%). For thg(100) surface, experimental studies
[68-70] have shown that th€L00) surfaces of different metdlimcluding Ni) do not reconstruct, with a
probable relaxation of the outer layers of the metal crystals. Therefore, to reduce computational effort, in
all calculations performed on the Mi00) and the N{111) surfaces, the Ni atoms of the uppermost layer
and the adsorbed species were allowed to relax whereas the Ni atoms in the remaining layers were
constrained in their bulk positions with the experimental lattice parameteRAJ.BY. Tests concerning
the accuracy and convergence with slab thickness alsoeperformed on Nil11) and Ni(100). That is,
the adsorption energies of the optimal geometries obtained with three layer slab were recalculated with a
four-layer slab. The results listed in Tal8d show that on N{111), the largest deviation wasrfH
adsorption, which increased by 0.8V when using the four layer model. However, this relative deviation
is less than 3%. On the KLOO), the largest deviatiaip%) was obtained for CHadsorption(see Table
3.1). This shows that a reasonable congamg of the binding energies is already obtained withag e
thick slab. The N{553) step surface was represented by a thirteen layers slab<tfumit cell. The top
five layers were allowed to relax whereas the bottom layers of metal atoms werainedsn their bulk

positions also with the experimental lattice parameter 8.52
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Figure3.1 Top views of a) Ni(100), b) Ni(111) and c) N{553) surfaces. The upper step Ni atoms on
Ni (553) are represented by grdmails.

3.3 Results and discussion
3.3.1Adsorption of CH, and H species

The three surfaces considered in this study exhibit metal surface atoms with a range of local atomic
environments. As illustrated iRigure 3.1, the Ni (100) surface has a square arrangement of atoms,
whereas the N{111) surface has a hexagonal structure. Thg388) surface can be considered as a
stepped surface witfll11l) terraces an@l11) step. According to the surface morphology, there are four
adsorpion sites on Ni(111) surface. Atomdsorption is directly above a surface atom whereas a bridge is
bridging between two surface atoms. The hexagonal close pé#logpp and faceentered cubigfcc)
sites are two different threefold hollow sites, with @wface atom in the second and third layer,
respectively. The N{100) surface exhibits three higdymmetry sites: a fourfold hollow site, a bridge site
between two Ni atoms, and atop site above a single Ni atom. The adsorption sites ofbH3 dirface
are labeled irfrigure 32. This work will focus on the adsorption sites in the step regions (638) since
they exhibit different coordination numbers as compared to the sites ¢hlieerrace surface. Thus,
six adsorption sites near the step Nimas onNi (553) surface were considered in the present analysis.
Table 3.2 reportsthe adsorption energies of Ckk=0-3) and H species on NiL00), Ni (111), and Ni
(553) surfaces. Thadsorption energies at the most stable adsorption sites are shbwold;imnd their

corresponding adsorption configurations are shown in Figurg.8.3
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Figure3.2 The adsorption sites considered on a 2x1 unit cell ¢658) surface arda) upperstep fcc
site, (b) upperstep hcp sitg(c) step top sitg(d) step bridge sit€e) lowerstep hcp site, and) lower-step
fce site. The upper step Ni atoms are represented by green balls.
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Table3.1 Adsorptionenergy (eV) of CH, fragments on ththreelayer and thdéourlayerslabs model of
Ni (111) and Ni100)

ThreelLayer Fourlayer Ref.

Ni (111)

CH; 11.33 11.28 11.30% 11.46%7 11.81*Y

CH;, 13.21 13.25 13.30% 13.26% 13.89""

CH 15.70 15.69 15.90% 16.35"

C 16.22 16.20 16.00% 16.61*"

H 12.65 12.72 12.80% 12.60%7 1 2.77
Ni (100)

CH; 11.44 11.37 11.84%

CH, 13.76 13.58 14.18*

CH 16.43 16.35 17.05*

C 17.27 17.23 18.08*Y

H 12.67 12.68 12.81%4

[6] A three layer model with temost layer relaxatio(RPBE functional)
[37] A three layer model with no surface relaxat{BhV functional)

[41] A three layer model with top two surfaces relaxati®BE functional)
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Table 3.2 Adsorption energiegeV) of the CH (x=0-3) and H on various surface models. The energetics

in bold are the adsorption energies at the most stable adsorption sites.

Ni (100) Ni (111) Ni (553)
adsorbate top bri  hollow top bri hcp fce top™®  bris  fcc  hepg  fect  hep
CH; T1. 1T1. r1. 171, 1T1. T11. T1. 11. 11
CH; T2. 17T3. 13. T2, 172. 13. 13. T3 T3 T3 T3
CH T4. 17T5. 16.:¢ iP3. 15. 15. 165. 15 15 1T5. 15 15
C T4. 15. 1 7. ¢ T4. 7T5. 17T6. 16. T5. 16 iT6. 16 1 6
H T1. 12. T 2. T1., 1T2. 12. 12. T1. 12 T 2 1T2. 12 T 2

The data that are not reported on some specific adsorptionireiieate that notable adsorption configurations

were found at this site. That is, the adsorbed species moved to other adsorption site after geometry optimization.

3.3.1.1Carbon and hydrogen adsorption

The most stable adsorption configurations for C orvéi@us Ni surfaces are shown in &igs3.3b,

34b, and3.5b. For C on Ni(100), C adsorption at the hollow si{see Figre 3b) has the maximum
bonding energyi 7 .

as the transition stat@S) for C diffusion on the N{100) surface. The estimated diffusion barrier is

27

eV) .
saddlepmt (transition state) on the potential energy surface for C. Thus, the bridge site can be considered

Frequency

anal ysi s s h oonderd

t hat

approximately 1.62 eV. Hence, this relativelythignergy barrier indicates that the diffusion of C on the

Ni (100) surface is a highly activated process and may rarely occur. The situation for C adsorption on Ni

(111) surface is quite similar to that observed on the(MNIO) surface. That is, the mostable

configuration for the adsorption of C on the ({il1) surface is a three hollow site with C adsorbed at an

hcp site(see Figre4 b ) .

agreement with thafi 6 .

00

The
eV)

corresponding

adsorption

r yWockoet al.§6} asistyow iR [Tabl@.1. Note that the

functional(PRBE) and model used in that study are the same as those used in the present study. However,

ener g

Blaylock et al. employed plane wavmsis set and ultrasoft pseudopotentials for the description of

electrons which is expected to cause this small devig8d0). In the present study, C adsorption

energy on Ni(111) is 1.05 eV lower than the fourfold hollow site C adsorption o(180). The strong

stabilization of C in the fourfold hollow sites compared to the threefold hollow sites reflects the need of

the C atom to satisfy its valence. As in the (lMdO) configuration, the C bridge site adsorption on Ni
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(112) was found to be a diffush TS. The corresponding diffusion barrier obtained for this process was
0.48 eV, which is in agreement with the value reported by Cinquini €0.4b eV)[72]. It should be

noted that Wang et dl41] reported a higher adsorption energy for C adsorgtioMi (111) (1 6 . 6 1 e V)
and Ni(100)(1 8. 08 e V) -layerimodel with tapworlagrer relaxation, as shown in Taldd.
However, Wang et aj41] used a planeave DTF method and a function®BE) that are different from

those used ithe presentodel (STO-DFT, functional: PRBE). Thus, the numerical results obtained by
Wang and cbworkers are expected to be differentthe resultsobtained in the present studynce
different modeling methods were used. Although adsorption energies obtained psesent analysis

were different than those reported[#il], they were consistent with the present study in terms of the
strong C bonding energy on K100) as compared with Ni111). For C adsorption on Nb53) step
surface, C is preferentially adsodben the threefold hcp site below the step edge with an adsorption
ener gy o fseeiFiyre 8.3b). Thé&/DFT calculations showed that carbon diffusion via the step to
the lower terrace on NB53) proceeds with a barrier of 0.66 eV, whereas a barrier of 0.99 eV was
obtained in the reverse direction. The results obtained for the C adsorption and diffusion among the three
surfaces show that C on KL00) and Ni(553) has higher diffusion barriersi€e to the strong bonding
energies on these two surfaces when compared {@14). Moreover, this result may restrict tfiE00)

surface from being favored by nucleation for carbon nanofiber or nanotube growth, due to the low

mobility of these carbon atoms.

a) H@bri site b) C@hcp site ¢) CH@hcp site d) CH,@hcp site  e) CH;@bri site

Figure3.3 Top views of CH,(x=0-3) and H adsorbed on 100). Blue Ni, white: H, black C.

37



/. :

o

a) H@hcp site b) C@hcp site ¢) CH@hcp site  d) CH,@hcp site  e) CHy@hcp site

Figure3.4 Top views of CH, (x=0-3) and H adsorbed on i11). Blue Ni, white: H, black C.

a) H@upper fce site b) C@lower hep site  ¢) CH@lower hep site d) CHy@step bri site ) CHy@step bri site

Figure3.5 Top views of CH, (x=0-3) and H adsorbed on {653).Blue: Ni, white: H, black C.

For H on Ni(100) surface, it was found that binding is slightly more favored at the bridgéssie
Figure 3.3a) than on the hollow site. On the other hand, H adsorption at the bridge sitddii)Ns a
less stable configuration than the hcp site adsorgsea Figire 3.4a). As shown in Tabl&8.2, the hcp
site H adsorption energy on Nill ) i s 1 2. 6id slighty morendtable than the fcc site
adsorption(t 2. 64 eV) . This result is slightly differen
Michaelides[37], in which the GGA PerdeWang functional and a thrdayer unrelaxed Ni slab were
employed. Inthat study, the H hcp and fcc adsorption energy weeepor t ed to be T12.54
respectively. However, a good agreement can still be gained if comparison is made in term of H
adsorption energy on Ni11). As mentioned above, the H adsorption gnem Ni(111) reported in the
present study is consistent with the study of Blaylock ef6ilwho reported an adsorption energy of
T 2. 8 (seedabl8.1). Further frequency analysis shows that H adsorbed at the bridge sit¢1dd )Ni
surface is a transition state whereas the H adsorbed at the bridge site or{1tb@) Nurface is a local
minimum. The diffusion barrier for H on NiL11) and Ni(100) is 0.28and 0.31 eV, respectively. The
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diffusion barrier was calculated by takingetlenergy difference between the hollow and bridge H
adsorption sites. From TabB2, it can be observed that the upper fcc @t Figire 3.5a) on Ni(553)

surface is more energetically favorable than the two flat surfaces to adsorb H. The diffs$ifvarofthe

upper to the lower terrace via the bridge site along the step edge needs to overcome a barrier of 0.09 eV.
These results show that there is no apparent difference for the mobility of H on {@Nand the Ni

(112) flat surfaces. However, tltiffusion of H over the step edge on (SB3) is a faster process since it

needs to overcome a relatively low energy barrier.
3.3.1.2CH adsorption

The most stable adsorption configurations of CH on the three different Ni surfaces are shown in
Figures 3.3c, 3.4c, and3.5c. CH binding on N{100) shows apparent site preference when compared to
the Ni (111) and the Ni(553) surfaces. As shown in Tab&2, the adsorption energy &H at the
fourfold hollow siteis much higher than that observed at the bridge and at the top sites on(1@)Ni
surface. The diffusion of CH occurs via bridge site adsorption, which has been confirmed as a diffusion
TS by frequency analysis. The corresponding diffusion barrierfOié 4V, which indicates that the CH
diffusion on Ni(100) is a highly activated process. For CH on(Ni1), the most stable adsorption site is
the hcp hollow site followed by the fcc adsorption site. This result agrees with a previous HREELS
experimentabktudy which showed that CH binds most favorably to threedfibddn a symmetric structure
on Ni(111) [36]. Moreover, the calculated CH hcp site adsorptionergrgy. 70 eV) is in agr
the one reported by Blaylock et . ] , i . e (seeTablé3.10 As orethe N{100) surface, the CH
adsorbed at the bridge site on ({11) was found to be a TS. The results show that CH diffusion on Ni
(111) surface needs to overcome a barrier of 0.17 eV, which is a much lower energy barrier than that
obtaned for the CH diffusion on N{100). Thus, a higher mobility is expected for CH on (111)
surface. With regards to the K853) surface, CH tends to chemisorb at the threefold fcc site behind the
step at the lower terrace. The CH surface diffusionidranver the edge to the lower terrace is calculated
to be 0.33 eV. As in the case of the C adsorption atom, these results show that CH is strongly bonded at
the hollow site on N{100) and it has the highest mobility on the(liil) surface.

3.3.1.3CH; adsorption

The most stable adsorption configurations of,©H Ni (100), Ni (111) and Ni(533) are shown in
Figures 3.3d, 34d, and3.5d, respectively. As shown in Tab&2, the most stable GHadsorption
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configuration on Ni(111) is located at the hcp site followed by the fcc site with adsorption energy of
1T3.21 and 1T3.19 eV, [3r7fTds peqtoirteldy .a NMiocshaeltiadod se ads
at the fcc site, followed by reenlentith the Yalueobtairtedhie h c p
this work with respect to CHadsorption energy at the threefold site on(Nil) surface. This result is

also consistent with the study of Blaylock et[f8l.] , who reported an a@eorptio
Table3.1). For the configuration of C}bn the two flat surfaces, one of the two H atoms is bonded to a

surface metal atom to form the-salled G Hi Ni threecenter bond, which is a low energy configuration
state[73,74], while the other CH bond is tilted away &m the surfaces. As stated by Michaelides et al.

[79], the decrease in the vibrational frequeféys o f t 6 vi br ati onal mode) i n h
attributed to the formation of the threee nt er bond. A's 1H xilpationdl eedueries he &6 s o
of CH, were observed upon Gldsorption on N{100) and Ni(111 ) s ur f ac eisH.streficting 6 s of t
frequency occ'donNi(Ht) T2/6d 9 afc'ori NI @®B whichncorresponds to

redshift of approximate 274 ¢rhand 818 crh? respectively, compared to the usual -ghase CH
stretching fr e'duelnhceys eo f6 sToX&53 vamr at i oA hdndtiar e q u e n ¢
may consequently affect the dehydrogenation of the fragment. THestetching frequency of GHon

Ni (100) shows a significant shift when compared to that observed ¢hlll)i Therefore, the stretching

CI H bond scission on Nij100) might be much easier than on the(M1) surface. However, thel El

bond activation energies on these surfaces cannot bpatedhfairly because of the different initial

adsorption geometries of GHbn Ni (100) (fourfold) as compared to Nil1l) (threefold) and their

possible different dissociation pathways. Frequency analysis also showed treadg0Hbed at the bridge

sites @ Ni (100) and Ni(111) is the TS for Chldiffusion. The energy barriers for the diffusion process

were found to be 0.41 eV and 0.39 eV on(lNi0) and Ni(111), respectively. Thealculationfor CH,

adsorption on the Ni553) surface showthat the stefridge site is the most stable adsorption site. The
6softd C H vibrational f(53332 opdicatingctlyat thve 41 Ninthoee cemtdr s e r v e d
bond is not formed. This can be confirmed by the observed long bond dig2a5@4) between the H

and surface Ni atontsee Figire 35d), on the N{553) surface.

3.3.1.4CH; adsorption

The most stable adsorption configurations of;@iH the thredlifferent Ni surfaces are shown in
Figures 3.3e, 34e, and3.5e. On Ni(100), no stable configurations were fourior CH; hollow site

adsorption,and the C atom always points toward the top site of the adjacestbiis after geometry
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optimization. CH bridge site adsorption witbhne of the H atoms in the GHpecies pointing toward a
fourfold vacancy was found to lihe most stable configuration. This ressltonsistent with a previous
DFT-GGA study[39]. A slight redshiftofD130 cm *for the G H stretching frequency was observed
indicating the formation of a weak C H Ni threenter bond. Thdiffusion barrier forCH; on Ni (100) is
estimated to be 0.11 eV. Gh$ found to be most stable when it is adsorbed on théLNi) surface
through its carbon atom on the hcp site with the three H gtoimsing to the surface atoms to form three

CI H1 Ni threecenterbonds. Thecorresponding adsorption energyiisl . 3 3 e V consigtert with i s
the results reported by Blaylock et é1.30 eV)[6] and Michaelides et a{i 1 . 4 837]e Sinilarly, a
redshift 00346 cm *for the @ H stretching frequencies was observed on(Nil), which is in good
agreement with that the value reporteda previous study~300 cm j [75]. These results indicate that

the stretching of CH bond in CH is weakened by the formatiaf the relatively strong TH1 Ni three

center bonds on NiL11) when compared to that on Mi00). However, the small deviation the redshift
suggests that there is no significant differebhetween the TH bond strength for CHadsorption on the

two flat surfaces. Frequency analysis showed that the bridge sitepidsds a diffusion TS since
diffusion of CH often occurs via bridge siten Ni (111). The corresponding diffusion barrier was
calculated tdbe 0.15 eV. This result indicates that the diffusion of; @Havoredon Ni (111) and Ni

(100) surfaces. For thadsorptions of Ckon Ni (553) step surface, the sidmridge site adsorption was
found to bethe most stable configuratidh 1 . 53 e V) . As i,adsaorption, the farmationof t he
of the @ HI Ni threecenter bond on N553) was not observed. Thiar be supported by the long Ni

atom distance 2.68 (Table3.6), indicating no H Ni bond formation.

The results presented in Tal32 enable a comparison of tadsorption behavior on tl{&00), (111),
and (553) surfaces. Thistudy showed that th&trongest binding energy for C, CH and £khs on Ni
(100). The stepped Ni553) surface also exhibits higheinding energies for C when compared to Ni
(111). The highesbinding energy for Ckland H was observed on f&53). These calculatiorshow that
the binding energies of C are stronger ondpen Ni(100) and Ni(553) stepped surfaces than on the
closepackedNi (111) surfaces, while the binding energies forsGHdH are not very sensitive to the

surface structure.

In order to assess tlyantitative effect of surface relaxation the results presented in this study,
DFT calculationswvere conductedon a model withthe toptwo layersof the Ni atoms were relaxed. In
those calculations, the adsorptienergies for C and GHbn Ni (111) andNi (100) at theirmost stable

adsorption sites were estimated assuming that thievimlayers of the Ni atoms were relaxed. The results
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of these DFTcalculations are as followd: on the Ni(111) surface, the correspondiagsorption energies
obtained fo C and CHwereT 6.18and1 1.33 eV, respectively. As shown in Tal3id the corresponding
adsorption energies for C and ©ihen only the top mosayerwas relaxed on the NiL11) surface were
16.22 andi 1.33 eV, respectively. These results show that tbxation of the tofwo layers in the
model did not change the Gldsorption energy aritlonly resulted in a deviation of 0.6¢8.04 eV) for
C adsorptiorwith respect to the results obtained when only themopt layemwas relaxedii) On the Ni
(100) surface, the adsorption energies C and CH were (top-two layers relaxed) 7.29 and 1.46 eV,
respectively. These results are also close to those obtainedwlgahe topmost layer was relaxed, i.e.,
C:17.27 eV and Ckl T 1.44 eV(see Table.1). These small deviations introduced by tle&xation of
the toptwo layers of Ni atoms shows the reliabilif the results obtained by relaxing only the top most
layer of the Nisurface.

The previous results were obtained with slabs using experimental lattice constants in the fixed layers.
The bulk lattice constant using the same method and parameters described in3S=atéya calculated.
The value obtained from the DFT calculationsv8a51885A, which is in very good agreement with the
experimental lattice constaf8.52 A). To study the errors introduced by using the experimental and

calculated bulk lattice constants, Cahd H adsorption on NiLl11), modeled by a thrdayer slab wih

the calcul ated bulk | attice constants, were esti.
13.29, 15. 69, 1 6. 3 8H, Cl, € dand H2 respedtivedyVAs shown inTable, the
corresponding adsorption energies obtained orf1liil) using the experimental lattice constants were

1T1. 33, 13. 26, 15. 70, 16. 22, and 12.65 eV, respec

adsorption energies obtained from experimental and calculated bulk lattice constants.

3.3.2Minimum energy path for methane activation

The reaction pathways and reaction energetic for the transformations,db @Hand H on the Ni
(100), Ni (111), and Ni(553) surfaces have been systematically studied using DFT analysis. The
transition states along theaction coordinates for each elementary reaction were located and presented in
Figures 36i3.8. Estimates for the activation barriers, the reaction energies corresponding to each
elementary dehydrogenation steps on different surf@ges the key geometriparameters) are listed in
Tables3.3i 3.6. A comparison between the reaction profiles on the different surfaces is shownri Fig
3.10.
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Table 3.3 Relative energiegeV) of the initial statg(l.S), transition Stat€T.S), andfinal state(F.S).
Distances between detached ad thenearestC (Q -q,) and Ni(Q ) for each elementary step of

CH, dissociation on a Ni100) surface.

States E (ev) Q q A Q q, A
.S 0.00 1.13
CH,Q T.S 1.23 1.64 1.56
F.S 0.67 3.23 1.87
.S 0.00 1.10 2.17
CH;, T.S 0.62 1.74 1.56
F.S 0.09 3.61 1.80
.S 0.00 1.11 1.81
CH, T.S 0.22 1.44 1.69
F.S 10.33 2.49 1.79
.S 0.00 1.11 2.62
CH T.S 0.64 1.55 1.69
F.S 710.03 2.49 1.79
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Table 3.4 Relative energiegE) of the initial state(l.S), transition stat€T.S), and final stat€F.S).
Distances between detached athd thenearest QQ ) and Ni(Q -q,) for eachelementary step of

CH, dissociation on a Ni111) surface.

States E (eV) Q. q (A) Q -, (A)
I.S 0.00 1.11
CH, T.S 1.31 1.63 1.59
F.S 0.91 3.09 1.69
I.S 0.00 1.13 2.17
CHs T.S 0.89 1.75 1.49
F.S 0.16 3.09 1.72
.S 0.00 1.11 2.23
CH, T.S 0.41 1.68 1.50
F.S 10.38 2.88 1.74
.S 0.00 1.11 2.69
CH T.S 1.38 1.75 1.49
F.S 0.42 2.88 1.72
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Table3.5 Comparison of CkIDissociation barrieréin bold) on Ni flat surfaces with previous studies.

Reaction Ni (111) Ni(100)
CH,Y C H+H 1.31 1.34% 132" 1.17"® 1.06~1.16" 1.23 1.19"7 0.91~0.96"
CHsY Ci#H 0.89 0.68° 0.82™ 0.79™

CH,Y CH+H 041 0.30° 0.37® 0.36™

CHY C+H 1.38 1.40% 1.37™ 1.40™

Table 3.6 Relative energiegE) of the initial statg(l.S), transition stat€T.S), and final Stat€F.S).
Distances between detached athd thenearest QQ ) and Ni(Q -q,) for each elementary step of

CH, dissociation on a Ni553) surface.

States E (eV) Q. q (A Q q, (A)
I.S 0.00 1.11
CH, T.S 1.08 1.60 1.54
F.S 0.08 3.02 1.70
I.S 0.00 1.11 2.69
CH; T.S 0.71 1.79 1.52
F.S 10.08 2.52 1.62
I.S 0.00 1.11 2.59
CH, T.S 0.15 1.54 1.68
F.S 10.51 3.12 1.74
.S 0.00 1.11 2.36
CH T.S 0.47 1.59 1.59
F.S 10.29 3.19 1.71
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3.3.2.1Methane dissociation on N{100)

Dissociation of methane on N100) occurs at the top of a surface Ni atom. The geometry of the
transition state is show in Rige 3.6. In the transition state, the methyl fragment is slightly tilted and the
H atom moves over the top of the Ni atom. In the TS, the activaiédl lidbnd (denoted as TH,
hereafter) is stretched from 1.&lin the gas phase to 1.84in the TS. The C and J&tons are bonded
with the top Ni atom with bond distances of 2.12 and R56espectively. The shorter Nil, distance
indicates that the hydrogen atom is bonded with the top Ni atom. The final configuration was methyl
adsorbed in the bridge site and thegalthm adsorbed in a neighbored hollow site. As shown in Table
the calculated energy barrier is 1.23 eV, which is in very good agreement with the one reported by
Bengaard et a[.76] (1.19 eV). In that study, DFT calculations were conducted to studyhgrgyebarrier
of CH, dissociation on N{100) with the slab kept rigid to reduce the computational effort. As shown in
Table 33, the reaction energy for this process is 0.67 eV, which suggests that thdigSetiation
reaction on N{(100) is a highlyendothermic process.

Figure3.6 Geometric structures of the initial stdtes), transition stat€T.S), and final stat@-.S) of the
four steps of Ckldehydrogenation on NILOO) surface. Blue: Nigray C, andwhite: H.
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In the TS obtained for the dissociation of £bh the Ni(100) surface, the activatedi €, bond is
stretched from 1.10 to 1.7%. The H, atom is located near an atop site, forming a bond with the surface
Ni atom with a bond distance of 1.86 The TS hasraenergy of 0.62 eV above the ground state of the
reactant. This reaction leads to the production of @il H, which is sited at adjacent hollow sites
sharing a single common Ni surface atom. The reaction energy for methyl dissociation is 0.09 eV, which
indicates that the dehydrogenation of;@H Ni(100) is nearly thermal neutral.

The reaction energy and the corresponding activation energy for the dissociatiopai 8H100)
are 10.33 and 0.22 eV, respect i weenh thie surfBce dlisatmrasi at i or
and results in the CH and H sited on the nearby hollow sites. At the TS, the activetesir€tched from
1.11 to 1.44A. This result shows that the energy for Qtissociation is exothermic on the Ki00)
surface; the low actation energy indicates that the dehydrogenation of i€linetically favored on Ni
(100).

The dehydr ogenaG+H bas anpenengy kasisr of @id4YeV. The reaction energy is
calculated to be T1T0. 03 eV (10) &slnstle cake ldf CHl estalyjnastao ge n a t |
thermal neutral process. At the TS, the C H bond is stretched from 1.11 t8,1wdfich leads to the

product C and H, located on two hollow sites.

3.3.2.2Methane dissociation on N{111)

As shown in Figre 3.7, the activation of théirst CT H bond in methane also occurs over the top of a
Ni atom on the N{111) surface. In the TS, the activated alom points toward the adjacent fcc hollow
site whereas the GHragment is slightly off the top sité he calculations show that tha B, bond
distance stretched from 1.&Lin the gas phase to 1.63in the TS. The C and Jitoms are bonded with
the top Ni atom with bond distances of 2.18 and 185%espectively. As shown in Tab4, the
calculated activation barrier for this reactien1.31 eV, which is in good agreement with the study of
Bengaard et al[76] and Blaylock et al[6], who reported a barrier of 1.32 and 1.34 eV for methane
dehydrogenation on NiL11), respectively. As mentioned in Section 3.1.1, Wang ét#4].used a rodel
with the top two layers relaxed and reported highex &t$orption energies than those obtained thi¢h
presenDFT model. However, the qualitative results from that study are the same to those obtained with
the presenDFT model:i) the adsorptionteength of the Cklspecies are in the same order, i.e., C > CH >
CH, > H > CH; on Ni (111) and Ni(100); ii) the CH, bonding energy on Ni100) is stronger than on Ni
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(112), andiii) the dehydrogenation barriefg7] for the CH, species are in good agreement with those
obtained in the present analy¢sg®e Table3.5). Furthermore, Nave and cowork¢d®] showed that the
CH, dissociation on N{111) and Ni(100) has a barrier in the range of 1.@6l0 and 0.910.96 eV,
respectivey (see Table8.5). That study used a plam&ave basis DFT method with a fodayer slab and
top two layers relaxed, which is different the presenimodel. Although the numerical results are
different than those obtained withe presenmodeling methodbhoth studies reached the same qualitative
results regarding the reactivity between(lNd0) and Ni(111), i.e., the energy barrier is lower by 0012

eV on Ni (100) when compared to Nil1l). The reaction energy obtained from the present DFT
calculation § 0.91 eV on N{111), which is 0.24 eV higher than that obtained on th¢1R80) surface.
From a thermodynamic and reaction kinetics point of view, the high reaction and activation energies
indicate that Chldecomposition on Ni111) is not as favorable as on the(l00) surface.

Figure3.7 Geometric structures of the initial stdtes.), transition stat€l.S.), and final staté-.S.) of the
four steps of Ckldehydrogenation on NIL11) surface. Bie: Ni, gray: C, and white: H
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For the dehydrogenation of Glan Ni (111), hydrogen abstraction takes place over the top of a Ni
surface atom. The GHragment bends and rotates toward the stretched direction but remains adsorbed at
the hcp site. At th@d'S, the methyl species is highly distorted and thél{bond stretched from 1.13 to
1.75A. The H, atom forms a strong bond with the surface Ni atbond distance: 1.48). The energy
barrier for the CH dehydrogenation on Nil11) is approximately 0.89 eV. This is higher than the one
(0.68 eV) reported by Blaylock et d6], but agrees with a previous theoretical GBRT study
presented by Mueller et 40.79 eV)[78], as shown in Tabl8.5. This barrier is 0.27 eV higher thtrat
for CH; dissociation on N{100) which can be related to the difference of;@dsorption configuration
and its dissociation pathway between the two surfaces. @hllljj, the CH is initially adsorbed on the
threefold hcp hollow site; thei®1, bond gission takes place over the top of a Ni surface atom. In the
case of Ni(100), CH; dehydrogenation starts from the bridge site adsorption configuration wit@relgs
bond gission occurs slightly off thatop site, which results in a TS with thg &lom siting closer to a
bridge site. The adsorption energy calculations showed that H adsorption at the brifigsite6 7 e V) on
Ni (100) is more stable than its top site adsorpfiorL . 9 2 e {11). Therefolkej the TS is stabilized
on Ni (100) with a much lower energy than the TS on(Mil1). The reaction energy obtained for £H

dissociation on N{111) is 0.16 eMendothermic reaction).

In the case of the GHiehydrogenation reaction on Mil1l), the H atom that points to the top of the
Ni atom is stretched and the CH fragment rotates upwards with the C atom strongly bonded to the three
Ni atoms at hcp site. At the TS, the g, bond is stretched from 1.11 to 1.A8DFT calculations showed
that the dehydrogenation of Gkb CH needs to oveome an energy barrier of 0.41 eV, which is slightly
higher than that reported by Blaylock et @] (0.30 eV). However, the energy barrier obtained in the
present analysif.41 eV) agrees well with the study presented by Mueller E1&I(0.36 eV), ashown
in Table3.5. In the present study, it was found that the barrier is 0.19 eV higher than that observed for the
Ni (100) surface. As in the CHlissociation on the Nj100) surface, the Hatom is located slightly off
the ontop site on the Ni11) surface which leads to the destabilization of the TS and therefore to a higher
activation energy. The val ue (Lld)rTherdsdts abtaiedinithisn ene

work agree with the theoretical study by Mueller ef 28] who reporedar eact i on ener gy of

The subsequent dissociation of CH to C and H is shown iar&i§7. During the dissociation
process, C remains at the hcp hollow site while thenblves over the adjacent Ni atom with theHC
bond stretched to 1.7A in the TS. The results showed that the CH dehydrogenation proceeds with an
energy barrier of 1.38 eV, which is in good agreement with the study of BlaylocK &t @l.40 eV) and
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Mueller et al.[78] (1.40 eV)(see Table8.5). This barrier is much higher than that obtained for the CH
dissociation(0.64 eV) on Ni(100) surface. This is because theH; bond scission occurs over the top of

Ni atom on Ni(111). The results also show that the CH dehydrogenation is a strongljustisensitive
process, i.e., the difference in surface atom topology of the catalyst has a strong effect on the reaction
barriers. The high barriers indicate that CH dehydrogenation or(1Mi) surface is kinetically
unfavorable, making it the ratietemining step for Ci dissociation on the Ni(111) surface
Further more, t hHeon Nig¢laly is catculatedCtdl WeCendothermic by 0.42 eV, which
agrees with a recent theoretical study performed by Mueller @30 eV)[7§].

3.3.2.3Methane dissociaton on Ni(553)

The dissociation of methane on a (863) surface occurs over the Ni atom on the step edge. This
process has an activation barrier of 1.08 eV. The barrier is lower by 0.23 eV when compared to that
obtained for the Nf111) flat surface. As)gected, the presence of step sites has a strong influence on the
activation energy79-82]. This must be attributed to the strong bonding of; @Hthe step edge. Indeed,
the results of the adsorption energies show thafi€l8.20 eV more stable at the step edge bridge site
when compared to the flat NL11) surface. Moreover, the reaction energy for,@ehydrogenation on
Ni (553) is 0.08 eV. That is, this dehydrogenation process is a nearly thermal neutral processitihereas
highly endothermic on the N100) and Ni(111) flat surfaces.

For the dissociation of CHthe initial state adopts the favorable bridge site adsorption configuration
along the step Ni atoms. The final geometry of, @Hn the bridge position, wbi is similar to the initial
CH; adsorption geometry with the,ldtom adsorbed on an adjacent bridge (siee Figire 3.8). The TS
for the dehydrogenation process is also depictdedgare 3.8 As shown inTable 36, the energy barrier
obtained for CHdissociation is 0.71 eV. This result is comparable to those fgrd€klydrogenation on
the flat surfaces because theHg bond break occurs over the atop site of the surface Ni atom on Ni
(200), Ni (111), and Ni(533).
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Figure3.8 Geometric structures of the initial stdtes.), transition stat€l.S.), and final stat@.S.) of the
four steps of Chldehydrogenation on Nb53) surface. Green: Ni at upper step, blue: Ni at down the step

gray: C, and white: H

As a result of theCH, dissociation, the CH fragment becomes adsorbed on the threefold hcp site on
the lower terrace behind the bridge site to which, GHls initially adsorbed. As shown Trable 36, the
dissociation of CHto CH and H proceeds with a barrier of 0.15 eMlun Ni (553) surface. This energy
barrier is comparable with that obtained for(lMd0) but much lower than that obtained for(M1). This
can also be explained by the difference in the @iksociation pathways on these surfaces. O(LR),
the @ H bond scission occurs over the top of a surface Ni atom whereas the same scission occurs over the
bridge site between the stedge Ni atoms on NB53) and Ni(100), respectively. As mentioned above,
the H, adsorbed at the bridge site in the TS is often nstable than at the top site, which results in a
lower energy TS along the reaction coordinates when compared to the TS whesistloeadded over the

top site.

In the TS for CH dehydrogenation on (8i53), the G H bond bends over toward the upper edge N
atoms and the breaks over the bridge site between these Ni atoms along the edge. This reaction eventually
leads to a product with the H atom adsorbed at the fcc site on the upper terrace surface, while the C
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remains adsorbed on the hcp site on the Idesgace to which CH was adsorbed. The activation barrier

for this process is 0.47 eV. This value is significantly lower than those obtained for the flat surfaces,
especially for the N{111) surface(1.38 eV). The reaction energy for the (863) surface is 0.29 eV

exothermic whereas the same reaction is thermal neutral A0B)j and endothermic on Nil11),

respectively. These phenomena can be explained by the analysis of the CH, C and H adsorption energy on
these three surfaces. The adsanptenergy for CH at its initial stateon 853) i s 1T 5. 65 eV wh
T 6.a4md 1 5. 7 Q1009 anhd Ni(d11l) Nespectively. The summation of adsorption energies for C

and H as the reaction products on (863), Ni (100), and Ni(111 ) are .194 4&nd 1198. 87
respectively. Then, the difference of adsorption energy between the pr(@uatsl H) and the reactant

(CH) on Ni (553), Ni (100), and Ni(111 ) is approximately 13.82, 1T3.51
These results show the stabilitithe C and H adsorption relative to the CH adsorption on each surface.

The results showed that CH dehydrogenation on(38B) lead to a relatively most stable product,

followed by dehydrogenations on {i00) and on Ni(111).

3.3.3Electronic structure analysis

Based on Sectio®.3.1, determination of adsorption energies for, 0H=1-3) and H species on three
surfaces showed that fragment adsorption are generally favored on less packed surfaceg,1€0J., Ni
and Ni(553). This is because of the lower metaétal coordination numbers as compared to the highly
packed Ni(111). The differences in the adsorption energies betweefiMi, Ni (100) and Ni(553)
become significant as the number of H atoms in, @etreases, particularly for the adsorption of C,
which has adsorption energies on (I00) and Ni(553) significantly higher than on Nil1l). The
projected density of statéBDOS) and eband analysis was conducted to provide a physical explanation
of this phenomenon. Thelshnd center is a key parametsed to measure the distribution of solid energy
levels and it characterizes the ability to eject an electron to the adsorbed molecule fremanieofl the
metal. The average energy of theahd(also called the-thand center) is calculated as follol&S]:

R Er(E)E

2 (32
A, 74(E)dE

Similarly, the width of the 4band is calculated as folloy83]:
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=

E%r, (E)dE
W, = rlEf «(E) (33)
A 74 (E)dE

wherery,r epresents the density of st akeshefpermognesgy.t ed on

The dband position has been widely used as one of the relevant metrics for characterizing different kinds
of metalg[83-87]. Previous DFT calculations have shown that the valence CRDEDE was mainly due

to 2s and 2p electrons for isolated C atom, while & wa and 3d electrons for the case of isolated Ni
atom[88]. Thus, thePDOS plots of the @s and 2p orbitals and the 4s and 3d orbitals of the surface Ni
atoms involved in C adsorption on various Ni surfaces were estirfstedrigire 3.9). The existencef a

large overlap between the C 2p and Ni 3d orbitals was observed on the three surfaces. This observation
suggests that the formation of adsorption bonding was mdirdyto the mixing between the carbon 2p

and nickel 3d orbitals. The analysis of #I20S also revealed the splitting of the C 2p orbitals, indicating
bonding 2p states just below the Fermi level and antibonding 2p states above the Fermi level. Following
Figure 3.9 the integration of the overlapped 2p orbifABOS curve belowabove) Ferrlevel gives the

number of occupie@unoccupied) C 2p states. Then, the fractional band fi(ling fraction of occupied

states) for C 2p orbital on NiL11), Ni (553) and Ni(100) is 0.47, 0.55 and 0.59, respectively. These
results indicate the progréess e f i I I i ng of the C 2p bonding state
C adsorption on the three Ni surfaces, which result in the progressive increase of the bonding strength
between C and the Ni surfaces. Moreover,-thandW; for surface Niatoms involved in C adsorption

were calculatedseeTable 37). The- for the Ni atom on N{100) is shifted upward when compared to

the surface Ni atoms in Nb53) and Ni(111), respectively. The bandwidth of Ki00) surface atom is

also the smallesimong the three surfaces followed by (83) and Ni(111). Thus, the change in the
adsorption energy is mainly due to the electronic effect, wheshifts down and up. Take the on Ni

(553) as the reference, the upshift -of of Ni (100) empties more antibonding states and makes the
interaction between C and Ni stronger. A shift -of of Ni (111) to lower energy leads to more
antibonding states being occupied and weakens the interaction. This result also explains the higher
adsorption energyf@ on Ni(100) than on N{(553) and Ni(111).
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Table3.7 Average energy{r ) and width(7 ) of the dBandof the surface Ni atoms

Clean surface Surface + C*
Surface -q(eVv) ® (eV) -q(eV) w (eV)
Ni (111) 11.78 2.08 12.11 2.47
Ni (100) 71.64 1.95 71.87 2.28
Ni (553) 11.57 1.91 72.03 2.41

0Only the edge atoms are considered fo(39i3). All the atoms involved in C adsorption are considered

T T T T T T T T T

Isolated C
C2p
C2s

T T T T T T T T T

T T
Ni(111)

——Ni 3d
——Ni 4s

—C2p
C2s
A - l\’_‘ﬁ\,\.'_‘l

T T T T T T
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——Ni 3d
—— Ni 4s
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—Ni 3d
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T T T T T

-12 -8 -4
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Figure3.9 Projected density of statéBDOS) for isolated C atom and surface Ni atoms involved in C
adsorption for the three respective surfaces: thd Ni), Ni(100) and Ni553). The vertical green lines

donate the Fermi level.
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The energy profile for the dehydrogenation of ;G Ni (111), Ni (100), and Ni(553) surfaces is
shown in Figire 310. It can be seen that the highest activation barriers in methane dehydrogenation are
those for CH, CHs, and CH dissociation. On N111), CH dehydrogenation proceeds with the highest
barrier (1.38 eV), whih implies that CH dehydrogenation into C and H is thedatermining step for
CH, dissociation. That is to say, CH is the most abundant Spdcies of Ckldehydrogenation on Ni
(111). On Ni(100) and Ni(553), CH, dissociative adsorption, G  C;H H, was the rateletermining
step with barrier heights of 1.23 eV and 1.08 eV, respectively. C is the most abundant intermediate
species on the two surfaces. These results show that€ydrogenation on the surfaces that contain
low-coordinated surfacatoms is the most preferable reaction pathway in comparison with those on Ni
(111) surfaces, which agrees with previous theoretical simulation s{i@¥88€)]. The electronic structure
analysis was conducted to gain insight into the physical origin afifteeence in catalytic activity for the
different Ni surfaces. The projected densities of st@®BOS) of metallic Ni dband(see Figre3.11) on
various Ni surfaces were calculated in this study. In this analysis, only the edge atom or(35&) Ni
suiface was considered in the calculations. In general, the closetbtreddcenter to the Fermi level, the
more reactive the surface. Likewise, a decrease of the bandwidth leads to a more reactive surface metal
atom[83]. The reaction barrier of a specifieaction is related to its reaction pathway and the electronic
structure of the catalyst surface atoms. Hence, a clear insight of the electronic structure effect on the
reaction barriers can be gained if reactions with similar reaction pathway are corfsaesdexample,
consider the methane dissociative adsorption,YCH C;H H. As discussed in Secti@®.2, this reaction
has similar reaction pathways on the three different Ni surf@lcesd H, bond scission occurs over the
top of a Ni atom). As showmiTables3.3i 3.6, the corresponding reaction energy barriers on the three
sufaces for this reaction followhe order: Ni(553) < Ni (100) < Ni (111). As shown inTable 35, the d
band center of N{111) surface is farther away from the Fermi level than that observed on (€0l
and the Ni(553) surfaces. LikewiseTable 37 also shows that the step Ni atoms on(583) have the
highest dband energy, which is closer to the Fermi level. Accordirbly,reactivity of the Ni atoms on
these three surfaces follows the order:(583) > Ni (100) > Ni (111). This result is consistent with the
DFT calculations obtained from the present study since the reaction barriers,fdis€dtiation decrease
on steped Ni(553) and Ni(100) when compared to those obtained orfIN1).
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Figure3.11 Projected density of stat@BDOS) plots of the @rbitals of the surface Ni atom for the three
respective surfaces: KL11), Ni(100), and Ni{553). The vertical dashehés represent the location of

the corresponding-dand center. The vertical green lines indicate the Fermi level.

3.4 Summary

A systematic seltonsistent periodic DFT study has been presented for methane decompaosition on Ni
(100), Ni (111) and Ni(553) surfaces. The geometry, site preference, and relative stability of adsorbed H
and CH (x=0-3) intermediates were investigated. Also, the decomposition mechanisms have been studied
from energetic and geometrical points of view. The key results obtaindee lpyrésent simulation study

can be summarized as follows:

i) The preferred sites of the adsorbed species are located on the basis of the adsorption energies. On
the Ni(100) surface, the hollow site is preferred for the hydrocarbon groups excepin@i which are
adsorbed at the bridge sites. On(li1) surface, the CH(x=0-3) species and H are more likely to be

adsorbed at the threefold hcp sites. The preferred sites are different(688Nsurface: Chland CH
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adsorbed on the bridge sites along shep edge are found to be the most stable whereas CH and H prefer

to bond at the hcp sites on the terrace behind the step edge. Furthermore, the upper terrace on the fcc site
is preferred for H adsorption. The madgnificant difference in adsorption emgy of the CH species

between the three surfaces is the miacher adsorption energy of C on both the(M)0) and the Ni

(553) surfaces. This significant deviation for C adsorption energy on various Ni surfaces was studied in
terms of PDOS analysis. Tis analysis showed that thel Wi interaction results in the formation of
bonding and antibonding states between C 2p and Ni 3d orbitals where the bonding states are largely
occupied on Ni(100) followed by Ni(553) as compared to that on Kill). This resilt explains the

relatively strong C adsorption energy obtained from the DFT calculations on {®0)liand Ni(533)

surfaces.

i) Among the CH (x=1-3) and H species studied, the DFT calculations showed thaisGk most
diffusive specie on both NiL0O) and Ni(111). The mobility of the Ckifragment and H atom between
the flat surfaces showed that the C atom has the highest mobility @i Niwith a diffusion barrier of
0.48 eV. The C diffusion on NILOO) proceeds with a barrier of 1.62 eV, whinlicates that the surface
diffusion of C atormon Ni (100) is a highly activated process and may rarely occur. Similar results were
obtained for CH, i.e., diffusion barriers on (100) and Ni(1 1 1) are 1.04 and 0.17 eV, respectively. No

significant differences were calculated for H and Qiffusion on Ni(100) and Ni(111) surfaces.

iii) On the basis of the analysis of activation barriers, it is found that CH dehydrogenation is-the rate
determining step for CiHdissociation on N{111). Similarly, the frst G H bond scission of CiHon Ni
(100) and Ni(553) is the ratedetermining step. Moreover, CH radical was found to be the most abundant
fragment on N{111), which agrees with the theoretical results reported by Watwe[@8hIOn Ni(100)
and Ni(553), C was found to be the most abundant species. This result suggests that the C formation is
highly likely to occur at the step and the open surfaces. The present study dif§idiation on both flat
and stepped Ni surfaces indicates that surfacds lest coordination number are strongly favored for
CH, successive dissociations. This is explained by the investigation ofliaeddcenter of the Ni atoms
on the three surfaces. The results show that the Ni atoms with lowdic@mtion number shift thé-band

center toward the Fermi level and change the width of 4bend, which make the surfaces more reactive.
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Chapter 4

Ef fect of CaQabtoanMptnherme @riacki ng Rea

This chapter presents a DFT study of the effect of carbon deposition & taalytic methane
crackingreaction Three catalyst models were usédi (111)71cl egrandNNiIi ( {(1,101) CT4C
which represent clean, surfacevered,subsurfaceovered Ni (111) surface, respectivelihe stability
of CH, speciesand thekinetic properties omethane dissociation westudiedon the threamodels The
organization of the paper is as follovest introduction of this study is given in the first sectiorsdction
4.2, the computational methods and modaded in this studyra described. The results of the DFT
calculations performed to describe thdsorption and dissociation properties of the, Gptcies orthe

threeNi surfaces are presentedsection4.3. Concluding remarks are given at the end of¢hapter

4.1 Introduction

Methane activation on catalyst surfaces are crucial steps for the productionfoéeClydrogen,
carbon nanotubeqCNTs) [1-4]. Because of their industrial and commercial importance, the
decomposition of methane on-hased catalysts has been exteglgistudied by experimentalisfs-9]
and theoreticiangl0-14]. On the theoretical side, most of the studies have focused padSétption and
dissociation on different Ni or Ndased alloy surfaces. Wang et[db] presented a comparative study of
CH, (x=3-0) chemisorption on N{111), Ni (100), and Ni(110) surfaces using plane wave DFT
calculations. Bengaard et §lL6] reported the effects of surface steps on the activation of methane by
using a Ni(211) step surface. Liu et.gll7] conducted a seseof DFT calculations on methane
dissociation on different pure metdise, Co, Ni and Cu) and bimetgNiFe, NiCo and NiCu). All these
studies were conducted on clean surfaces which are far from the actual situation of the transition metal
catalysts wher the reactions take place on surfaces with deposited carbon atoms. These carbon atoms
may i) chemisorb strongly on the Ni catalysts surface blocking access of reactants to metal surface sites
i) diffuse from the surface to the octahedral sites of tise Subsurface layer or dissolution in bulk nickel
forming carbidic nicke[18,19} iii) totally encapsulate a metal particle and thereby completely deactivate
the Ni catalyst and stopping the CNTs growth pro¢28k

To the author s 6 allktdywf teedeffext, of darbom aepesition con the kinetic

properties ofcatalytic methane dissociation has not been reported in the open literature. Such a study is
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fundamental for a comprehensive understanding of the methane cracking reactichazeddatalysts.

It is also expected to play an important role in the estimation of more realistic kinetic parameters for this
system, in particular CHlissociation barriers as a function of carbon deposition, where the effect of the
deposited C atoms on thate parameter@ncluding coverage dependencies in activation energies) is

usually not considered in the analyj24].

In this work, a theoretical study on the activation of methane, and its corresponding fragments on
carbon deposited Ni111) surface wer performed. Th€111) surface was chosen because it is lowest
energy facet$22], and usually dominate the surfaces of metal nanoparf@BsThe objective of this
study is to evaluate the energetics of reactive intermediates caused by the presarimnaitoms on Ni
(111). Two models were used to account for the different carbon deposition cagekl)Nsurface with
pre-covered C atom, referred to as(¥i1 1 ),Tai@ a Ni(111) surface where all subsurface octahedral
sites are occupied by carbon atoms, referred to &5 Wil ) 51, (4e€ Figured.1). Note that the formation
of a carborrich subsurface layer has been observed by many experimental $24d88. The present
DFT calculations also show that C at the subsurface of ti{@1Md) surface is slightly stable by 0.6%
than the C adsorption on the L 1 1) surface, indicating the therr

subsurface alloy.

The adsorption of the GHspecies o clean Ni(111) referredtoas Nl 1 1) 7T, Ni(Bh) i, 4 C
and Ni(1 1 1 ), su@aces was first studied. Then, the Transition S{@#8} and energetics for the ¢H
sequential dissociation reactions on these surfaces were identified. Sinataljiic methane cracking
reaction usually occurs at temperatures above 723K the corresponding Gibbs free energy barriers at
this temperature &re calculated. Comparisons between the adsorption and the dissociation properties of

the CH species on the thresirfaces are also presented in this study.

4.2 Computational details
4.2.1Calculation methods

Thesame DFT calculation method is used as in Section hdpter 3The CH, (x=3-0) adsorption
energiegEaq9) Were calculated as the difference in total endrggveen the optimized GHNi complex

(O ) and the sum of the energies of the optimized bare sufiageand gagphase Cklmolecules

(© ), ie.,
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whe®e i s the total energy doO©t @rsmitrheediziieyr o dr gy, cwh
calcul ated by

o B — (4.4)

whetr ¢ s Avogadrods numbaeri,s ht hies fRleagnukednsc yc odnfisgtahnet , n c
the number of atom&YOinmPVyVil vyedheé nenthlealspy tfehnasnge fr
the standard entr offOym@tyand mfdecraant ubree cTal Bwltaht ed di r

DFT thermodynamic calcul ations.

For adsor(BHdAC)s$ peetciaels. ) ,

O O o Yy moy "YUy (4.5)

- T

VY moy B — (4.6)
Y'Y B Yap Q | - (4.7)

4.2.2Surface models

In the presé€ntl)stswdy,actehevadi mo-deyed sBR#®bgi wet ho.

c e | dnverge@ice with respect to number of metal layers and unit cell dimensions was tested on 2x2
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four-layer unit cells and 3 threelayer unit cells, respectively. Binding energies of,GHeciegx=3-0)

on three layer 2x8labs were almost the samewihat obtained on fodayer 2> slabs, whereas it ig 0

0.33 eV larger compared to that on thiager 3>3 slabs. A detailed discussion of the comparisons

between these models is presented inSbetion 4.3.1T h Bli (1 1 1pan,cNi(1 1 1)J, an€ Ni
(111),su6acesused in the presentdls.t uTdhye abroet tsohno wna yienr Foi
fixed in its bulk positions with a calculated | a
remai ninghéagessrhbhaed $pecies were set free to rel.

Ni(111)—clean Ni(111)—4C,, Ni(111)—C,,

Figure4.1 Top views of the 2x2 unit cell for different Ni surfaces. C atoms are coloagdiyjatoms

white, firstlayer Ni atoms green, secotayer Ni atoms cyan, thirthyerNi atoms blue.

4.3 Results anddiscussion

4.3.1Convergence with respect to the slab thickness and unit cell dimensions

The CH (x=3-0) adsorption energies of the optimal geometries obtained with a 2x2dfezeslab
were recalculated using a 2x2 fdayer slaband 3x3 thredayer slab (see Tabkl). The results show
that on a 2x2 foulayer slab, the largest deviation in adsorption energy observed was for the CH
adsorption (3.8%). i.e., the fourth layer model decreased the adsorption energy &y @idbrespect to
the 2x2 thredayer slab model, indicating that three layers are good enough to describe the system.
Binding energies of CHspecies on threlayer 3x3 slabs is about 0idL33eV smaller compared to that
obtained on three layer 2x2 slab. For eganthe adsorption energy forgHs decr eased fr om
three | ayer &loRthredl mpert 03173 .slllab. And for CH adsor |
t o 1 6&¥.AMugh there are deviations in the Ciisorption energies by using different size of the
unit cells, the goal of the present study is to analyze the C deposition effect on,the<0kption and

dissociation. Hence, the study is focused on the comparisons between the clean Ni (111) su@ace an
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deposited models. As discussed in the revised manuscript, an analysis dis§tiation on the three

layer 2x2 slab and 3x3 slab found that, on the 3x3 slab with C surface coverage of 1/9ML, CH

di ssociation barriers mgeCnaeatomnffHowedery adrn sNine:
coverage, e. g., 2x2 dabllthe depasiedv@id |wihtahv ea si gni fi,i cant

di ssoci ati on ki ntedelages2x2 shlrvwas usel iasnagésig in presbne study terperfor

the comparisons between the different models.

Table 4.1 Adsorption energies (eV) of GHragments(x =3-0) fragments orthe 2x2 thredayer, 2x2
four-layer and 3x3 threlayer slab model of Ni (111) surface.

adsorbates 2x2threelayer 2x2 fourlayer 3x3 threelayer
CH; 11.33 11.28 11.11
CH, 13.23 13.25 13.04
CH 15.68 15.69 15.35
C 16.18 16.20 16.19

4.3.2CHy (x =3-0) adsorption

The adsorption of CH(x = 3-0) on Ni(111)clean, Ni(1 1 1 )sp,@€Ni(1 1 1 ), suBaces was
examined first. The geometries of the most stable adsorption configurations are shown id Ejghee
corresponding adsorption energies are listedin ThBllNot e t hat t he pIrlkls)gidC mode
and (ANl )jc©rresponding a carbon with surface <cove
subl ayer coverage of one monol ayer, respectively.
is |ow, egxgB) 1ad@ds0rCHti on ¢oulhee oedcwrhdboei nigersi @ es
atom or at the active sites that far away from
adsorption configurations to be considered and
i mportanthg lattédmatcase, whesetéehehatsbaptawayotrc

simil agzladae®r @Hi on at the cl ean sur,pbaceé heAdowr Ci tElv

surface wil/ not signifiacmntTheradffcrcd,e da brye It ahtei weel
coverage, e. g. 1/4 monol ayer, wa s consider ed i n
real i stic scenario i s that C atoms wil|l di€fusi on
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atoms accumulated in the sublayer than in3t.he bul
Mor eover, the reactivity of t he Ni catal yst top
deposited at the fbnby €ubsombadepbayteted Thudgdhe f

in the present study. The reason why C coverage o0
cCove((ddgwd) , the sublayer C atoms wil | hheavMNi nmotremss
that it directly bonded with, as compared to the
activity of the surface Ni at oms, and therefore,

to simplify dr,e tDFel dced ctuil watii on effect by the C
model with the one monol ayer subsurface C atoms.

Figure4.2 CH, (x = 3-0) adsorption configurations on the different(lN11) surfaces(ai d), (e h), and(ii
[) correspond to the geometries on(lML1) clean, Ni(111) 4Cy,pand Ni(111) C,,, respectively. C
atoms are colored g, H atoms white, firstayer Ni atoms green, secofayer Ni atoms cyan, third

layer Ni atoms blue.
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Table4.2 Adsorption energiedD  (eV), of CH, (x =3-0) fragments on various Ni surface models. The

adsorption energies in the bracket were calculated by using dispersion correcte®@®RRBIEtional.

Surface CH; CH, CH C
Ni(111)i clean 11.33(1.90) 13.23 15.68 16.18( 6.49)
Ni(111)i 4Cqy 11.35(1.99) 12.84 14.93 14.96(5.23)
Ni(111)i Cop 710.97(1.12) i2.73 i5.03 14.96(5.22)

As shown in Figuret.2, the most stable site for Gldsorption on both the NL11) clean and Ni
(111) 4C,p surfaces is the hcp site, with three H atoms pointing towards the surrounding Ni atoms. The
adsorption energy of GHbn Ni (111) clean isi 1.33eV, which is consistent with the result reported by
Blaylock et al. (1.30 eV) [44] and Michaelides et al(1 1.48 eV) [10]. On Ni (111) 4Cy,, the
corresponding adsorption energy obtained by the present stuitly.35 eV. This shows that the
introduction of suksurface carbon atoms has very little effects on the l@ihtling strength with respect
to that on cleamNi (111). However, on N{111) C,,surface, the most favored site for Catisorption is
changed to the top site and the {idisorption energy decreased €97 eV due to the strong repulsive
interaction(0.86eV) between the deposited C atoms and.dHeless stability of CHladsorption on Ni
(1 11 ),ta6 be also supported by tg; ybonding distance. Onthe Kl 1 1) T cl ean sur f ace
closestdg; i bonding distances were found to be 2.29 and &,2@spectively(see Tablet.3). On the Ni
(1 11 ), ma&lel, when Cklis adsorbed at the hcp site, the corresponding; bonding distances are
longer and changed to 2.32 and 2438espectively.

CH, was found most stable at the hcp site on the(INil) clean surface. This most favored
adsorption site is not affected by the presence of carbon on the surface or on the subsurfa@ELn Ni
clean surface, the corresponding adsorption energy is calculatedi 823eV, which is in agreement
with theadsorption energy value 08B.22eV reported by Michaelidgd.0] for CH, at the hcp site. This
result is also consistent with the study of Blaylock ef4], who reported adsorption energies 8f30
eV for CH, adsorption. The adsorption energy of &t Ni (111) 4G, was found to be 0.38V lower
than that at the Ni111) clean surface. This result indicates that the deposition of C atoms in the surface
weakens the CHadsorption. Similar to the case of €lddsorption, CH on Ni (111) C,, the
corresponding adsorption energy was found to be even g®@et3eV) due to the repulsive interaction

(0.47 eV) between the adsorbed C and,CHs shown inTable4. 2 and44,onthe Ni(111) 71T cl ean
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surface, CH hcp hollow site adsorption has two s#stde v bonding distance of 1.98 and 2.82
respectively. However, on the i 1 1 ), ma@lel, the correspondirdt; ybonding distance was found
to be of 1.95 and 2.24, respectively, showing the less stability of Catisorption on N{1 1 1 ),7 C

model.

The most favored adsorption s(tecp) for CH adsorption is the same for the three models here. On a
Ni (111) clean surface, the CH adsorption energy at the hcp sites was fount5i@®eV. This result is
also in agreement with the study of Blaylockakt[32], who reported an adsorption energyi 6{90eV
for CH adsorption. The CH adsorption energiesid83 and 5.03eV on Ni(111) 4C,and Ni(111)
Con respectively, indicating that the adsorption of CH is predicted to be reduced by the depd<itio

atoms.

The most stable configuration for the adsorption of C on th@LNi) clean surface is that where C
was adsorbed at an hcp qisee Figurel.2d). The corresponding adsorption energygd8eV. This is in
reasonable agreement with that reported by Blaylock €B824.(i 6.00 eV). C adsorption on both Ni
(111)y 4C,p and Ni(111) C,, also favours the hcp site, with the same reduced adsorption energies of
4.96eV.

The conventional DFT functiais do not take into account van der Waals interactions, that is,
London dispersion. These interactions might crucial for the metal surface adsorption $38t84hsTo
evaluate the effect of dispersion correction on the adsorption energy of the higdrnospecies, CHand
C adsorption on N{111) clean, Ni(111) 4Cs,, and Ni (111) C,, models were performed using the
RPBED3 functional[35) as well(see Tablel.2). As shown in Tablel.2, the results of this analysis that
the nondispersiorcorrected calalations underestimate the binding energies between the adsorbates and
the Ni surfacesTo have a better understanding of the electronic effects between C and Ni, the projected
density of statePDOS) of surface Ni atoms over Mill) clean, Ni(111) 4Cy, and Ni(111) C,, was
calculated. As shown in Figute3, there is a significant down shift of thiadbital for the Ni atom on Ni
(111y 4C,uowhen compared to that on Nill) clean surface. This indicates that the hybridization-of d
orbitals with nearbys ubsur f ace carbon atoms stabilizes the
the Fermi level, and therefore making Ni less reactive. The carbetopeeed surface, Ni111) Cyy,
shows a similar electronic poisoning effect: Ni d statesstailized when C is deposited on Isife of
the surface. Thifehavioris also accompanied by a slight downward shift of the d states of surface Ni
atoms that are bonded with the C atom, whereas the next nearest neighbor Wiao are almost

unaffected, as shown in Figu#e3. This shows that the strong chemical bonding between C and Ni could
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electoni cal |l y modi fbhiliteesto adsoeh orNlissociate then@iiecies. Meanwhile, it was
also observed that the downshift of the Ni d starger in Ni(111) 4C,,than Ni(111) C,,. Therefore,
it is expected that the Ni atoms on the(ML1) C,, to have a higher reactivity than the (il1) 4C,yp
surface. However, the adsorption energy results have shown thaadSbrrption on Ni(111) C,, is
generally less stable than that on(NL1) 4C,, Surface, especially for the larger €&hd CH molecules.
This effect is due to the strong repulsive interaction between thex@Hthe preeovered C atom under
the present studied surface coverage.

Ni3d @Ni(l11)-clean
—Ni3d @ Ni(lll)-4CSub

Ni3d @Ni(l11)-clean
—Ni3d @Ni(111)-C }

PDOS (arbitrary units)

—Ni3d @Ni(l111l)-clean
Ni3d*@ Ni(111)-C )

|
-8 -6 -4 -2 0 2 4

E-E (eV)

Figure4.3 Projected density of stat@8DOS) for Ni atoms on the three respective surfacegl Ni)
cleanNi(1 1M4)¢,andNi(1 111C), Not e that Ni 3d* represents the
at om (& aiICN.i
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4.3.3Methane dissociation

To elucidate the effect of deposited C on the kinetics of methane dissociation, the successive
dissociation of Chito form surface C and H were investigated in detail o(lill)i clean, Ni(111) 4C
and N{111) C,, surfaces, respectively. The geometries of the transition s(@®s for the four
successive dehydrogenation steps are shown in Figdrehe corresponding activation energies and
reaction energies are listed in Tabde3to 4.5.

4.3.3.1Methane dissociation @ Ni (111) clean surface

Dissociation of methane on N111) occurs at the top of a surface Ni atom. The geometry of the
transition state is show in Figudeda). In the TS, the methyl fragment is slightly tilted and the H atom
moves over the top of the dit om. The act(deabdtddetfterBiHshHaiched from
1.11 A in the gas phase to 1.62 A. The C andatdms are bonded with the top Noat with bond
distances of 2.18nd 1.56 A, respectively. As shown in Ta#I8, the calculated givation barrier for this
reaction is 1.22V, which is in good agreement with the study of Wang ¢86], who reported a barrier
of 1.17eV for methane dehydrogenation on (diL1). The reaction energy for this process is @85
which suggests that ¢hCH, dissociation reaction on clean Ki1l) surface is a highly endothermic

process.

Figure4.4 Geometric structures of transition stéf&) of the four steps of CHlehydrogenation on
different Ni(111) surfacedqai d), (ei h), and(ii ) correspond to the TS geometries on(Ni1) clean, Ni
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(111y 4C,pand Ni(111) C,,, respectively. C atoms are coloredygH atoms white, firstayer Ni atoms

green, seconthyer Ni atoms cyan, thirthyer Ni atoms blue.

Table4.3 Relative energieV) to the initial statél.S.) of the transition staf@.S.) and final staté~.S.)
for each elementary step of ¢Hissociation on N{111) clean surface. Distances between detached H
and thenearest QQ ) and Ni(Q ) atoms, as well as the two closest boding distances between

the C atom in the CHadsorbates and the surface Ni atg@s ) arealso shown.

States E (eV) QA QA Q q, A Q q A
CH, T.S. 1.23 2.10 1.62 1.56
F.S. 0.65 2.16 2.18 3.00 1.68
CH;, .S. 0.00 2.29 2.26 1.11 2.27
T.S. 0.85 2.00 1.92 1.76 1.50
F.S. 0.19 2.00 1.90 2.82 1.67
CH, .S. 0.00 1.98 2.02 1.13 2.14
T.S. 0.29 1.88 1.85 1.68 1.49
F.S. 10.61 1.85 1.85 2.90 1.70
CH .S. 0.00 1.85 1.85 1.10 2.27
T.S. 1.36 1.79 1.80 1.71 1.51
F.S. 0.41 1.78 1.77 2.88 1.70

In the TS obtained for the dissociation of Sbhthe Ni(1 1 1) sur face, ;borfdés acti v
stretched from 1.11 to 1.76 A. The &tom forms a strong bond with the surface Ni afbond distance:
1.50 A). The energy barrier for the €Hehydrogenation on Ni111) is 0.85V. This result is also in
good agreement with that reported by Wang €t38].(0.82eV).

In the case of the GHiehydrogenation reaction on Mil11), the Hatom that points to the top of the
Ni atom is stretched and the CH fragment rotates upwards with the C atom strongly bonded to the three
Ni atoms at hcp sbondds.stretsted ftom .18 T.68,A. DFhcalcul@tions showed
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that the dehydrogenation of Gkb CH needs to overcome an energy barrier of 829which is slightly
lower than that reported by Wang et (@86] (0.37 eV). However, the energy barrier obtained in the
present analysis agrees well with the study presented by Blaylock@38leV) [32]. As seen in Table
4.3, this is the lowest energy barrier among all dissociation steps. Hence the dissociatiohi©otheH

fastest of all dissociations.

The dehydrogenation process CIKE+H has an energy barrier of 1.38/, which is in good
agreement with the study of Blaylock et [@5] (1.40e V) . At t h gbond & stretchedefro®i H
1.10 to 1.71 A, which leads the product C and H, located on two hollow sites. Furthermoregéution
CHY €H on Ni(111) is calculated to be endothermic by Ge¥/1

4.3.3.2Methane dissociation on Ni{1 1 1) ¢}, suiace

As shownin Figurd4e t he activation of the first CiH bond
NiatomonNi(1 1 1)AWCr f ace. |1 n t he,bdn8isstretthed francitll Aintheegds CT1 H
phase to 1.64 A. The C and, Btoms are bonded with the top Ni atonthwbond distances of 2.19 and
1.55 A, respectively. The dissociation energy barrier is calculated to be\,4¢hich is higher by 0.23
eV when compared to clean Nl111) surface. The reaction energy obtained from the present DFT
calculation is 0.7%V on Ni (1 1 1), 4vkich is 0.14eV higher than that obtained on the Ni
111)1clean surface. The high r eagtecompositmmah Niact i va

(1 11)pidrot as favorable as on the clean(Nil) surface.
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Table4.4 Relative energieV) to the initial statél.S.) of the transition staf@.S.) and final staté-.S.)
for each elementary step of ¢Hissociation on N{111) 4C,, surface. Distances between detachgd H

and thenearest QQ ) and Ni @ ) atoms as well as the two closest boding distances between

the C atom in the CHadsorbates and the surface Ni atg§f@s ) arealsoshown.

States E (eV) o & 9 & 0 A Q A

CH, T.S. 1.46 2.19 1.64 1.55
F.S. 0.79 2.29 2.28 2.69 1.68
CH; I.S. 0.00 2.27 2.28 1.12 2.28
T.S. 1.10 2.11 1.97 2.00 1.53
F.S. 0.81 2.07 1.96 2.51 1.64
CH, I.S. 0.00 2.06 2.09 111 2.22
T.S. 0.35 1.95 1.86 1.80 1.55
F.S. 10.15 1.85 1.84 2.61 1.65
CH I.S. 0.00 1.90 1.92 1.10
T.S. 1.48 1.85 1.84 1.73 1.58
F.S. 1.12 1.85 1.83 2.49 1.68

The geometries of TS for the activation of £ Ni (1 1 1 ) ¢J,i4 <Imilar to that obtained fahe
Ni(111) clean surface except that theH-Cbondspresent different orientations. In the TS, Qsllocated
at the hcp site, and the detached H atom tilted towards the adjacent {Emsite4.4f). The dissociation
of CH; to CH, and H proceed with a barrier of 1.9 on the Ni(111) 4G, surface, ashown in Table
4.4. This energy barrier is 0.28/ higher than that obtained for {i11) clean surface.

Similar results were obtained for Gldnd CH dehydrogenation. In the configuration of the TS for
CH, and CH dehydrogenation, CH and C remain chemisbdbeéhe hcp site with the detached H atom
tilted towards the adjacent hcp site. Atthe TSin@H ssoci at i on,,sttetbthedfrarc1.lilv at ed

to 1.80 A. The reaction energy and the corresponding activation barrier for the dissociatignoof ’iH
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(111)sde)0.15and 0.35eV, respectively. The CH dehydrogenation on(Nil 1 ) s}, Ha€ an

energy barrier of 1.48eV. The reaction energy obtained from the present analysis wa¥, wtiich

indicates that CH dehydrogenation on (il 1 )4, i4 & highly endothermic process. At the TS, the

CiH bond is stretched from 1.10 to 1. 73 | .« Base
dissociation on N1 1 1 ), Ha@ higher energy barriers as compared with that ol Ni) clean

surfa@, showing the deactivation effect caused by the accumulation of C atoms in the subsurface of Ni
(111) surface.

4.3.3.3Methane dissociation orNi (111) C,, surface

For 4dCiHs s o c i a Nii(1d1j C,osnu rtf haec e , the geometry of the T
the TS, theiNie naghtdhet o f Niflh®¥6,&r e 2. 09 and 1.68 j, r
energy barrier for the initial esMabd4dbpt i ©hi ®fi snealb
0. 46d OV 2Bigher t ha(bhlilt)h a b Mo(hlajiChe u Ni ac e, respecti
result indicates that theésurefazde va@tdepoeiftffieecn icau
compared with et hCat boefc asuusbes vorff a8 he strong repul sion
Moreover, the obser vedNllly@,amNit(il)Eil,s oMf 2@ r g a 0 N
i f the activation energies determionad for wthk ¢ck

overestimation the decomposition rate.

In the geometries of the TS for @Hehydrogenation on NiL11) C,, surface, both CkHand H were
found slightly off the top site towards to adjacent hcp sites withi H,®ond of 1.74eV. The
corresponding reaction energy and energy barrier obtained for this system were 1.07 aed, 1.32
respectively. That is, the activation energy barrier obtained on thistT€gwered surface is quite higher
than that observed on Kil11) clean(0.85eV) and Ni(111) Cypsurface(1.10eV).
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Table4.5 Relative energieV) to the initial statél.S.) of the transition staf@.S.) and final staté-.S.)
for each elementary step of ¢#issociation on N{111) C,, surface. Distances between detachgdridi

thenearest GQ ) and Ni Q ) atoms as well as the two closest boding distances between the C

atom in the CRladsorbates and the surface Ni atg@s ) are also shown.

States EeV) Q@ A @ @R 2 @A Q A

CH, T.S. 1.69 2.09 1.68 1.56
F.S. 1.38 2.02 2.46 1.75
CH; I.S. 0.00 2.01 1.10 2.21
T.S. 1.32 2.96 1.90 1.74 1.56
F.S. 1.07 2.61 1.96 2.61 1.69
CH, I.S. 0.00 1.95 2.21 1.11 2.17
T.S. 0.72 1.90 1.85 1.71 1.50
F.S. 0.11 1.88 1.86 2.48 1.68
CH I.S. 0.00 1.87 1.85 111
T.S. 1.87 1.86 1.78 1.72 1.54
F. S. 1.389 1.84 1.76 2.46 1.69

The TS configurations for CHand CH dissociation on Nj111) C,, surface are similar to that
obtained with the N{111) 4C,, surface, on which CH(CH) is chemisorbed at the hcp site while the
detached H atom is tilted towards the adjacent hcp site. The activation €0413gV) and reaction
energy(0.11eV) for CH, dehydrogenation on NiL11) C,, is higher than in the other surfaces. The same
was observed for CH dissociation, i.e., the reaction energy is found to bee¥.38nd the
dehydrogenation barrier step is calculated tolt®¥ eV, which are significantly higher than those
obtained forthe N{1 1 1) 7T c | e élnl 139 43, dui@adas, respectively. These results show that the
activation energies for the dehydrogenation of CH are significantly increased when the neighboring

adorption sites are blocked by C atoms at the present studied C surface coverage.
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The present N{1 1 1 ), mdglel is simulated by 2x2 unit cell, which represena surface C coverage
of 0.25 monolaye(ML). In order to provide more insight regarding theface C coverage effect on the
methane dissociation barriers, £&hd CH dissociation on a clean and C covéwdth surface coverage
of 1/9ML and 2/9ML) Ni(111) surface modeled by a largex3 unit cell was also considered in the
present study. Onlythefr st and | ast steps CiH breaking,were
dissociative adsorption or CH dehydrogenation is usually reported as tideteteining step in methane
dissociation[37,38]. The energetic results are presented in TalieThe result shows that both ¢kind
CH dissociation barriers obtained on the 1/9ML covered surface are very close to those obtained with a
clean Ni(111) surface. Thus, there is a minor effect of the deposited C on the methane dissociation
kinetics atlow surface carbon coverage. When two C atoms are deposited on the &i@dtle), one
can expect that CHand CH dissociation barriers would vary according to the relative positions of the two
deposited C atoms. To simplify the model, two different gurhtions with a long GC distance were
considered: A) both of the two C atoms sits on the hcp site, referred to(A$1iC,, (2/9 ML)T A; B)
One of the C sits hcp site and the other occupies the fcc site, referred talagd)NC,, (2/9 ML)i B. As
showin Table4.6, the CH dissociation barrier obtained on these two 2/9 ML models is the gat&
eV) and is very close to that on {{il1) clean and N{111) C,, (1/9 ML). However, the results on Table
4.6 also show that, on the two NL11) C,, (2/9 ML) model, the reverse process for £tissociation
(CH,4 production) is favored over that on {ill) clean and N{111) C,, (1/9 ML), indicating that CH
dissociation would be hindered as the C surface coverage increases. For the case of CH dissociation, the
dissociation barrier obtained with the 2/9 ML models, especially with the configuration A, are
significantly higher than that on NL11) clean and N{111) C,, (1/9 ML). These results clearly show

the surface C coverage effect on the kinetics afdthlyic methane dissociation.
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Table 4.6 Activation energies of CHand CH dissociation on various Ni surfaces modele@*8/unit

cell.
Surface CH,Y GCHH CH Y C +
3x3unit cell Or Qo ©OfF Qo Or Qo 0O Qo
Ni (111) clean 1.14 0.65 1.17 1.21
Ni (111) Con (1/9 ML) 1.15 0.80 1.20 0.51
Ni (111) Con (2/9 ML) A* 1.16 0.49 1.98 0.75
Ni (111) Con (2/9 ML)i B* 1.16 0.57 1.44 0.32

*A and B represent two models with different C atoms deposta@rfigurations (see Figu#.5). Note
that forward/backward activation energy f@H; and CH dissociation on Ni (111) clean3x3 unit cell
are0.73/0.95eV and0.34/1.0%eV, respectively

Figure4.5 Geometric structures of transition state (TS) of thq &l CH dissociation on C deposited
(2/9 ML) Ni (111) surface modeled by 3x@ite cell: A and A are the TS geometries on Ni (11C),
(2/9 ML)i A; B, and B are the TS geometries on Ni (11C), (2/9 ML)i B. C atoms are colored gray, H
atoms white, firstayer Ni atoms green, secotayer Ni atoms cyan, thirthyer Ni atoms blue.
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4.3.4Free energy for CH, successive dehydrogenation

The Gibbs free energy barriers foH, dehydrogenation elementary steps at K7&8re evaluated by
the combined DFT calculations and thermodynamic analyses. It is calculated by including tipeinéro
energy correction, thermal energy correction and entropic effect. A free energy didgmngrnthe reaction
coordinate(including transition states) is presented in Figdife By comparing the free energy barriers
shown in Figure4 6, it is found that Chldissociation onthe Nji1 1 1) T cl ean sur f ace i s
both kinetically and thernatynamically. The free energy barriers for £Cahd CH dissociation on the Ni
(1 1 1)slpakeComparable with that foronthe®il 1) T cl ean surface, showing
at the sublayer of the Ni catalyst has only a minor effect fordhetivity of catalyst towards GHand
CH; dehydrogenation. However, after €Hre dissociatively adsorbed on the Ni surface, the further
decomposition of CHand CH species is more difficult and the generation of C atoms is predicted to be
hindered becaesthe free energy barriers for the £&hd CH dissociation are 0.78 and 1.35 eV, much
higher than those obtainedon(€il1 1) 1T c | e @.48 asdulrl% &V doethe Glnd CH dissociation,
respectively). When the C atoms are sitting on the Ni surfacg,di@dociation could be even more
difficult. For example, for the CHlehydrogenation on NiL 1 1 ), su@ace, the free energy barrier and
reaction energy is substantially increased to 1.51 an¢e®¥.8&spectively. The free energy barrier for the
CH disseiation to generate C is increased to 1.71 eV. Therefore, one can expected that, at the beginning
of the reaction, Clkdehydrogenation occurs on the clean Ni catalyst surface. However, as the C atoms
start to accumulate in the sublayer or on the surfateeoNi catalyst, it will affect the CHlissociation
properties. As observed in the experimental studies, during tbat&lyticCH, cracking reactions, after a
certain time of steady growth of the CNT/CNF, the deposited C atoms will slowly deactigakdi th
catalyst. At relatively low reaction temperature e.g. K/3he deactivation process could even last for
more than 1019]. The results reported in the present study provide support of the delay of the catalyst
deactivation. That is, the increase tbe CH dissociation barrier will results in a decrease of the C
deposition rate, and prevents fast deactivation of the catalyst. The observations reported in the present
study also allow us to consider the effect of C deposition on thaliSsbciation kinetic parameters in the
microkinetic modeling of the reactions, which is usually not considered in the microkinetic analysis of

CH, dehydrogenation involved proces$2$ 32)].
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Figure4.6 Gibbs free energy diagrams for tGél, dehydrogenation on different KL11) surfaces: Ni
(111) clean, Ni(111) 4Cyypand Ni(111) Cy,

4.4 Summary

To elucidate the role of the carbon deposition |
has been presented foorr (Wirlelt)hiacnl dd dadig G, eNEplio(ELL)tC4, o n
surfaces. The geometry, site prekeBlenicetemamadi &tl &
investigated. Theéx =36 s wlptes i 50 vi{ldistog T @ig141) G, SN i
|l ess stable as comphYyed! avdan hs u rhfaffecteafnthedNgdbs at edg Ct
atoms on the Ni catal yst.

The results obtained in the present analysis are in agreement with the predictions from the PDOS
analysis: carbomncorporation in the surface leads to a down shift of the Ni d band, making Ni less
reactveMor eover, thegdeshwydio@éna tthepnSeledodoarbon indremdes the
barrier for CH activation, especially for CHlehydrogenation oniN111) C,,w h e r &Ni surface was
pre-covered with surface C atom: Ckk =-#) species encounter a highest energy barrier for dissociation
duetothee |l ectronic deact i vat iaodithe stnordy ueputside carly@usGrbates b o n d i
interactonThi s wor k can be used to estimate morthe real i

effect of carbon deposition on the Ctssociation barriers should be considered in the analysis.
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Chapter 5
Effect of Metald®ouighhdr s sbot ab-f aneon
A 103

A DFT study of the effect ad-Al,O; support on the methane dissociation is presented in this chapter.
Two different 9-Al,O3; models spineland nonspinel model 0$-Al,O; (100) surfacenave been used to
model the supportedNi catalyst systemNis/2-Al,Os. The adsorption of CHand H, as well as the
dissociation of Chland H are investigatedl'he results obtained from the DFT calculations indicate that
the metaloxide interface plays agssential role in the dissociation@H, and H. This studyis organized
as follows: an introduction of this study is given in the fisstction. Thecomputational method arttie
models used in this study aglescribed in section 5.2. Resudtsd discussions are given section 5.3.

Concludng remarks arstated insection5.4.

5.1 Introduction

The dissociative adsorptions of methane and hydrogen in the presence of a catalyst has attracted
interest in the past decafe3] since these processes are crucial in methane steam reforming andemethan
cracking for hydrogemand carbon nanotube producti@hd]. Due to their lower cost and good reactivity,
supported Ni catalysts are the most widelydusatalysts for these reactiortsJ1]. Theoretical methods
based on quantum chemistry can providetedaic and atomic level information that cannot be easily
obtained by experimental methods. Hence, in the past yeaisatrigticdissociation of Chland H has
been extesively studied by theoreticiand2-22]. Haroun et al[17] conducted DFT calculations on the
dissociative adsorption of methane on(lNL1) surface with and without an adatom. Atiflddersen et al.

[18] studied the effects of poisoning and step defects for methane activation(bhlNiStudies of CH

and B demmposition have also been conductedsomgle Ni atoms and Ni clusterd$22]. Bin et al.

[23] studied the influence of the nickel catalyst geometry on the dissociation barrierard BH using

a Nigs cluster and N{111) surface. Theoretical studiieeusing on ClHand H dissociation on various Ni

plane surfaces or clusters have almen reported in the literatur@4f27]. However, most of the

industrial heterogeneous catalysts are made of small metal nanoparticles supported gnoxateu

substrées, e.g., AlO3[28,29. Recently, DFT studies have shown that the existence of oxide support such

aso-Al,0O; may affect the chemical reactivity of the metal catalgstckrtain systems3p-34]. Briquet et

al. [35] found that the aluminum oxide plays iamportant role in the activation of the adsorbed CO on a
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Ni cluster. Valero et al[36] showed that the metalpport interaction changes the CO andHC
adsorption properties amAl,Oz supported Pdcluster. Cheng et a[37] studied the effect 0$-Al,O5

substrate on Ngnteraction with supported BaO clusters by DFT. That study reported a strong synergetic
effect between the BaO clusters and thgddkubstrate toward NCadsorption. A DFT study performed

by Kacprzak et al[.38] showed that the-Al,O3 support promotes the oxidation of Pd nanoparticles at the
support and nanoparticle interface. These studies have corroborated that i0g support may play an
essential role on the overall behavior of certain catalytic reactions. AlthougthIND; catalysts have

proven to show good activity for methane and hydrogen rescttomany experimental studie?9{43]

to the authorsoé knowl e d(DR) studies reghmlingsttie effect ¢f thhélgOf i on a |
support on the NeatalyticCH, andH dissociation has been reported in the literature.

In order to understand the role ®fAl ,O; support at the atomic or molecular level, the,GHd H
dissociations on No-Al,O; were studied using DFT slab calculations. For # .05 structure, two
models, based on the defective spinel m¢d4)45 and nonspinel model4p,47 have been proposed in
the literature. Due to complexity of the crystallographic bulk structure of this material, a single model
structure for this support hast been recognized by the scientific community. In fact, the structure of
Al,Os is still the subject of considerabtiebate in the open literatur8{53]. Herein, to account for the
effect of the two predominant models usedd&l,O;, two systems, Nicluster supported on the spinel
2-Al,0; [noted $Ni,)], and Nj, cluster supported on the nonspinehl ,O; surface[noted N$Ni,)], have
been used to model Mb-Al,Os;. The aim of the present study is to present a comprehensive
understanding of the CHind H, reaction systems, i.e., adsorption and dissociation properties at different
sites of the supported Ni cluster. Moreover, previous experimental studies have shown thsitippetal
interaction might play a key role in tharbon nanotube growtimechanism 44-56]. Ni nanoparticles
have been observed to be detached from the alumina support and were pushed upward by the carbon
nanotubes. Therefore, the mesabpport interaction upon adsorbate adsorption was studied here and used
to understand the t'chment of the Ni particle in the early stage of CNTs growth process.

In the present work, two ND-Al,O3; models were used to study the reactivityodfl ,O; supported
Ni catalyst. That is, the pathway and energy barriers faoy &ld H dissociation athe top and interface
sites on the-Al,O3; supported Njcluster were studied using two modelsoekl ,O; (100) surface. Also,
CHs and H adsorption, and the influence of these species on the metal support interaction, were studied
and discussed in this worhe reactivity of the top and interface sites on the supportedusier was
identified using the projected density of stgfePOS) methodrad Hirshfeld charge analysisT].
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5.2 Computational details
5.2.1Calculation methods

The DFT calculation methodsedin the present study is slightly different from tiatSection 3.2.1,
Chapter 3 That is,the kspace parameter was set ttm3S(Ni;) model;for the N§Ni,) model, sincea
large unit cell needs to be specified which increases the computational demandsdute the
computation costs in the calculations, the linear tetrahedron method for the kspace numerical integration
(k-space parameter?) [58] is used for théS(Ni,) model.

The adsorption energi€B.q9 of the adsorbates were calculated as follows:
EagdX)=E(Xi Nig/o-Al,O3) 1 (E) T(N&y/2-Al,Os), (5.1)

whereX represents the adsorbat&s. analyze interaction between the cluster and the oxide surface, the
metal support interactioenergiesEys, were computed as follows:

Ems=E(Xi Nig/2-Al,O3) T (Ki Nig) X (0-Al,05) , X (5.2)
whereE(Xi Ni;) ahdE(3-Al,Os) pépresent the energies of thENi, fragment and the oxide surface kept
in the deformed geometry of tb& Ni,/3-Al,O3 system, respectively. ThuSys, can be used as a measure
of the change in the electronic structure at the inati@lport interface induced by the adsorption of the

probe moécules.

5.2.2Surface models

As mentioned above, there is stiintroversy in the literature regarding thél,O; crystalstructure:
both nonspinel and spinkke structures have begmoposed. Henceén the present study, the defective
spinel andhe nonspinel slab model with translational symmetry indimections were used to model the
2-Al,05 (100) surface. Thepinetlike structure ofo-Al,Os; belongs to the Fd3m spageoup (No. 227)
with lattice constants ab=c=7.911 A p9-61]. In the spindllike structure(MgAl,O,) of 2-Al,O;, the
magnesium atoms are substituted by aluminum atdimstefore, Al vacancies should be introduced to
fully matchthe stoichiometry 05-Al,O; [62]. However, there is noemeralagreement regarding the exact
localization of the vacancies ithe spinel structure4P63]. To simplify the modeling process, the
surfaces of spindbase-Al,O; structures are always cleaviedm ideal bulk structure, i.e., no vacancies
containedin the bulk. Accordingly, the stoichiometry of the surfaces obtaiftedspinetbasedo-Al 05
depends on the direction of cleavirige number of layers, and the dimension of the unit cell.(T@6)

surface was used in the present study to perfornDEie calculations. To speed up our calculations, the
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(100) surface was modeled as a fiager stoichiometric spinel type slab of 40 atoms, 24 oxygen and 16
aluminum atomg(Figure 5.1). For the nonspined-Al,O; model proposed by Digne et 44764 a

periodic 2-Al,O; (100) surface slab with seven atomic layers was used to represent theorAbsie)]
substrate in the present stugbee Figures.2). The(100) surface was selected because it is one of the
most detected and catalytically active surfaces fwharing deposited transition metal amétal oxide
particles $5,66]. Note that the-Al,O; (100) model used in the present study is a clean ideal surface, i.e.,
the surface hydroxyl groups are not considered in this model. The experimental work ofeDigne

[4764] found that the surface coverage of hydroxylsoel ,O; changes as a function of temperature.
According to that workp-Al,O; shows two main surfaces above 600 K: the fully dehydréi€@)

surface and the hydratétil0) surface. Since the reaction temperature of methane cracking is in the range
of 8007 1000 BKAI,Oa100) sufacelis aasuitabde relatively simple model that can be used

to study the behavior of this system. A;Niuster with tetrahedralonfiguration was used to model Ni
catalyst inthis study. This cluster is the smallest unit which can provide a-tlmgensional structure to

probe both metainetal and metatupport interactions aseported in many other studie§7{72)].
Moreover, the stdy of the stability of the Niclusters shows that the supported 3D dllister is the most

stable configuration, as compared with the 2D planarsifucture. In the present study, the tetrahedral

Ni4 cluster configuration is found to be less energdtidalvorable(0.03 eV) than the planar one in the

gas phase. However, upon binding on the spinel modeAbfO; (100) surface, the supported 2D square
planar Nj structure is less stable than the 3D structure by 1.55 eV. The same is true fordiuaétion
nonspinel modeb-Al,O; (100) surface; the 3D tetrahedron,Miodel is more stable than the 2D, Ni

model by 1.40 eV. Therefore, this tetrahedronpdNister was chosen in the present study. For b@t,)S

and NS(Ni,), the bottom two layers of theAl,O; (100) surface were kept frozen in their bulk positions
whereas the remaining top layers together with the Ni4 cluster and the adsorbates were allowed to relax
during the DFT calculations. It should be noted that the tdplep o | ar i z e basisiwaZuBed inS T O
the calculations on (8li;). Due to computational limitations, a less accurate STO basis sets, namely,
doublez A DZo6, was e mpll).dnyorler to forobe the raliabiliti & the DZ basis set on the
results obtained on NBi,), test calculations were performed on the;@ldsorption properties by using

TZP basis set. The adsorption energies fog (O and interface adsorption using the TZP basis set were
1T1.83 and 12.12 eV, respectivel y,hthe ®hlpsigsetdThis o T 1.
result suggests that the increase of the basis set size does not lead to substantial alterations in terms of
adsorptionenergfD21 4% error ). Al so, the geometrical par ame

increase of the basset from DZ to TZP.
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Figure5.1 The optimized spinel type model ®Al ,O; (100} 1x1 surface(a) top view;(b) side view.

Oxygen atoms are shown in red and aluminum atoms in magenta.

Figure5.2 The optimized nonspinel type model af-Al,O; (100) 2x1 surface(a) top view;(b) side

view.
5.3 Results and discussion

5.3.1Ni4 Cluster Supported on thea-Al,03 (100)

Spinel Type Modelror Ni, cluster adsorption on the spinel type modeb@l,O; (100) surface,
S(Ni,), different surface sites were investigated and resulted in a number of structures5Bigin@vs
the most stable configuration obtained fog Bluster supported on(Si,). In this configuration, three Ni
atoms are in direct contact with the surfamme f or m
is located at the top vertex away from the support surface. The adsorption and interaction energy for this
supported Njclu st er obt ained for this configuration are 1
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Figure5.3 The optimized structure of Ntluster supported on the spinel typal,Os; (100) surface,
S(NiJ). (a) top view;(b) side view. Bond lengths are in A. Dark blue balls stand for Ni atoms, and others

are the same as in Figusd.

Nonspinel Type ModeFigure5.4 shows the most stabdelsorption configuration for Ncluster on
the nonspinel typenodel ofa-Al,O; (100) surface, NfNi,). The key feature ahis structure is that all of
the three bottom Ni atoms locatedtla¢ metal alumina interface are bonded with the surfacat@ns,
forming three Ni O bonds and four NiAl bonds. Theadsorption energy and the mesalpprt energy
obtained foithis configuration aré2.28and1 2.79 eV, respectively

Figure5.4 The optimized structure of Ntluster supported on the nspinel typeo-Al,O; (100) surface.
(a) top view;(b) side view. Bond lengths are in A.

To gain further insight into the nature of the bonding between the suppoieduster and the

alumina support, Hirshfeld charges analysis was conducted on the two models. The Hirshfeld charges

83



distribution of the cleafl100) alumina surface and the depositegldNister over the alumina surface are
shown in Tablé.1. As shown in this table, the Nilusters have a total charge of +0.330e and +0.078e on
S(Nig) and NSNiy), respectively. The larger positive charge on tleposited Nj cluster in $Niy)
indicates that more chargegere transferred from the Ni cluster to theAl,O; (100) surface than
NS(Ni,). The results in Tablg.1 also show that, fdsoth §Nis) and NSNi,), the deposition of Nion the
2-Al,05 (100) surface resulted in an increase of charge density osuttigce Al atoms and a decrease of
the charge density on thea@ms, respectively. Therefore, the interaction obsdretdeen the Ni atoms
and the surface on these configuratinsimilar to a bek-donation interactioi73] where the metal is
promoting a charge transfer from the surface oxygen taltimsinum.

Table5.1 Hirshfeld charges of the supported/Ni-Al O3 (100) complexes

Spinelo-Al,05: S(Niy) Noni spinelo-Al,03: NS(Niyg)
2-Al,0; Ni4/ 2-Al,04 2-Al,0; Ni4/ 2-Al,O4

Nig4 0.330 0.078
Al 0.491 0.318 0.589 0.424
Al, 0.389 0.360 0.591 0.469
o)) 10.366 10.314 10.415 10.312
O, 10.366 10.313 10.419 10.368
O 10.372 10.349

5.3.2CH3 and H adsorption on Ni/2-Al,03 (100)
5.3.2.1CH; adsorption

Spinel Type Modellhe structures for CHragment adsorbed on different sites of the supported Ni
cluster, $Ni,), are presented in Figur&5. The corresponding adsorption energies for these
configurations are listed in Tab®2. The results show that GHonded with Ni atom located at the

Ni4/2-Al,O; interface, which can be referred to as the interface 1 adsorptiqinglfe results in the most
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stable configuration. It should be noted thatsGdsorption on the surface O and Al atoms close to Ni
clusters were also studied. In addition, it was fotlmad no stable adsorption configuration was found for
CH; adsorption at the surface O site; e.g., when Shblaced on top of O, it is pushed away. However,

for CH; on top of the surface Al atom at the interface region; Wik found moved toward the Bioms

after geometry optimization forming three bonds with the Al and the two Ni atoms at the interface. The
adsorption energy at this site is 1T2.13 eYis It 1is
bonded with the Niatom only. © <cl ari fy 't he s uppadsotption prapdrtiee ct s o
Hirshfeld charge analysis was used to determine the charge redistribution upadstkption at the top

site (Ni;) and at the intl sitéNi;). Comparison with Ckitop adsorption was chosebpecause in this
adsorption configuration, GHs bonded with a single Ni ato(Ni;) which is similar to the case of intl
adsorption. Note that theharge distribution for Ciat the interface 2 sitént2) wasalso reportedsee
Table5.3). The results siw that the chargen the CHis 1 0.191e in the Ckitop site adsorption. For the

CH; intl site adsorption, a charge 109.291e was transferrdd CH;. This gives rise to a strong ionic
bonding between CHand Ni, which results in a stronger adsorptiorhét interfacesite than that at the

top site. A detailed analysis of the chargéshe surface Al and O atoms shows that the total charges on
the substrate surfagespecially the Alatom) are more positivehen CH is bonded with Niatom at the

intl site(see Tablés.3). This suggests that the ,Adtom works primarily as a chargenation partner at

the Niy/o-Al,O; interface when CHlis bonded with the Niatom. Similarly, the Niatom acts as eonduit

for transferring negative chge to the adsorbate. Thuthe Al (donor) NiT CH; (acceptor) effect
stabilizes thénterface adsorption. For the GHt the int2 site where GHilso is bonded with the surface

Al; atom, a charge transfer fro@H; to Al; atom was observed. This can also kplaned bythe Al
(donorY NiT CH; (acceptor) effect. The only differentethat CH is bonded with the surface Al atom at

the other sidef the formula, so it is like A{donor) NiT CH; (acceptor) Al (acceptor). Accordingly, the
supporés effect on theehemisorptionproperties of the supported metal particle dependhersynergy
between the suppeparticle and the particladsorbate electron trafers. This result provides an
explanationas to why the CEadsorption energy increases more atititerface adsorption site than at

the top adsorption site.
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CH;@top CH;@bridge(bri) CH;@hollow(hol) CH;@interface1(int1) CH;@interface2(int2)

Figureb5.5 Side view of the stable configurations of £atisorbed ospinel type model of Mio-Al 05
(100) surface, @li,). Bond lengths are in A. Datdue: Ni, white: H, Grey: C.

Table5.2 The adsorption energies for gbeind H on the supported Nb-Al,O; (100) complexes

Spinels-Al 05 Nont spinelo-Al,O;
adsorbate top bri hol intl int2 top bri hol intl int2
CH; 1155 1158 1125 1218 1213 1187 11.75 11.17 1204 1250
H 1171 1230 12.21 12.63 12.96 1200 1241 1233 1234 12.86
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Table5.3 Hirshfeld charges for CHadsorbed on supportedAd-Al,0O; (100) complexes

Spinels-Al,04 Noni spinelo-Al,O;

CH; adsorption top intl int2 top intl int2
CH; 1T0.1910.291710.18410.21170.29010.12

Ni4(cluster) 0.535 0.581 0.585 0.272 0.225 0.305

Aly 0.319 0.358 0.325 0.420 0.420 0.465

Al, 0.367 0.355 0.386 0.475 0.513 0.529

Al 0.446 0.474 0.387 0.509 0.513 0.435
O, 10.3140.30210.30710.3170.31510. 31
(O] 1 310 1T0.31810.30810.3680.35610. 36
O 1T0.3540.35010. 34

The electronic factors that control the chemisorption wals® corroborated using projected density
of statePDOS).This method can be used to analyze the electronic factorstétmiize CH adsorption
at the interface rather than at the sig. As show in Figur&.6, the bonding between Glnd the Ni
atom is indicated by the overlap of theapital of C with thesp and dorbitals of Ni. This binding
energy can be consideréal have two components: one from the coupling to the metstaggs and the
other due to the extra coupling to thetdtes T4-77]. The coupling to the d states produces a bonalitth
an antibonding state. As shown in Figiré, there is arupshift of the orbital{both Nid and CGsp)
located around th&ermi energ when CH is bonded with the Niatom at theintl site. Note that
comparisons were made between;@p and the intl site adsorption because in both of the adsorption
configurations, Chlwas bonded with a single Ni atom. As tirbitals shift up around ehFermi energy, a
distinctiveantibonding state appears above the band. Sincd thet#aonding states are above the Fermi
level, they are emptytherefore, the bond becomes stronger as the number of amjitpnding states
increases. Moreover, it is adaved that théonding sgevels of carbon shift to lower energies for the intl

site adsorption as compared to that in the top adsorption. mé#ns that more bonding states are
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occupied whicttontributed to the stronger adsorption energy at the intesfecelherefore, this analysis
also supports the strongadsorption energy of Gibbserved at the interface thantla top site. The-d
band analysis was conducted to providguantitative explanation of this phenomenbetails about the
d-band analysisnethodare presented irsection 3.3.3 Chapter 3Accordingto the dband modelthe
closer the- to the Fermi level, thenore reactive the catalyst is expected to be. As shown in Bahle
the position of- for the top Ni atom is idatical to the Ni atom at the suppoNi interface.
Accordingly, it is expectethat these two Ni atoms may have similar reactivity toward &t$orption.
However, the adsorption energy results suggestlieabonding strength between C&hd Ni at the ntl
site isstronger than the one observed between &1d Ni at thetop site, which implies that the Natom

at the metal suppoihterface has a higher reactivity than that of the &om at theatop site. The
calculation of the for the two Ni abms uponCHs; adsorption show that the for the Ni atom in the
CHj; top adsorption is shifted from1.20 to1 1.59 eV, whereas the for the Ni atom is shifted from
11.20to11.33 eV(seeTable5.4). The down shift of the for Ni, is smaller than thatbserved for Ni
Note that down shift of means the dowashift of the average energy of theorbital that locates below
the Fermi energy. As mentioned above, the charge analysigs that there exists an electron transfer
process from thesubstrate to the Ni cluster when €kl bonded with the Niatom at the intl site. Thus, it
is suggested that this small down shift is originated from the extra electron provided bystitgstrate.
This result reflects the fact that the cteity of the surface metal atom depends not only on its initial
position ofthe dband center, but also on the redistribution ofdleetrons between the metal cluster and
the substrate upon tlagsorption of the adsorbat@ke substrate effect). Compeently,if the metal atoms
are interacting with a particulaubstrate atom, then thebdnd model may fail to predict theactivity of

the catalyst. Instead, tmesponse of the locatmhndto the presence of the adsorbate and substrate has to

betakeninto account.
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PDOS(arbitrary units)

E-E (V)

Figure5.6 Projected density of statéBDOS) for C atom and the individual Ni atom involved in;CH
adsorption on spinel type model of,gtAl 05 (100) surface, Bli,): (a) top site adsorptiofb) interface
1 (int1) adsorption. The pink line represents the d orbital of the individual Ni atom befgr@dSétption.

Table5.4 The dband energyeV) of the Ni atoms involved i€H; and Hadsorptionat the top and intl

sites on the supported jNiluster.

Spinels-Al,05 Noni spinelo-Al,O;
Ni,(top) 11.20 11.59 1151 10.94 11.32 11.23
Ni(int) 11.20 11.33 11.28 11.29 11.37 11.27

Nonspinel Type ModeCHs adsorption configurations atlifferent sites of the N@li) are shown in
Figure5.7. Thecorresponding adsorpti@nergies obtained from thesenfigurations are shown in Table
5.2. As in the case of GHadsorption on @i,), no stable adsorption configuration was found for; CH
adsorption at surface O site: it is pushed away after geometry optimization. The tiot€rfhce
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adsorptions are found more stable than the top site adsorptigninttHadsorption has an adsorption
energy of 1 Zad3otptioa &t the iRtd site, ihidre £ibbnded at the bridge site between Ni
atoms with the surface Al atthe interface i t has an adsorption energy of
that at the intl site. In order to study the charge redistribution of the system upoad§itiption,
Hirshfeld charges analyses were also performed fart@tand two interface adsorptioos NSNiy). As
shown in Tablé&.3, the charge onthe GHH s 1T 0. 2 1 1; top sitenadsbrptien, vihéteas a charge of
1T0.290e was 0 didbandedevith the Niam aGlté intl site. The charges on the surface
Al and O atoms indicate that thare more positivéespecially the Al atoms) for GHint1 site adsorption
when compared with that in Gkbp adsorption. As in the spinel type model, tieisult indicates that the
electrons are transferred from tkebstrate(mainly from the Al atoms) tdhe Ni cluster, and the
adsorption strength was enhanced fors@Hl adsorption du¢o the extra substrateediated electron
transfer from thesupport to the adsorbates. For thes@Hthe int2 site wher€H; also is bonded with the
surface A} atom, a barge fromCHs to Al; atom was also observed, as in the case of G2 site

adsorption on i) model.

CH,@top CH.@bridge(bri) CH;@hollow(hol) CH,@interface1(int1) CH,@interface2(int2)

Figureb.7 Side view br the stable configurations 6H; adsorbed on narspinel type model of Mio-
Al,O; (100) surface, N®i,). Bond lengths are in A. Dark blue: Ni, white: H, Grey: C.

Figure5.8 shows the PDOS of the-€p orbital for CH adsorbed on Niatop site and on Biite on
NS(Ni,), respectively. As in the case of gHdsorption on @i,), an upshift of the orbitalgboth Nid
and Gsp) located around thieermi energy was observed when {d8lbonded with the Niatom at the
intl site. The calculated d band ceriter) of theNi atoms involved in Ckladsorption at the top and intl
site arelisted in Table5.3. Before the adsorption of GHhe- for the top Ni atom is 0.35 eV higher
than that of Ni atom at thesupportNi interface. According to the-bland theory, the toNi, atom may be
more reactive toward GHadsorption, whicldoes nbagree with the calculated adsorption energy results

presented in Tabl&.3. Thus, the dand model may not bsuitable to explain the evaluation of the
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reactivity of the metahtoms when they are supported on the oxide subskaliewing the idea used in
the spinel type model, the for Ni; and N atom after CH adsorption was calculated astown in
Table 54. A larger down shift of the (0.38 eV) forthe Ni atom in the CH top adsorption was
observed, agompared withthat obtained for the Bliatom (0.08 eV), whichsuggests that there is a
stronger bonding strength of GHt theinterface which agrees with the DFT results obtained by the

present study.
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Figure5.8 Projeded density of stat®DOS) for C atom and the individual Ni atom involved in;CH
adsorption on nogpinel type model of Mio-Al,Os; (100) surface, N@liy): (a) top site adsorptiofi)
interface 1(intl) adsorption. The pink line represents the d orbitéthe individual Ni atom before GH
adsorption.

5.3.2.2H adsorption

Spinel Type ModeH adsorption on the different sites of thepported Njcluster was studied on
S(Ni4). The adsorptiorconfigurations and their corresponding adsorption energieshanen inFigure
5.9 and Tabl&.2, respectively. The resulisdicate that the most stable configuration is H bonded with
the Nb and Ak atoms at the metal support int2 s{i€2.96 eV), and then followed by the intl site
adsorption 2.63 eV).No stableadsorption configuration was found for H on tog®mfH moved toward

the Ni atoms after geometry optimizatidtirshfeld charge analysis shows that the charge transferred to
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H was found to b& 0.163e for the HNi; top adsorptiorwhereas the charge transferH at the intl site
adsorption ig 0.190e, as shown in Table5. The All atom at the H intl sitalsorption has the largest
positive charg€0.339¢e). This resukhows that the All atom facilitates the H adsorption atrttezface
by providing extra barges to the adsorbate. For thatHhe int2 site, charge transfer from H tg Alom

wasobserved again, resulting a more positive charge on khegative charge on Al

H@bridge(bri) H@hollow(hol) H@interface2(int2)

Figure5.9 Side view fa the sable configurations dfi adsorbed on spinel type model of/AHAI O3
(100) surface, ®li,). Bond lengths are in A. Bond lengths are in A. Dark blue: Ni, White: H.

Table5.5 Hirshfeld charges for H adsorbed on supported NAI,O; (100) complexes

Spinela-Al 05 Noni spinelo-Al,03
H adsorption top intl int2 top intl int2

H 10.163 10.190 10.172 10.198 10.221 10.133
Niy 0.492 0.522 0.554 0.234 0.281 0.330
Al 0.320 0.339 0.322 0.424 0.430 0.452
Al, 0.369 0.372 0.388 0.475 0.511 0.526
Al 0.447 0.430 0.387 0.511 0.512 0.451
O, 10.314 10.310 10.309 10.314 10.316 10.316
0, 10.313 10.311 10.310 10.367 10.358 10.369
(O3 10.352 10.348 10.344

PDOS of the Nid and Hs states for H adsorption orfNs,) are shown in Figur&.10. This figure

shows that there is a strongpital mixing of sorbital of H atomwith the sporbital and thed-orbital of
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the Ni atom, which is primarily in the rangeid to1 1 eV below the Fermi level. The upshift of the d
orbital around the Fermi level was also observed at the H intesfds@rption. For the H top adsorption, a
down shift of the @orbital around the Fermi level was observed. THeadd centecalculation shows
that the- of Ni, is shifted tor 1.28 eV aftetbonding with H, whereas the for the Ni is shifted to

11.51eV. This result is in agreement with thereased bindingnergy of the H interface adsorption.

PDOS(arbitrary units)

-10

Figure5.10 Projected density of statéBDOS) for H atom and the individual Ni atom involved in H
adsorption on spinel type model of8tAl O3 (100) surface, Niy): (a) top site adsorptiofb) interfacel
(intl) adsorption. Note that the Pink line represents the d orbital of the individual Ni atom before H

adsorption.

Nonspinel Type ModeThe adsorption configurations H dhe N§Ni,) are shown in Ejure5.11.
The results of thadsorption energies shown in Tabl2 indicate that H is morgtable when bonded with
the Ni and Ak atoms at the metalupport int2 sit€l 2.86 eV) than the bridge sife2.41 eV)and the intl
adsorption sit€l 2.34 eV).For H on top of Osimilar results were found as in the case @ig model:
no stable adsorption configuration was found, H moved towardlitaoms after geometry optimization.
Again, H adsorption athe Ni top site is found less stable than the ifsiee sites withan adsorption
energy ofi 2.00 eV. The Hirshfeld chargenalysis results shown in Tallié reveal a charge transfer of
10.168e to H adsorption when it is adsorbed at the top si@gar amount of charge trans{e0.208e)

was observed wdn H is adsorbed at the intl site. Thus, it is expected that this dangeint of charge
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transfer to the H atom stabilizes the adsorbenhplex at the interface. As in the spinel model, more
positivecharges on the surface Al and O atoms were observed Wvteehonded with the Niatom at the
intl site, as compared withat in H top adsorption. This indicates that electrongrarsferred from the
substrate(mainly from the Al atom) to thé&\i cluster for H interface adsorption, which increases the
NiT H adsorption strength. Figurb.12 presents the PDOS for &tisorption on N&i,). Figure5.12b
clearly shows an upshift ¢iie dorbital around the Fermi level when H is bonded withNigatom at the
metatsupport interface. The calculated shows a large down shif©.29 eV) of the d band energy upon
H top adsorption. However, a small upshift of 0.02 eV wlaserved for the Niatom, which explains the

higher Hadsorption detected at the interface.

H@bridge(bri) H@hollow(hol) interface1 (ir{t1 ) H@interface2(int2)

Figure5.11 Side view fa the stable configurations bf adsorbed on nespinel type model of Mio-
Al,O; (100) surface, N®li). Bond lengths are in A. Dark blue: Ni, White: H.
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a)

Ni-d*

b)

PDOS(arbitrary units)

-10

Figure5.12 Projected density of statéBDOS) for H atom and the individual Ni atom involved in H
adsorption on nospinel type model of Mio-Al,Os (100) surface, N@iy): (a) top site adsorptiofi)
interface 1(intl) adsorption. The pink line represents the dtalrbf the individual Ni atom before H

adsorption.

To evaluate the size effect of the surface, the adsorptiGioand H on the top and the interface site
on alxl unit cell of the nonspined-Al,O; (100) surface model was alstudied. In thelx1 unit cell of
the nonspineb-Al ,0O; (100) surface model, the supported,Miuster and the adsorbates arere close to
the clusters and adsorbates in neighboring cafissompared with that in tt#x1 unit cell model. The
results show that, as compareithvithe adsorption energiebtained on th@x1 unit cell of the nonspinel
model, CH and H adsorption on th&x1 unit cell generally havesmaller adsorption energies: ¢€H
adsorbed at the top site haadsorption energy df1.60 eV and that at the inteci site iscalculated to
be11.83 eV. For H, the adsorption energieshaise two sites aii€l.88 and 2.43 eV, respectively. The
decrease of the adsorption energy may be due to the repblsiseen nearest neighbor adsorbates
because of the smaller siaéthe unit cell. This result also indicates that the interfas®orption is more
stable than that on the top adsorptiegardless of the unit cell size. Noted that the sizecefin the
spinelo-Al,O; (100) surface model are not considered ingresent study because of the computational

limits while usingthe iTZPo basis set for larger unit cells.
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The results for Ckland H adsorption show that, on bd8Ni;) and N$Ni,), the CH and H
adsorption at the metaupport interface is always preferredie to the Al(donor) NiT adsorbates
(acceptor).The PDOS analysis for both modélews an upshift of the-arbital around the Fermi energy
whenCH; and H are bonded with the Natom at the interface. Thigpshift of the ebrbital pushes an
antibonding site above th&ermi level that results in a strong bonding betweeraNithe adsorbates.
The d band centdr ) analysis reveals that tlteband model may not be appropriate in prediction of the
reactivity of the supported metal cluster, where thelldeasityof states at the supported metal atoms is
strongly perturbed byhe presence of the adsorbate and the substrate. Accordinglgffect of the
adsorbate and the substrate, which causae®thstribution of the electrons between the metal dlusid

the substrate upon the adsorption of the adsorbates, ndmlsdnsidered in thelthnd analysis.

5.3.3CH3; and H adsorption on Nis/2-Al ,05 (100)

The previous results were obtained on the supportgaidster. In order to provide support of the
resultspresented irthis study, DFT calculations for GHind H adsorption on supported Nj cluster
were conducted-irst, the Nj cluster adsorption on the spinel and spinel type model af-Al ,0; (100)
surface was investigated. FiguBel3 shows the mosttable configuration obtained for Ncluster
supported on the two models. In this configuration, four Ni atoms are in direct contact with the surface
atoms. The charge analysis of the twodels (see Tableé.6) shows that, as in the case of supported Ni
cluster, electrons are transferred from the Ni cluster to the alumina surface whers ttlashéir is
deposited on the-Al,O; (100) surface. The adsorption energies for, @hd H on the top and interface
sites of this supported Ncluster were calculated. The results were presented in bahlend their
corresponding adsorption configurations were shown in Fi§utd 5.17. The results of these DFT
calculations are as follows: (i) On the spinel typ&l,O; (100) model, S(N), CH; adsorbed at the two
interface sites are generally more stable than that at the {apublier site, the corresponding adsorption
energies werg2.89 (intl site)] 2.17 (int2 site) and2.14eV respectively. It should be noted that, at the
intl site, CH is bonded with the Niatom at the metal support interface. For the int2 site adsorption, CH
is bonded at the bridge site of;Mind Ng atoms. As shown in Tab&7, similar results were obtained for
H adsorption at these three site2:93eV at the mtl site,1 2.62eV at int2 site and 1.79eV at the top
site. (i) Onthe nors p i n e FAIL®D; Y10 model, NS(N), similar results were obtained for ¢hind
H adsorption as in the case of S{Nihodel: CH and H adsorbed at the interface sites areenstable
than that at the top Nicluster site. Noted that at the int2 site adsorption in the NB(hbdel, the
adsobates are bonded with the, ldtom and the surface Al atom at the interface. The @t H
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adsorption at this int2 site is found most stalhich is consistent with the previous results obtained with
the supported Nicluster model. Based on the above, it was concluded that the results for the studied

evennumbered (N)) cluster and oddiumbered (N) cluster were transferrable.

Figure5.13 The optimized structure of Necluster supported on the spinel (left) and-4spimel (right)
typea-Al,O; (100) surface. Bond lengths are in A. Oxygen atoms are shown in red and aluminum atoms
in magentaDark blue balls stand for Ni atoms.

Table5.6 Hirshfeld charges of the supported/N-Al O3 (100)complexes

Spinelo-Al;03: S(Nis) Noni spinelo-Al ;05 NS(Nis)
2-Al,0; Nis/ 2-Al,04 2-Al,0; Nis/ 9-Al,O4

Nis 0.414 0.355
Al 0.491 0.298 0.589 0.459
Al, 0.389 0.351 0.591 0.536
Al; 0.491 0.372 0.514 0.329
O, 10.366 10.319 10.415 10.329
O, 10.366 10.315 10.419 10.326
(0% 10.341 10.301 10.372 10.327
O, 10.269 10.300 10.337 10.340
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CH;@to CH:@interface 1(int1 CH;@interface 2 (int2)
3@top

Figure5.14 Side view for the stable configurations of £tlsorbed ospinel type model of Mio-Al 03
(100) surface, S(). Bond lengths are in A. Dark blue: Ni, white: H, Grey: C.

CH;@interface 1(int1) CHs@interface 2 (int2)

Figure5.15 Side view for the stable configurations of £tisorbed on nespinel typemodel of Ni/o-
Al,O; (100) surface, NS(MJ. Bond lengths are in A. Dark blue: Ni, white: H, Grey: C.

H@interface 1(int1) H@interface 2 (int2)

Figure5.16 Side view for the stable configurations of H adsorbedpinel type model of Mio-Al,O3
(100) surface, S(J. Bond lengths are in A. Dark blue: Ni, white: H.
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H@interface 1(int1) H@interface 2 (int2)

Figure5.17 Side view for the stable configurations of H adsorbed orspamel type model of Mio-
Al,O; (100) surface, NS(M). Bond lengths are in A. Dark blue: Ni, white: H.

Table5.7 The adsorption energies for geind H on the supported MNb-Al,O; (100)complexes

Spinelo-Al 05 Noni spinelo-Al,O3
adsorbate top intl int2 top intl int2
CH; 12.14 12.89 12.17 11.54 11.85 12.31
H 11.79 12.93 12.62 11.81 12.29 12.62

5.3.4Metal-support interaction

In the present work, thaetal support interactiofEys) upon CH and H adsorptioon both $Ni,)
and N§Ni,) was analyzed. As mentioned 8ection5.2.1, the deposition of the Nmetal cluster on
S(Nig) results in arEyg of 12.27 eV. Generally, a decrease of g, after CH adsorption on the Wi
cluster was observed. Ahown in Tables.8, the Eyg decreased t01.97 eV after Chladsorbed at the
top of the Ni cluster whereas th&,s decreased t@2.22 eV in the CHlinterface (intl) adsorption
configuration. Similar results were obtained for Eyg, uponH adsorption. The interaction beten the
Ni4 cluster and thelumina support decreases after H adsorbed at the top, baddehollow sites.
However, theEys was found to be slightlgtronger(0.05 eV) after H adsorbed at the interface site. It is
expected that this slight increasekfs, is due to thénteraction between H and the surface Al atoms, in
which abonding distance of 2.53 A was observed. For th\NNg the Eys, results presented in Talbe
show that, as in th&§(Ni,) model, theEys decreases upon Glnd H adsorptioomn NSNi,). This result
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shows that the bonding of adsorbateshe cluster affects the cluster structure and its bonding to the
support. This is in agreement with a previous report shatved that, as the concentration of reactive
intermediates onr, increases, the clustsupport interface and the metaktal bond distance in the
cluster were slightly modified durintpe hydrogenation reactiomd ethene, propene, and toluerrd]|
Experimental studies have observed that Ni nanopardietached from # alumina support and was
pushed upwardy the cabon nanotubes during its growtb4f56]. Thus, thisdecrease of metal support
interaction found in the present DFStudy might provide an explanation of the detachment of the Ni
particle in the early stagd CNTs growth process.

Note that it was found that the changes in metigiportinteractions are larger for weaker adsorption
of CH; and H.This condition seems to have originated from the way thaingtalsupport interaction
was calculated. From thaefinition of the adsorption energy of adsorbate(e¢ 5.1) and the metal
support interaction in the present study, it is known thaatis®rption energy represents the stability of
the adsorptiosystem. In addition, the difference of the nmiesailpportinteraction between two adsorption

configurations, e.g., A anB, (qEvsas)) can be calculated as follows:

OEmsiar 8= GFE(CXT Nig/o-ALOs) (gl E(XT Nig) (#€e)] GE(0-ALLOs) (), (5.3)

where qE(XI Niy/2-Al,Os) 8)_represents the difference between the adsorption energies of X for
configurations AEags and B (Eaugg), respectively; gE(Xi Nig) (s and gE(o-Al,Os) (s are the
differences in energy for MNi, and3-Al,O; between the two configurations. Our caltigias show that
gE(Xi Nif/o-Al,O3) a1 gy is the dominant term in ed5.2), which means that stronger adsorption at the
metal support interfacéa more stable adsorption configuration) resultsaistronger metal support

interaction.

Table5.8 The metal support interactig¢iys, €V) upon CH and H adsorption on(Ni,) and NNiy)

Spinels-Al ;05 Noni spinelo-Al,O3
Adsorbate top bri hol int top bri hol int
CH; 1197 1198 1214 1222 1265 1251 1250 1255
H 1183 1193 1211 1232 1246 1262 1282 1238

*The Eys for S(Ni,) before CH and H adsorption i52.27eV and he Eys, for NS(Ni,) before CHand H

adsorption ig 2.79eV
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5.3.5CH, and H, dissociation on Nj/o-Al,0O3 (100)
5.3.5.1CH, dissociation

Spinel Type ModeBased theadsorption results presented above, the present study fanusad,
dissociation on the top Natom and Ni atom at theinterface on 8\is). The potential energy profile
following thedissociation pathway is presented in FigbrE. Theconfigurations of the transition states
and the product involveith the process are also shown in that figure. The results indhzt€H, on top
of Ni; hasadsorptionenergy of +0.04 eMyhich showshe small repulsive nature of the forces between
CH, and the supported Ni cluster. The study of the transgtate(TS) suggests that GHlissociation
occurs at the Niatom and proceeds with a barrier of 0.85 eV. As show in FigliBzthe activated CH
bond(denoted as TH, hereafter) istretched to 1.82 A at the TS. The C angatdms are botbonded
with the Ni, atom with bond distances of 1.@ihd1.46 A, respectively. The final configuration was CH
adsorbedn the top site and the,ldtom at the neighbor bridge s{g=eFigure5.18). The reaction energy
obtained for this process wls36 eV. For CH dissociation at the cluster oxide interfacewés found
that CH, was physisorbed at the Niite with anadsorption energy af0.13 eV. CH, dissociates on Mli
with anenergy barrier of 0.71 eV. In the TS, the activat@Cbondis stretched to 1.69 A. The C and
H. atoms are bonded with thiep Ni atom with bond distances of 2.01 and 1.4aédSpectively. The
dissociation at this site endothermic by 0.4@V. These results reveal that £dissociation is preferred

kinetically at N} site located at the nickalumina interface asompared with the top Nsite.
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Figure5.18 The potential energy profile and geometric structures of the initial(st&Jetransition state
(T.S), and final statéF.S) for CH dissociation on spinel type model of,/dtAl 05 (100) surface, i),
at the top site and interface. Dark b(i), gray(C), white(H).

Nonspinel Type Moderhe configurations for the CHlissociation at the top and at the interface sites
on N§Ni,) areshown in Figures.19. The energy diagram of the reaction is aketched in that figure.
The results show that theH, adsorption at the top Nsite has an adsorption energy1df.07 eV. The
study of the transition sta{@S) indicates thaCH, dissociation at Niatom proceeds with a barrier of
1.08eV. As show in Figur&.19, the activated TH, bond is stretchetb 1.64 A at the TS. The C and,H
atoms are both bonded withe top Ni atom with bond distances of 1.99 and 1.58e8pectively. The
final configuration was methyl adsorbed in the site and the HHatom adsorbed in a neighbored hollow
site. The reactiorenergy obtained for this dissociation proces3.%2 eV. For CHlinterface dissociation,
CH, was first adsorbeavith an adsorption energy 6i0.42 eV followed by itgdissociation on the Mi
atom with an energy barrier of 0.76 €Fhe activated CH, bond & stretched to 1.58 A in the TS. T@e
and H, atoms are bonded with the MNitom with bonddistances of 2.03 and 1.56 A, respectively. The
dissociation athis site is endothermic by 0.39 eV. As in the spinel type mtidelresults found by the
present stdy suggest that thgissociation of Chlat the metal support interface is muedsier than at the

Ni, top site.
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Figure5.19 The potential energy profile and geometric structures of the initial(st8jetransition state
(T.S), and final staté.S) for CH dissociation on nospinel type model of Mio-Al,O; (100) surface,
NS(Ni,), at the top site and interface. Dark b(i¥), gray (C), white(H).

5.3.5.2H, dissociation

Spinel Type Modelhe energyprofile and structures for the dissociation gfdti SNiy) is presented
in Figure5.20. As shown in that figure, Hwas foundadsorbed on the Niop site with an adsorption
energy equal td0.10 eV. Optimization of the isolated, iFholecule resulted iavalue of 0.79 A for the
Hi H bond length. The equilibriurgeometry of the adsorbed, tholecule shows that theTH bond
length is 0.82 A, which suggests the existence miaursor state for the,Hissociative adsorptior7§].
For H, adsorption at the BNiatom located at the metslipportinterface, it was found that ;Hvas
physisorbed with a HH distance of 0.89 A. The corresponding adsorption energyi @&5 eV. As
shown in Figureés.20, when the activation of +bccurs at the top Niatom, the activated fatom points
towardthe adjacent bridge site in the TS. The calculations showthhbati H, bond distance stretched
from 0.82 A at the initiastate to 1.47 A at the TS. The H anglatbms are bonded withe Ni, atom with
bond distaces of 1.53 A. The activatidmarrier obtained for this top site dissociation is 0.49 eV and is
endothermic by 0.18 eV. In the TS for, Hissociation at thénterface, the HH, bond distance was
stretched to 1.56 Awhereas the two i distances were faud to be 1.5@nd1.52 A, respectively. The
dissociation barrier is 0.31 eV, whi@hdicates that the Hdissociation on @iy) interface is favoreds

compared to that on the NDp site.
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Figure5.20 The potential energy profile and geometric structures of the initial(st&Jetransition state
(T.S), and final statéF.S) for H dissociation on spinel type model of9tAl,O; (100) surface, ®iy),
at the top site and interface. Dark b{ig), white (H).

Nonspinel Type Model.he pathway for kldissociation orthe top and interface sites on the(NR)
surface was alsstudied in this work. The structures of the transition statepatiicts and the potential
energy profile are presented kigure5.21. The results indicate that,ldsorbed at the top Nsite is a
precursor state with aiHH bond length of 0.84 A andlith an adsorption energy ©D.11 eV. As show in
Figure5.21, the activated EHatom points toward the adjacent bridge site¢hi@ TS; the HH, bond is
stretched to 1.17 A. The study of teergy profile indicates that,Hissociation at Niatom has #arrier
of 0.31 eV. The final configuration was H adsorbedtat top site and the jtatom adsorbed in a
neighboring bridgesite. The reaction energy obtained for this dissociation proises6.14 eV. For H
dissociation at the meiadupport interface} was found that the precursor state gfisistrongly bonded
with Ni, atom with a HH bond length of 1.01 A. In the TS fot, dissociation at Ni atom, the FH,
bond distance wastretched to 1.31 A whereas the twbMi distances weréound to be 1.53 and 1.54 A,
respectively. The dissociatidmarrier is 0.16 eV, which indicates that the dissociation onNS(Ni,)
interface idavored as compared to that on the topdite (0.31 eV). Note that this dissociation step at the

interface isslightly exothermic by 0.13 eV.
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Figure5.21 Geometric structures of the initial st§teS), ransition stat€T.S), and final staté-.S) for H
dissociation on the top and interface site of thg NAI,O; (100). Dark blugNi), gray (C), white(H).

Our previous DFT study has found that Gtissociation orNi (111) surface is also an endothermic
procesq0.91 eV) [L6]. However, it has a much higher activation bar(leB1 eV). It ismuch higher than
that obtained on M-Al,O; (100) top Nisite (1.08 eV) and interface sif®.71 eV). It is believed that
this is a result of the increase of metal coordination framighbors for the tetramer to 9 Ni neighbors on
the (111) surface, since transition metals generally exhibit greatsstivity in an environnme with low
coordination number80] H, dissociation oniagle crystal Ni(111) surface was founelxothermic by
10.71 eV. The energy barrier for, Hissociatioron single crystal Nf111) surface is calculated to be 0.29
ev.

5.4 Summary

In the present study, the dissociation of &Ad H on Ni, supported or-Al,O; (100) catalyst was
investigated using density functional thedBFT) slab calculations. Two systems: Ni4 cluster supported
on the spinel model o$-Al,O; (100) surfaceS(Niy), and on the nonspinel model ofAl,O; (100)
surface, NfNiy), have been usetb model Nj/o-Al,O;. The dissociation barriers and the adsorption
properties of the CHand H species using these two models were studied. The insights gained by the

present modeling study are as follows:
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i) On §Ni,), CH; and H bonded with the Natomat themetalsupport interface are the most stable
configurationswith adsorption energies 02.18 andi 2.96 eV, respectively. On N8li,), CH; interface
adsorption(1 2.50 eV) was found to be the most stable structewe H on N$Niy), the results shoghat
H bonded withthe Ni atom at Ni/o-Al,O; interface is still preferred asompared with the Nitop site
adsorption on N@i,). Hirshfeld charge and PDO&nalysis were conducted to provide support of the
higher reactivity of the Ni atom located at th nickelaluminainterface, as compared with the top, Ni
atom. TheHirshfeld analysis of the charges of the surface Al aradaihs showed that the Al atom works
primarily as acharge donation partner. Thus, it is expected thaintieeface adsorption igabilized by
the Al (donor) NiT adsorbategacceptor) effect. The PDOS analysis showadupshift of the -rbital
around the Fermi energy whé@i; and H are bonded with the Nitom at thenterface, which pushes the
antibonding state above th&rmi leveland results in a strong bonding between Nigatom and the
adsorbates.

ii) The decrease of the metal support interaction wasadserved upon CHand H adsorption on
both §Nis) and NENi,). The present study shows that the bondihgdsorbates tthe cluster affects the
cluster structurend its bonding to the support, resulting in a decreasieeimetalsupport interaction.
This observation mighprovide insight regarding the interaction between thard theo-Al,O; support
and the carbon nandie growth mechanism, in which the weak metapportinteraction is believed to

contribute to the tip growtmode of CNTs.

ii) The potential energy profile and the transition stédiswing the CH, and H dissociation on Ni
supportedon 2-Al,0; (100) were identified. On @Ni,), CH, dissociates at the interface,Nite with an
energy barrieof 0.71 eV, which is lower when compared to thhtained at the Nitop site(0.85 eV).
For the H dissociation, the dissociation barr{€49 eV) at the Nitop site is higher than that obtained at
the Ni site (0.31eV). Similar results were obtained for the dissociatio@lf and H on NSNiy), i.e.,
the activation barrier fo€H, and H dissociation are 1.08 and 0.31 e¥spectively, whereas those at the
interface are 0.76 and 0.16 eV, respectively. Although the alumina susmasemodeled using two
different structures, i.e., spinahd nonspinel models, the results obtained bypiiesent study were
consistent and reached the sacmmclusion: the metaidxide interface plays an essentiale in the

dissociation of Chland H, on the nickektluster.
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Chapter 6

Ef fects of sMeitnalCaEtl aelnyetnitc Gr owt h of

Nanotubes/ Graphene

This chapter presents a DFT study on the efféchetal lemens in the growth of CNTs/graphene
This effectis analyzed in term othe reactivity of transition metals (Fe, Ni, Co, Cowards CH,
dissociation, carbon diffusionoget her wi t h CT1T C bheresult abtaineg fromrthg r e a c |
DFT calculations indatesthat Cumaybe an appropriate catalyst for the CVD synthesis of high quality
grapheneThe study als@rovidessupportfor the factthat Ni-based catalyst is a suitabCVD substrate
for growing CNT The studyis organized as followsghe first sedbn presents an introduction of this
study. In section 6.2, the models and computational details are described. The calculated activation
energies for each elementary step are describsection6.3. The analysis and discussion of the results
are also prsent in this section. Concluding remarks are presentedtion6.4.

6.1 Introduction

Carbonaceous nanomateri al s,greapghaoea rrbeocdnenseeerdot ub
research interesiue to their extraordinary physical and
applications -3iln tThe siendnadterryi a[lls have been typical
Deposition (CVD), a process on mhdrcdic @arhbeo nc agason( r
et hyl ene) dec o mp otsnisition metal ranparticldsrug,p o€ @ e d-Bljinfact, Cu) [
the decomposition of the carbon precursors on the metal surface is only the first step in the growth of
CNTsh r a p.Hreisvieefollowed by four important processes: (i) carbon diffusion on the nanopatrticle
surface [79] or through the bulk of the catalyst F1@]; (ii) carbon incorporation into the graphene ever
layers on the other side of the catalyst particle producing CNiJ it the same time, the surface C atoms
nucleate together on the metal surface forming graphitic fragments; (iv) as the carbon fragments
nucleation continues, it will finally leads to the catalyst deactivation. The reactivity of the catalyst
towards theCT H bond breaking reagt ap grewtheltatenby praducmg C t he C
atoms. Meanwhile, one can expect that the catalyst that provides high nucleation barrier for the surface C
atoms will be more resistant to catalyst deactivation. Simildilge surface carbon atoms also have good

mobility on the catalyst, they are more likely to diffuse to the metal/CNTs edges thus making the catalyst
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a suitable substrate for the growth of CNTs. On the other hand, if both C nucleation and surfaca diffusio

are facilitated on the catalyst surface, the surface C atoms will tend to be more uniformly distributed and
nucleate easily on the catalyst surface, making this catalyst suitable for graphene production. Therefore,

by studying the catalyst reactivtytawr ds CT H bond activati on, C diffu
kinetics of surface C atoms, a suitable metal alloy can be designed so that it enhances the growth of either
CNTs or graphene.

In the past decades, ¢Hpecies dissociations on various tisos metals (and their corresponding
alloys) have been extensively studied-PIfy. Theoretical studies for carbon behavior on transition metals
(i.e. Pd, Pt, Ni, Cu) are also available in the literature@R These theoretical studies have been mostly
focused on the adsorption and diffusion characteristics of different carbon species (mainly monomer and
dimer) at different surface sites. Thermodynamics of graphene growth on Cu and Ni surfaces have also
been reported [27,28]. However, the kinetic prépsrfor carbon atoms nucleation reactions have rarely
been studied, i.e., only few studies on the carbon nucleation kinetics on Ni (111) surface are available [29,
30] . Mor eover, a comparative study of tumently C1T C bo
available in the literature. More importantly, the reactivity of the metal catalyst fod@dmposition or
C diffusion by itself cannot be used to explain its activity towards the growth of CNTs/graphene product.
Instead, the CHdissociationc ar bon di f fusi on and CTC bonding Kkine
in the analysis to evaluate the reactivity of different catalyst towards CNTs/graphene. As mentioned
above, the most suitable catalysts for CNT/graphene growth are those that @edmbte act i vat i on v
bal anced reactivity towards surface C diffusion
guestion about the effect of metal in the catalytic growth of CNTs/graphene, which has been usually
explained by the different solulyt (or diffusivity) of C in the metals. A few studies have stated that, due
to the strong CIT Ni bondi ng, surface C atoms may
other side of the particle promoting the formation of CNTs33]L In the cae of Cu, carbon atoms will
remain on the surface (due to its small solubility in Cu) leading to the growth of graphitic materials [35].
Neverthel ess, the met al reactivity towards CTH a
which are the critial steps in the catalytic CNTs/graphene growth, were not discussed in those studies. A
comparative study of metal reactivity towards these critical processes may provide new insights on the

effect of metals in the catalytic CNTs/graphene growth.
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In the present study, the role of transition metals (Fe, Ni, Co, Cu) in the growth of CNTs/graphene in

CVD is investigated using DFT analysis. To the authors' knowledge, the first comparative DFT study on

carbon atoms nucleation kinetics on different transitiamtmal s i s presented here.

bond activati on, carbon diffusion together wi t h
evaluate the reactivity of different catalyst towards CNTs/graphene growth. Note that since ejther CH
dissocative adsorption or CH dehydrogenation is usually considered as thdetatmining step in
methane dissociation [10,36], only the first and the last step (CH dissociation) were considered in this
work. The present study provides insights toward the @ptilesign of catalyst alloys for CNTs/graphene
growth in the CVD process.

6.2 Computational details
6.2.1Calculation methods

TheDFT calculation method used in the present study is the same from thatiom 3.2.1Chapter
3.

6.2.2Surface models

The catalystsurfaces were simulated using the slab sap#rapproach with periodic boundary
conditions. The lowest energy (111) face®7]] which usually dominate the surfaces of metal
nanoparticles3g], are considered in this work. The (111) surfaces were cetstrusing the calculated
equilibrium lattice constants of 2.857 A (Fe), 3.508 A (Co), 3.519 A (Ni), and 3.668 A (Cu). These
estimates agree well with the experimental values of 2.867 A (Fe), 3.545 A (Co), 3.524 (Ni), and 3.615 A
(Cu) reported in the liteture B9]. The Co, Ni and Cu metals with a face centered cubic (fcc) crystal
structure were modeledsing a thredayer slab with 3x3unit cell. Note that the thrdayer slab was
chosen due to the computational limitation while comidgc STODFT calculdions, however, the
convergence of using a thrkgyer slab can be supported by our previous study, whega@drptioron
Ni (111) with 3 and 4ayer 2x2unit cell was compared [18]. Since the fcc metals structures are very
similar to each other, only ¢hNi (111) surface is presented in Figétga. Among the 3 layers of metal
atoms, the bottom layer was frozen and top 2 metal layers and the adsorbates were allowed to relax during
the DFT calculations. The body centered cubic (bcc) Fe (111) surfacegBin) was simulated with a

six-layer 3x2slab with the bottom two layers frozen.
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Figure6.1 Top views of the (111) surfaces of the a) Ni metal; (b) Fe metal. Note that the first layer atoms

are in darker color.

6.3 Resultsand discussion

6.3.1 Dehydrogenationenergetics

The dehydrogenation of GHand CH on the (111) surfaces of various transition metals was first
studied to understand their catalytic reactivity towards the production of C atoms. FEQaresd6.3a
show the TSor CH, and CH dehydrogenation on Fe (111), respectively. The observed TS for hpth CH
dissociative adsorption and CH dehydrogenation on the Co and Ni are quite similar. Therefore, only the
TS on Ni (111) is shown here for brevity in Figu&8b and6.3b, respectively. In almost all cases, £H
and CH dissociation occurs over the top site, with a single dissociating H atom pointing towards the
surface. Note that the TS for CH decomposition found ors@iiferent from that on Co and Ni surfaces.
On Cu (11), the breaking CH bond is oriented towards the bridge site as shown in FigGme The
calculated activation energies and some key geometric parameters are listed G11Table

Figure6.2 Sketches of the TS for GHissociation on the (111) surfaces of the a) Fe; b) Ni.

110



Figure6.3 Sketches of the TS for CH dissociation on the (111) surfaces of the a) Fe; b) Ni; c) Cu.

Table6.1 Activation energy, E(eV), for the dissociation of CHand CH on the (111) surfaces of Fe, Co,
Ni and Cu. Distances between detachegdhtl C(-F . +) and the nearest MetdMy - +) in the TS of

each elementary reaction step are also shown.

CH,Y C H+H CHYC+H
Surface E.(eV) Q A Q A E.(eV) QA Q A
Fe 0.67 1.61 1.63 0.59 1.49 1.69
Co 1.34 1.64 1.58 1.34 1.65 1.53
Ni 1.15 1.62 1.58 1.17 1.74 1.51
Cu 1.95 1.84 1.64 2.06 1.92 1.64

As shown in Tablé.1, the most reactiveatalyst for methane dissociative adsorption is Fe,
with an activation energy barrier of 0.67eV. Ni is the second more reactive metal of those studied
here. The corresponding activation energy on Ni (111) is calculated to be 1.15eV. In the case of
Co, theCH, dissociation barrier is 0.20eV higher than that on Ni. The activation energies,of CH
on Cu are notably high (about 1.95eV). Thus, dissociation of tGHsurface Chland H is
challenging on Cu. Similar results were obtained for CH dehydrogenatigrtheecalculated
dissociation barriers among these metals vary in the order: Fe (0.59eV) < Ni (1.17eV) < Co
(1.34eV) < Cu (2.06eV). This corresponds to the order of the catalytic activities over the metals
in CiH bond activation (Fe > Ni > Co > Cu), whidh consistent with the metal reactivity
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estimated by the-band center calculation. Thebénd center is defined as the average energy of
the dband, and is thus calculated from the projected density of states on the surfacel@toms [
The closer thel-band center to the Fermi level, the more reactive the catalyst metal is expected
to be. In the present study, the calculatdshdd centers of Fe, Co, Ni and Cu d&3,-2.12,-

1.80 and-2.54 eV, respectively. This result explains the higher reagtofit-e, Ni, Co toward
CiH activation as compared with Cu.

6.3.2Mobility of C monomers

The first step towards a buildup of carbon on the surface is the diffusion of adsorbed C
atoms. A low energy barrier for C atom surface diffusion on the catalyst surfaggsdiavors
the CNTs/graphene growth process in CVD. The diffusion barriers for monoatomic carbon on
metallic nanoparticles are listed in Tabl@. These results show that diffusion of C on Fe (111)
is the most difficult, with a diffusion barrier of 1.05e®@n the other hand, C is found to be
highly mobile on the (111) surfaces of Co (0.36eV), Ni (0.29eV) and especially on the Cu (111)
surface (0.11eV). However, this barrier alone is not an appropriate measure for the coupling of C
atoms to form various Compounds. Hence, it is also necessary to determine the barriers for

CiC coupling reactions.

Table 6.2 Carbon monomer (C) diffusion barriers and activation endtgyeV), for carbon dimer (g
and trimer (G) nucleationontt ( 111) surfaces of Fe, Co, Ni and
bond @c; ¢A) a in the TS are also shown.

C diffusion C+ CY,C C+CYL
Metal Eqite Ea for Bapack  dewe Eafor Eapack  decwe
Fe 1.05 1.15 1.88 1.80 1.37 0.52 2.21
Co 0.36 0.86 1.70 1.98 0.86 1.65 2.09
Ni 0.29 0.84 1.48 1.98 0.97 1.29 2.08
Cu 0.11 0.27 4.33 2.34 0.35 2.36 2.19

112



6.3.3Stability of C species andbarrier sfor carbon dimer and trimer nucleation

C compounds formed on the catalyst surface can bloclkattige sites on the surface thereby
deactivating the catalyst. To evaluate this effect, the reaction energetics for the formation of the carbon
clusters (G and G) on the (111) surfaces of Fe, Co, Ni and Cu were calculated to determine the
possibility of CT C bond coupling on di fferent transition
properties of C nucleation on these metals, the thermodynamic stability of these carbon species was first
studied by calculating the adsorption of atomic C and some smsiecs (dimer €and trimer G) on the
(111) surface of Fe, Co, Ni, Ckigure 6.4 shows the most stable adsorption configurations for these
clusters. On Fe (111) surface, atomic C is found most stable on the bridge (bri) site, whilaridr@
adsorption it is brhcp and brincp-bri, respectively (Figuré.4a). The calculated adsorption structures on
the (111) surfaces of Co, Ni and Cu are somewhat similar. The most stable site foraf] G
adsorption on these metals is the hcp, neighbohicpfcc and hcgfcc-hep site, respectively (Figure
6.4b). The corresponding adsorption energies of these carbon species on the metal (111) surfaces are

listed in Table5.3. The adsorption energie® ( ) of the adsorbates were calculated as follows:

0 o 0 £§ 0O T’h (6.1)
whereO j represents the energy between the slab and the adsorbed carbonclystettie srface,

‘O s the energy of a clean relaxed Ni sl@b,is the energy of a single carbon atom in its ground state
whereas¢ is the number of carbon atoms per unit cell. A negative corresponds to a stable

adsorbate/slab system.
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Figure 6.4 Sketches of the most stable adsorption configuration of carbon monomer, dimer and trimer on
the (111) surfaces of the a) Fe; b) Ni.

Table 6.3 The adsorption energy,.&(eV), of carbonmonomer (C), dimer (§ and trimer (G) on the
(111) surfaces of Fe, Co, Ni and Cu.

Adsorption energy (eV)

Surface C C, C;
Fe 7.21 7.36 6.90
Co 6.43 6.70 6.72
Ni 6.19 6.40 6.44
Cu 4.19 6.06 5.96

The results obtained by the presstidy show that C atom has a very strong bonding with Fe7 . 2 1
eV), followed by Co( T 6 . 4&hd Ni(VT) 6 . 1 Btondc\arbon on a Cu (111) surface has the lowest
adsorption energy 4.19 eV)among all the metals. This suggests that the bonding betwesn e
metal surfaces are directly related to the surface diffusion of C: the stronger the bonding, the lower the
mobility of the C on the surface. Moreover, the results of this analysis also show that carbon clusters are
generally more stable than atamiarbon species, suggesting that the formation of carbon clusters is
always thermodynamically favored on the studied metals. It should be mentioned thatatite @ are
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considerably more stable than the monoatomic C on Cu (111), indicating the large driving force for

carbon cluster nucleation on Cu.

Carbon nucleation barriers would be an appropriate measure to understand if C atoms would nucleate
into carbon clusterand deactivate the catalyst. Therefore, the nucleation kinetics for the formation of the
carbon G and G cluster on the (111) surfaces of Fe, Co, Ni and Cu were studied. The TS along the
reaction coordinates for each nucleation reaction were identifiddase shown in Figuré.5; the
corresponding nucleation barriers are presented in Bahle

Figure6.5 Sketches of the TS for,@nd G nucleation on the (111) surfaces of the a) Fe; b) Ni.

Figure6.5a) shows the calcated TS structures on Fe (111). The TS structures of C + CahdCC
coupling reactions on Co, Ni, and Cu surfaces are very similar with each other: at the TS, C is always on
the hcp hollow site with the other reactants on the xiigige site (Figurés.5b). The key differences
between the metal nanoparticles are the specific bond lengths reported if6.Zabllee bond distances
are longer on Cu than on Co, Ni and Fe. This result agrees with the fact that the lattice constant of these
metals follows: Cu>Na Co>Fe. As 63, lthe enargeficmesultsasholw ¢hatrDicleation on
the Cu (111) surface has the lowest barrier of abouté\2while that on the Fe (111) surface requires
the largest activation barrier of 1.2¥. The overall energparrier increases in the following order: Cu <
Ni a Co < Fe. The s ame ;rudehtians Thatris, theacerrespdnding energyd  f
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barrier for Gon Cu is much lower than those on all the other surfaces, and follows the same order, i.e.,
Cu (0.35eV) < Co (0.86eV) < Ni (0.97eV) < Fe (1.37eV). The low energy barrier indicates that C
atoms on Cu (111) surface will most likely spontaneously form a carbon dimer/trimer. On the other hand,

Co, Ni and Fe will be more resistant for C nucleationthedefore to catalyst deactivation.

6.3.4Effect of transition metals on CNTs/Graphenearowth

As described in Sectiof.3.3, C atoms nucleation on Fe (111) surface is relatively difficult as
compared with the other metals, making it resistant to C deactivation. However, as reported in Section
6.3.1, Fe has the highest reactivity towards,@hd CH dissociation among theidied transition metals.

That is, Fe is a very efficient catalyst for a mass production of C atoms. Meanwhile, the diffusion of the
surface C atoms is found to be difficult for that metal. This implies that even though Fe is relatively
resistant for C dedigation, its highreactivity for C production and the low mobility of C makes Fe not a

suitable catalyst for either CNTs or graphene gromiite that this is concluded by assuming that the

CNTs growth is based on the surface diffusion of C atoms. InFadtased catalyst has been reported for

the growth of carbon filaments (CNFs) [41,42]. The growth process has been explained by the C bulk
diffusion mechanism, in which the high solubility of C is essential. The study of the solubility of C in Fe
isbeymd the scope of this wor k, -7R1leV) obsdrved irstherpresery FeT C
study may lead surface C atoms to dissolve easily in the bulk Fe providing insights on the high solubility

of Cin Fe.

Co (111) and Ni (111) surfaces show sanil r eact i vity f or CiTH bond ac
nucleation. Both Co and Ni have good reactivity towards, @kl CH dissociation providing carbon
atoms for the CVD process. In addition, the high C mobility and nucleation barrier on Ni and Co allows C
to diffuse to the edge site of metal/CNTs before nucleation could take place on the catalyst surface,
allowing both Ni and Co surfaces to remain active during long periods of reaction time. Therefore, one
can expect that Co and Ni could be a good sulesfaait CNTs growth. Note that the lower C diffusion

barrier on Ni makes this metal a better choice when compared to Co.

In the case of Cu (111) surface, C has a weakefal binding on Cu as mentioned above.
Meanwhile, it also has the highest mobility andiést nucleation barrier among these transition metals.
This indicates that Cu (111) is more likely to produce graphene because C adatoms diffuse very fast and
prefer to nucleate everywhere. The only drawback for using Cu for graphene production wall be it
limited reactivity towards CiHdehydrogenation. Thus, the kinetics of graphene growth on Cu is expected
to be strongly dependent on the dissociation of §jiécies.

116



6.3.5CugNi and CugFe alloys for graphene production

As discussed in Sectidh3.1, Fe and Nbased catalysts have high reactivity for &lssociation. If
one can design a Cu based alloy with only trace amounts of Fe or Ni, the surface Fe or Ni atoms will
significantly improve the catalyst reactivity towards ,Gtissociation, acting as the reactioenter for
CHidehydrogenation to produce C. Since the alloy
kinetics on this alloy catalyst will be similar as that on the pure Cu surface. Based on the above, two
bimetallic catalysts, i.e., GNi (111) and CyFe (111), were modeled by replacing one of the top surface
Cu atom witha Ni and Fe atom, respectively. ¢nd CH dehydrogenation on the doped Ni and Fe
sites of the two bimetallic catalysts surface were studied. For both cases, the TS havestsirntlire to
those obtained with pure Ni, i.e., @End CH dissociation occurs over the top site of Ni and Fe, with a
single dissociating H atom pointing towards the surface. The corresponding reaction barriers for these

alloys are shown in Tabi4.

Table 6.4 Activation energyEx(eV), for the dissociation of CHand CH on the (111) surfaces of £a

and CyNi alloy. Distances between detached H andl& {, and the nearest Metal\(; ) in the TS of

each elementary reasti step are also shown. Note that the carbon monomer (C) diffusion barrier is the
energy for C atom to diffuse away from sitting beside the Fe or Ni atom.

CH,Y C H+H CHYC+H C diffusion
Surface Ea@V) deuA)  dusA) Ea@V) deuA)  dusHA) Eqirr (€V)
CusFe 1.16 1.61 1.60 1.15 1.58 1.57 1.37
CuNi 1.28 1.69 1.54 1.48 1.82 1.52 1.00

As shown in Tablé& 4, the reaction barrier on the alloy surfaces represent an intermediate value from
those calculated from the pure metals: the @isisociation barrier on GNi (CugFe) decreases to 1.28
(1.16eV), which is about 0.67eV (0. &) lower than that of pure Cu (111) surface. Similar results were
obtained for CH decomposition: the dissociation barrier decreased frone\2.66 pure Cuo 1.48eV
(1.15eV) on the CdNi (CugFe) bimetallic catalyst. This implies that both thegk&uand CgNi alloys
may be suitable catalysts for ¢CHissociation than pure Cu, with gHe being slightly more reactive. In

addition, the ability for the oncominG, produced from the previous CH dissociation step, to diffuse
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away from this doped Fe or Ni site has to be evaluated, i.e., if the C atom is stacked on this site due to the
strong bonding between C and doped Fe or Ni, it will block this active site iaddr the oncoming
methane dissociation reaction. The calculations show that C atom sitting at doped site (besides the Fe or
Ni) needs to overcome a barrier of 1.37 and £WQo escape on Gbe and CgNi (111), respectively.

This indicates that C atom& &€wNi will be more likely move away from this reactive center; otherwise

it will block the doped site and deactivate the,@dhydrogenation reactions. Therefore, thgNC(111)

alloy seems to be a more suitable catalyst as compared with the purelfio(igraphene production
whereas pure Ni seems to be a suitable substrate for CNTs production as disc8ssedrnfi.3.4. Note

that even though the C escape energy barrier @&)®n CyNi (111) is very high, it is still quite lower

than the CH dissociation energy barrier (1.98v) on the pure Cu (111) surface. This means that the
adsorbed C atom sitting beside the Ni atom will diffuse away befored€hi/drogenation occurs on the

other sections of the Cu surface.

6.4 Summary

Periodic, seliconsistentDFT calculations have been used to study the effect of the catalyst in the
catalytic Chemical Vapor Deposition (CVD) of different carbonaceous materials, i.e., CNTs and
graphene. The growth of these materials in the CVD process was analyzed in terenaativition of
CH, and CH dissociation, the binding of C atom and its mobility, the nucleation of diatomic carbon and
trimer species on the (111) facets of transition metals (Fe, Co, Ni, Cu).

This study shows that the (111) surfaces of Fe, Co and Nighgwed reactivity towards Gknd CH
dissociation, as compared with that on Cu (111). The order of catalytic activity of the four transition
met als for CiH activation is as foll éeoand modéie > NI
prediction performeé in this study. Carbon atoms were found to have good mobility on the Cu, Ni, Co and
especially on the Cu surfaces. The calculated energy barrier for carbon surface diffusion on the metals
follows the order: Cu (0.1&V) < Ni (0.29eV) < Co (0.36eV) < Fe(1.05eV). Similar activity trends
were observed for Ci C and CTCi C coupling reaction
N i a4 Co < Fe. These results indicate that Fe, Co

Cu, becausef the surface C nucleation on these metals.

These observations provide insights to design suitable catalysts for CNTs and graphene growth in the
CVD process. The good mobility, together with hig

diffuse to the CNTs/Ni edge site before they nucleate together and deactivate the Ni surface, making Ni
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an appropriate CVD substrate for growing CNTs. On the other hand, the particularly low diffusion and
nucleation barriers for C adatoms on Cu suggest thabi@satend to be more uniformly distributed on

the Cu surface and can nucleate everywhere, making Cu suitable for the CVD synthesis of high quality
graphene. However, because of its | imited reacti
graphene gneth on Cu will strongly depend on the dissociation of,Gpkecies. Therefore, Cu doped by

CH, dissociation reactive Fe and Ni atoms, i@&kFe and CpNi alloys, were modelled and assessed in

the present study. The results show that the alloys designbis istudy (especially GNi) increase the

reactivity for CH dehydrogenation, indicating the possibility of realizing mass production of graphene.
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Chapter 7

Car b@musters (lolnbBur hacHi

This chapter presents a DFT study on the adsorptidmucleation of carbon clusters on Ni catalyst.
The structure, energetics, and mobility of carbiarmediates up to 6 atoms on the(NiL1) surface were
investigated The DFT calculation results obtained in this stuelg.nudeation kinetics of cadmn atoms
and the mobilityof the formed cartn clusterswill complement thecurrent CNF growth mecha&amson
the initial stages of the CNT formatioifhe study is organized as followssection7.1 presents an
introduction of this studyln section 7.2, conputational detaildncluding the DFT methods anithe
modelsare described. The analysis and discussion of the results are pnessstion 7.3. Concluding
remarks are presentedsection7.4.

7.1 Introduction

In the past few gars, carbonaceousmnomaterials haveeceived considerable attention due to their
extraordinary physical and chemical properfie®] and their potential applications in the indugtsy6].
CNTs are synthesized mainly by Chemical Vapor Depos{tidfD) [7-9], in which thecarbon atoms are
sourced from the decomposition of a hydrocarbon(gathane, ethylene) at the surface of supported
catalytic particlegFe, Co, or Ni). Experimental studies on CNT production have been focusing on the
synthesis of these materials in CVisgems at low temperatuf@0-12] and the reaction conditions that
affect the growth of CNTs, e.g. the effect of catalyst composition, the hydrocarbon flow rate, and
synthesis temperatuf@3-15]. In addition to these experimental studies on CNT synthe8wts have
also been made to identify the mechanism of CNT growth in CME20]. In general, the following
mechanism has often been proposed for the CNT growth in CMBC atoms and hydrogen molecules
are formed with the decomposition of hydrocarlspecies such as methane, ethylene, acetylene in the
presence of Ni, Fe, or Co nanoparticky;carbon atoms diffuse through the bulk of the catalyst particles
[21-25]; (3) the carbons then nucleate and are incorporated into grapherday&rsron thether side of
the catalyst particle, which finally lifted up the particle. The key step in this mechanism is believed to be
the diffusion of carbon species through the mitah the hotter leading surface to the cooler rear faces
[26,27. This growth proess is commonly referred to as #aporliquid-solid growth mechanisii28], in
which the CNT/CNF growth is generally considered the result of transient evolutions in the carbon bulk

diffusion and precipitation driven by temperatyi#9,3q; or carbon conentration gradients along the
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catalyst particlg31,33. Recently, this mechanism has been challenged by in situ observations made
using a transmission electron microscqp&M): the catalyst remains solid and @it during the
growth process33-37]. Based on these observations, Hofmann ef34} and Lin et al[36] proposed

that the mechanism of CNT growth is not through C precipitation fros€ Kut rather through the
diffusion of C adatoms followed by the dynamic formation and restructuring of nomizastepedges at

theNi surface.

Recently, first principles modeling methods suchD&SI' have also been used to investigate the
carbon nanotube growth mechanism at the at@wéde[37-42]. Cinquini et al.[40] studied carbon
adsorption and diffusion otihe surface and the subsurface of Ni angPNialloys using DFT analysis.
That study concluded that the surface diffusion is the dominant process that contributes to the growth of
carbonnanofibes by comparing the diffusion barriers of carbon on theuxiase(0.45 eV) and in the
bulk (1.72 eV). Similar growth mechanisms for catalytic carlmamofibes based on the surface or
subsurface diffusion of carbon atoms are also proposed by other resepd2hdiowever, there were
reports show that the carbotusters may have a good mobility at the catalyst suffé@eand graphene
is more likely to grow by addinglusters of about five atoms instead of adding the abundanbmers
(C adatoms)44]. This observation suggests that gtedy of the propertiesf carbon clusters is necessary
for acquiring a thorough understanding of this system. Rece@tign et al.[45 investigated the
formation of a C dimer on a metalrface as the very initial stage in the nucleation of grapl@reng et
al. [46] and Wanget al.[47] studied the stability anthobility of some small carbon clusters on the Ni
(111) surfacaising plane wave based DFT calculations. Gao @8l studiedthe nucleation of graphene
on the terrace or near a step edgeadwi (111) surface usin@FT calculations. In the latter study, the
graphene nucleation barriers were defined as the maximuhe &&N) curve, where \) is the Gibbs
free energies of CNGround structures on NiL11) as a function of cluster siZeespite these efforts, a
detaled study of the kinetic propertiesf the carbon cluster on Ni, including the transition state, the
activation barrier for a specific nucleation reaction of thesmdon clusters, is not currently available.
Therefore, very littlehas been revealed abailie diffusion and nucleation kinetia¥ these carbon

clusters at the initial nucleation stageCofidatoms.

In the present study, the properties of the carbon clus$ters,linear chains to branched and rings,
formed by thenucleation of carbon atoms ¢ime Ni surface were studied ander to understand the very
initial stage of catalytic CNT growtlTo be specific, the stability and mobility of carbon clusters with

different configurations have been analyzed using DFT. mbbility of these clusters isvaluated by

121



their diffusion barriers.The nucleation of these carbon clusters up goisCalso investigatedThe
corresponding transition states for these nucleati@ctions are identified. The nucleation of carbon
atoms and thdiffusion of the formedcarbon clusters will complement thmurrent CNF growth

mechanisms so that they can take etoount the initial stages of the CNT formation.

7.2 Computational details
7.2.1Calculation methods

The same DFT calculation method is used asdation 3.2.1,Chapter3. The adsorption energies
(O ) of the adsorbates on the Ni surface @keulated using equation 6.1, in ChapteN6te thatthe
carbon adsorption energ® considers the adsorption strength of carbon on the Ni substrate from
isolated atomicstates, which includes the carboetal and the carbecarbon interactions. To describe
the interactions between the adsorbed carbon clusters and the Ni substrate alone, tii cadvantion

energy,0 , is defined as follows:

0 (o} 0 O T h (7.0

J

where’O is the energy of the C cluster calculated at the adsorbed geometry but without suBstrate.
results froma singlepoint calculation with the same parameters as those used for the complete adsorption
system.Therefore, the difference betwe&h andO provides the interaction energy between the

carbon atoms within the clusters adsorbed on thea®irfvhich is referred to from heretoforeGas .

7.2.2Surface models

In the present study, the Ni catalyst was modeled by the most stable Ni surfécEL)N#9,50]. The
Ni (111) surface was modeled using periodic tHegeer slabs. One of tHamitations of theperiodic cell
approach is that extremely large unit cells reguired to fit the carbon structures into the unit cell with
minimal lateral interactions with neighboring clusters. For thason, the surface models were set up
such thatcarbon atomsn the structures do not share surface Ni atoms with neighbatirsjers.
Therefore, to reduce the computational efftine stability of most of the large structures, i.e, G
adsorption,calculated in the present study was determinéagus periodic 3>8 surface unit cell. Note
that the stability of largénear clusters, e.g.4) and G(L), was determined using2x5 unit cell, since

a 3x3 unit cell is not big enouglo accommodate these linear clusters. For the relaxation dflithe
122



surfaces, the experimental work of Lu et [@1] found that therelaxation of Ni(111) is less than 2%
(with respect to the bulkA previous DFT study performed by Ledentu e{%®] has alsshown that the
top layer of Ni(111) undergoes only very smablward relaxation0.6%). Therefore, in order to reduce
the computationatlemands, in all calculations performed on Mig111) surfaces, the Ni atoms of the
uppermost layer and tresorbed species were allowed to relax whereas the Ni ataims iemaning
layers were constrained to their correspondiatl positions with the calculated lattice parameter of 3.52

A

7.3 Results and discussion
7.3.1Adsorption of carbon atoms and clustergC,i C¢) on Ni(111)

The structures and stabilities of atomic carbon endters on the N{111) surface with different
surface coveragé: were studied using DFT analys@arbonsurfacecoverage— is defined as the ratio
between the number of deposited C atams,and the number of surface (upper layer) Ni atams,per

unit cell, i.e.,
— &R (7.2

Thus, one layer that contains more carbon atoms than the surface Ni atoms is characterizetl by

monolayer (ML).

Table 71 shows the adsorption energies for a single C on different unit cells equivalent to a surface
coverage— from 1/9 to 14 ML. For the different— investigated here, thef8ld hollow hcp and fcc
sites were found to be more energetically stable than the bridge and the top sites. This is because the 3
fold hollow sites have a higher coordination number than the bridfeoarsite. The results imable 71
also indicate that there is no a clear correlation betweeandE,4s of thesingle Cadsportion However,

the results show that C on the hcp site is slightly more stable than on the fcc site fer-etested
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Table 7.1 Adsorption energiesyr.m,y(€V), of a single C atom at different surface sites of Ni (111) as
obtained with different surface unit cells and carbon coverdjeson top of a surface Ni atom (top),
bridgingtwo surface Ni atoms (bri), at an fcc or hcp thield hollow site.

Unit cell —,ML fcc hcp bri top
(2 % 2) Y, 16.12 16.22 15.74 14.18
(2 x 3) e 16.13 16.16 15.80 14.07
(3x3) s 16.13 16.17 15.69 14.34

The adsorption of £dimer and two single C atoms with different separaticstances were studied
on a 22 unit cell of Ni (111) surface, which is equivalent to a surface coveragfl§2 ML. As shown in
Table 72, the most stable adsorption state is thai@er adsorbedronearest neighboring hcp and fcc
sites Figure 7.}, with a @ C distance of 133 pm. The adsorption energy per C atom for this system is
16.40eV, and the calculated interaction energy between the dimer and the Ni sufac@6isV. As
shown inTable 72, the adsorption of two single C atoms has been found to be much less stable than that
obtained for the dimer. This result indicates that, at the carbon covera® ML, the formation of €
dimers is thermodynamically favored. Thedimerandtwosigl e C at oms 6 adsorpti on
carbon coverage- 1/3 and 2/9 ML have also been studied and reportéichble 73. The results show
that the G dimers are still more stable than the adsorbed two single C atems d3. That table also
shows that, at low coverage (2/9), the single C has an adsorption enefggséV. As the two single C
atoms approach each other at a surface coverage of 1/2, the corresponding adsorption energy becomes
15.55eV. This indicates thathe single carbon atoms become more unstable as the surface coverage
increases, due to the strong repulsive interactions between these isolated carbon atoms. Thus, as more
carbon is deposited on the Ni (111) surface, the carbon atoms thermodynamiahltp teggregate
together.Table 7.3also shows that the adsorption energy of a carbon dimer on Ni (111) is independent of
the surface coverage, indicating that themation of G C covalent bonds on Ni surfaces can reduce the

repulsion at higher coverages.
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Table 7.2 Adsorption energy per atom for the adsorption of two carbon atoms (nahmw@) on a

2x2 slab model dc = 1/2) (Site Occupation and the shortest distance between C HOFmS , are also

shown)
adsorbate Site C Site C Q 5 A 0 eV 0 eV
single C fcc hcp 3.88 15.27
single C hcp hcp 2.50 15.55
single C fcc fcc 2.50 15.51
dimer G top hcp 1.34 15.87 12.45
dimer G top fcc 1.34 15.83 12.41
dimer G fcc hcp 1.33 16.40 12.96

Table 7.3 Adsorption energieper carbon atom for a,Glimer formed at neighboring fcc and hcp sites

and two single C Atoms (at the nearby hcp sites) for diffefe[M . , is the @ C distance]

F

dimer G single C
unit cell — ML 0 eV Q LA O ,ev 0Q A
(2x2) Y, 16.40 1.33 15.55 %0
(2 x 3) s 16.40 1.34 16.13 3.82
(3 x3) I 16.36 1.34 16.15 431
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Figure7.1 Optimized geometries for selected carbon species on Ni (111): a) atomic carbon C@hcp; b)
dimer G@hcpfcc; ¢) trimer G@fcchepfcc; d) trimer G@hcpfce-hep; e) three single carb@C@hcp
hcphep; f) three single carbon 3C@ftaz-fcc.

Different arrangemas of three carbon atoms on a 3ufit cell of Ni (111) surface were also
optimized, i.e., gtrimer in a row Figure 7. and d) or in a triangular shape, three single carbmnsa
with different separation distance on different siteéigre 7. and f). The resulting stable adsorption
geometries are presented in Figdre. The corresponding adsorption energies fpa@shown inTable
7.4. As in in the case of Odimer adsqagtion, the results show that the €imer is more energetically
stable than the three single adsorbed C atoms, indicatingthteatormation of @ trimer is also
thermodynamically favored over the single C atoffise most stable trimer is the one with itsee
carbon atomsdsorbed on next nearest neighboticg-fcc-hcp sitewith the middle carbon atom slightly
lifted.
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Table7.4 Adsorption and clustemetal interaction energies per carbon atom fotri@ers formed around

a Ni atom on the (111) surface at a coverage of 1/3 Bk is the shortest @ distance between two

C atoms]
Adsorption Geometry dcicy A O ,ev 0 eV
trimer G@fcc-hepfcc 1.36 16.42 11.60
trimer G@hcpfcc-hcp 1.36 16.44 11.58
single carbon 3C@hejpcp-hcp 3.28 16.12
single carbon 3C@fefcc-fcc 3.20 15.92

For carbon aggregates larger than a trimer, the carbon clusters can form linear chahs (C
branched (¢B) andobr ring (C,,R) configurations. Theresent DFT analysis shows that the carbon
tetramer is most stable in a linear chain configuratiof, IC) since the two end at ¢
chain are strongly bonded at the hollow sites of the Ni (111) surfageré 7.2, which stabilizes the
chain configuration. As shown ihable 7.5 this structure has an adsorption energy @64 eV/atom.

The branched structure @), was found to be less stable by 0€27. Note that the calculated metal

cluster interaction energyhews that the most stable @imer on the Ni (111) surface has an interaction
energy ofi 2.96eV whereas an interaction energyt d£60eV was obtained for the trimer. For thg(lg,

an even smaller metaluster interaction was observadl(23eV). This esult shows that, as the size of

the carbon chain cluster increases, the interaction between the cluster and the Ni decreases. As it is shown
below, this decrease in the methlster interaction energy also holds for thea@id G clusters. Note that

the C4(B) has a metatluster interaction of 2.33 eV, indicating that the branched clusters are more

strongly bonded with the metal support than the linear clusters.

Figure7.2 Optimized geometries for tetramer,{€hain; G-branch) and pentamer {£Chain; G-branch;
Cs-ring) on Ni (111).
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Table 7.5 Adsorption and clustametal interaction energies per carbon atom for selected small carbon
clusters on the (111) surface.

Adsorption Geometry O eV O eV
Cy(L) 16.54 11.23
C4(B) 16.27 12.33
Cs(L) 16.50 11.01
Cs(B) 16.36 11.94
Cs(R) 16.29 11.94
Cs (L) 16.55 11.08
Cs (B) 16.36 12.06
Cs (R) 16.43 11.18

The results for carbon pentamer, @re similar to those observed for the tetramgrT@at is, the
Cs(L) was found to be the most stable configuration on the Ni (111) surface with an adsorption energy of
16.50eV whereas €¢B) and G(R) areless stable by 0.14 and 0.28¥, respectively. Similar results were
also obtained for g£clusters: @(L) is more favored over {B) and G(R) with an adsorption energy of
16.55eV. Moreover, a further decrease of the metaster interaction was observéat these Gand G

clusters, as compared with that obtained for the tetramer. The stabtnf@urations obtained by the

present analysis are presenteéigure 7.3

Figure 73 Optimized geometry for gCs-chain; G-branch6; Gring) on Ni (111).

In summary, the calculation &4sandE;, for the adsorbed carbon cluster systems shows that carbon
clusters are more stable than atomic carbon species, indicating that the formation of a carbon cluster is

thermodynamiddy favored. For carbon clusters larger than a trimer, a linegkConfiguration is more
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favored than the branched,(B) and ring (G,R) configurations, which is in good agreement with the
observations reported by Cheng et al.[46]. Moreover, it wasddhat, as the carbon cluster becomes
larger, the interaction between each C adatom and Ni (111) surface decreases wihii(@ ithter@ction

gradually increases.

To unravel the nature of clusteretal interaction in terms of electronic structure, thejeoted
density of state§PDOS) analysis was conducted for atomic carbon, carbon dimer and trimer adsorption
when they are in their most stable configurations. PR®S analysis is shown in Rige 7.4. When a
single carbon was adsorbed on the Ni surfdélcere exists a large overlap between C 2p and Ni 3d
orbitals. This suggests that thé NG interaction was mainly due to the mixing between the C 2p and Ni
3d orbitals. For the case of @imer adsorption, a perfect overlap between 2s and 2p orbitals tefah@
atoms is observed, indicating the strongCCbonding. However, this comes with a reduction of the
overlapping between C BNi 3d orbitals, which could contribute to a weakeirNC interaction as
compared with that in atomic C adsorption. Regardimgctirbon trimer adsorption, the carbon atom in
the middle,denoted as @), is strongly bonded with its two neighbori@gatoms, referred to aqdd@. As
shown in Figire 7.4, it was observethat a larger population of the 2p orbital overlap betweg) &d
C(b) atoms was shifted to the lower energy leal®undt 6.0 eV), indicating a much strongeif C
bonding than that ithe G dimer. Meanwhile, a further decrease of the ovekeveen C 2p and Ni 3d
orbitals was also observed. Therefatasan be expcted that as the size of the carbon clustereases,
more electrons in the C 2p orbitals will be shareetween CC bonding instead of forming bonds with
the Ni 3d orbitals, which could result in a decrease of thi#&lidnteraction. Note that a stroagQ C
bonding also determindghe arched shape of the carbon chains since the carboniattmsmiddle can
only weakly interact with the metal substrafeer forming strong OC bonds with two carbon neighbors.
This strong €C bonding in the middle ohe carbon chains isxpected to be a common feature in the
growth process afraptene or CNTs on metal substrat&8][
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7.3.2Mobility of the carbon species on the N{111)surface

Surface diffusion is known to be crucia understand epitaxial growt®4]. Thus, the elementary
diffusion mechanisms and the corresponding energy barriers governing their mobiltycfosters on
the Ni (111) surface were studied. The diffusipathways were shown in kige 7.5, and the
corresponding enerdyarriers were reported in Tables. The results show that atongarbon diffusion
via a bridge site has a diffusion barrier @#8 eV, which is in good agreement with previous studies
repated in the literatur€0.45 eV) Q). For carbon dimers, ahown in Figire 7.5, the dimer is adsorbed

at the nearby bridge sit@s the transition state. The corresponding diffusion barrierfa@sd to be 0.95
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eV. It was observed that the trimdiffuses viaan inchannel sliding mechanism with a substantially
lower energy barrie(0.21 eV) than the atomic C diffusion. Trimehains diffusing by sliding are thus
much more mobile thawrither dimers or adatoms.; @&imers can also diffuse on theurface by a
cros$ channel mechanism, which has a higbamrier of 0.48 eV. The results show that thdritner, as a
small cluster, has a very high mobility on the(li1) surfaceFigure 7.5 also shows the lowest energy
diffusion paths for a tetrahedrofihe energy barrier for the tetramer chain is 0.62 eV thighinchannel
sliding mechanism. The mobility of branchidramer clusters via diffusion on Kil1) was found to be
lessfavorable with an energy barrier of 0.73 eV.

G

G
(in-channel)

G
(cross-channel)

Linear C,

Branched C,

Figure7.5 Pictorial views of the diffusion mechanisms of selected carbon clusters(éd Ni

According to the energetics results reported in Seci8rl, once the Ni surface is saturated with
monomers, mobile monomers will form small clusters of dimers, trimers and tetramers. The results shown
in Table7.6 indicate that the high mobility of the small clusters with respect to monomer hopping may
play asignificant role in the mass transport during CNT grow#h, small clusters may easily diffuse
through the Ni surface arloond with monomers or clusters already deposited on theulfice thus
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contributing to the CNT growth. This mechanibias also ben suggested in recent repor#l B5]. This
resultsuggests a very different picture for the growth of CNTs thahusually considered in which only

the atomic C is involvednd dominates the mass transport of the CNT growth.

Table7.6 Diffusion barries of selected carbon species.

Process 0O ,eV
monomer hopping 0.48
dimer diffusion 0.95

|l i near Tthamael didi ffusi on
l i near ticihmemed ®or @lsd f usi on
l i near tiehamamelrondinf fusi on

tetramer diffusion 0.73

7.3.3Carbon cluster nucleation on Ni(111)

The reaction pathways and reaction energéicthe formation of the carbon clusters on thgNil)
surface are presented in this section. The TS along the reaction coordinates for each elementary reaction
was identified. Due to computational limitations, only the formation of small carbon cl@Gx{&r-6)

was considered in this study.

C, dimer formation is the first step for the carbon nucleadinithe Ni substrate. As discussed above,
dimers are mucmore stable than separated C adatoms by over 0.21 eSudbae coverage of 2/9 ML
on Ni(111). The energy barrier fdorming a dimer by two neighboring C adatoms was found t0.&@
eV. The reverse energy barrier estimated for this reastaenl.44 eV, indicating that dimer dissociation
is not kineticallyfavored. The geometry of the TS tifis nucleation reaction ishown in Figire 7.6
(green dashedotted lines), in which one of the atoms is located over the bridge site. In the TS, the
activatedCi C bond(denoted as 0C, hereafter) has a bond distarofel .99 A.
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Figure7.6 Reactiorenergy diagram of reaction paths for the C clugZerC,) formation on Ni(111)

surface. All energies are relative to the energy of the coadsph€d]*.

The transition state that corresponds to the formationtofer, byadding a single C to a dimer, is
also shown in Figre 7.6 (blue dashed lines). The,@tom is located at the bridge siferming an
activated CC, bond with a bond distance of 2.20 Rhis process has an energy barrier of 0.97 eV. The
reverseprocess, thérimer dissociates into a monomer plus a dirhals an energy barrier of 1.29 eV. As
discussed in the previosgction, carbon tetramers have two stable configuratig) @nd G(B), with
C4(L) being more stable than,®) on Ni (111).In order to compre the kinetic properties of each of
theseclusters, both the linear and branched tetramer configuratiens studied here. Both,(C) and
C4(B) can be either formed liwo dimers or by a £xrimer and a C monomer. However, it wiasnd that
thediffusion of a dimer has an energy barrier thahigch higher than that of a trimer and atomic C. This
will make the dimer less mobile an@trapped in the adsorption site imost of the reaction time.
Therefore, carbon tetramer formatiby the nucleatio of two dimers will be a highly activatgaocess
and therefore very unlikely to occur. Accordingly, o@yL) and G(B) formation by a gtrimer and
atomic C nucleatiomas considered in the present study. The reaction pathméihe energy profile for
this process are shown in bBig 7.6. A C4L) forms when an atomic C passes the saddle point
configuration toward the terminal C atom in the chain trinesigenta solid lines). This process presents

a barrier of 1.31 eVOn the other hand, the detachmehta terminal C atom frorthe linear tetramer,
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producing thus a trimer, has an enelgyrier of 1.89 eV. For the formation of thg(B) cluster, an
energy barrier of 1.16 eV has to be overcdfigure7.6: cyan dottedines). This is 0.15 eV lower than
that for the G(L) formation. This result shows that the formation of the branched tetraordiguration
is kinetically favored over the linear chaianfiguration. Note that the dissociation of®) into CG; andC

is likely to occur since it has eelatively low energy barrier chpproximately 0.43 eV. Isomerization
between different configurationsf the carbon clusters is possible since the revpreeess of the
nucleation reaction may contribute to thésemerization reactions. For example, trensformation of
C4(L) into Cy(B) involves multiple processen:bond breakingf one of the carbon atoms in(C) with
the neighboringarbon atomsij) carbon atom diffusioniji) and rebond withthe middle C atom in the
trimer. The first step can aehievedoy C,(L) dissociation into gand C, which is the reverse proce$s
C4(L) nucleation. The last step is actually the reaction pathamathe formation of ¢{B) proposed in the
present study.

A Cs cluster on Ni(111) can also have a linear ormafchconfiguration. For the formation of linear
Cs(L), there are twgossible pathways: adding a monomer to,@.)or adding a gtrimer to a G dimer.
The reaction profile diagrams of thessactions are shown in Rige 7.7. Their corresponding TS are
presented in Figre 7.8. As shown in Figre 7.7, the formation of L) by C(L) plus C has a barrier
height of 1.26 eV, whereas tla¢her reaction pathway has an energy barrier of 1.51 eV. Fd&:(B
cluster, there are also two pathways: adding a mendma G(B) or adding a trimer to a dimer. The
reaction profilediagram in Figre 7.7 shows that the addition of an atomic CQgB) proceeds with a
relatively low energy barrief0.23 eV). Thaeverse process of this reaction has a barrier of 1.1®aV.
the other hand, the {B) formation by moving a £xrimer to a G dimer has an energy barrier of 0.42 eV,
whereas the activatioenergy for the reverse process is as low as 0.29 eV. These shswitg¢hat, as in
the case of gcluster formation, the fonationof a branched £cluster is kinetically favored over the, C
chains. Moreover, the results show that, in addition to adding the existing cluster, the nucleation of

these carbon clusteby adding a gtrimer is also a feasible process.
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Figure7.7 Reaction energy diagram of reaction paths for thel@ster formation on Nj111) surface. All

energies are relative to the energy of the coads¢@d)+C]*.

Figure7.8 Geometric structures of the transition s{@tes.) for the formation of £L) and G(B) clusters

on Ni(111) surface: a) £L) formation by adding a C atom to a €hain; b) G(L) formation by adding a
Cstrimer to a Gdimer; ¢) G(B) formation byadding a C atom to a brancheg &) G(B) formation by
adding a Gtrimer to a Gdimer.

A reaction energy diagram for the formation of lindagnched, and ring{&lusters was calculated
and presenteih Figure7.9. A linear G can be nucleated fromaving a monometo the G chain cluster
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(Figure 7.108) by overcoming a barrier heigbf 1.14 eV. The reverse process, the dissociation of ¢he C
chaininto a G chain and a C, has a barrier of 1.26 eV. Twdri{tnersoccupying neighboring sites can
alsoreact spontaneously form a linear G (Figure 7.10b). The reaction energy and the corresponding
activation energy were found to 843 eV andL.22 eV, respectively. Two pathways for the formation of
abranched gcluster were considered hergtwo G; trimersreach and connect each other by the middle
C with a barrier 00.83 eV, andi) a monomer approaches a branchealGsterwith a barrier of 0.25
eV. The formation of a £ring by addingan atomic C to a bended; €hain cluster has a low energy
barier of about 0.17 eV. The other nucleation pathway by®@rimers has an activation energy of 0.97
eV. These resultshow that the formation of B) and G(R) by adding atomic @o the G cluster has
very low energy barriers, and thus are vigtgly to occur on the Ni surface. These observed low energy
barriers can be explained by the stability of thesadsorbedlusters. As shown in Fige 7.9, the ce
adsorbed branchds+C]* and bendedCs+C]J* are unstable when compared to the ott®adsorbed
configurations. This makes these configurationstates to have a very high energy level at the initial
state,which finally results in a low energy barrier for their nucleatreaction. Therefore, it can be
expected that at low reactidamperatures, here the reaction is more likely to be thermodynamically
controlled, the formation of linear carbon chaim# dominate the surface reactions. However, at high
reactiontemperatures, where the existence of the unstable branchib@é tsended carbon clustés

possible, the formation of¢B) and G(R) will dominate the processes on the(iNL1) surface.

1.0

Co+C—Cy(B)

C+Cy—Cy(B)

0.5 - 0.06 CstC—=Co(R)

0.25 CitC—ColR)

——C+C—=CyL)

0.0 4 C3+C3_’C@'(L)
0.5
1.0 -
154

Figure7.9 Reaction energy diagram of reaction paths for thel@ster formation on Nj111) surface. All

energies are relative to the energy of the coads¢fg¢d)+C]*.
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Figure7.10 Geometricstructures of the transition st4feS.) for the formation of &L) and G(B)
clusters on N{111) surface: a) £L) formation by adding a C atom to a €hain; b) G(L) formation by
adding a Gtrimer to a Gtrimer; c) G(B) formation by adding a C atom to a branchegd} Cy(B)
formation by adding a Z&rimer to a Gtrimer. e) G(R) formation by adding a C atom & bended £
chain; f) G(R) formation by adding a{@rimer to a Gtrimer.

7.4 Summary

A systematic study of carbon nucleation during the early stages of CNT growth @iNiwas
performed using Densitifunctional TheoryDFT) calculatons. The structurand relativestability of
adsorbed C intenediates up to 6 carbon atonamd their mobility on the Ni{111) surface were
investigatedMoreover, the reaction pathways and energetics for the nucledtitbe carbon clusters on
the Ni(111) surface weralsoexplored. The outcomes of this study are as follows:

i) Atomic carbons tend to nucleate to fooarbon clusters othe Ni(111) surface. There is also a
thermodynamic preference fdifferent carbon cluster configurations: linear carbon structamesnore
stable than branched and ring carbon configuratioes|oél sizes.
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ii) The monomer is not the only mobile species orNth€lL11) surface. Small clusters, at least up to
the tetramer, aralso mobile. The dimer is the le@sbbile cluster with a dusion barrier of 0.95 eV. The
trimer can diffuse with low energy barrietisrough either a sliding0.21 eV) or a crossin{0.48 eV)
mechanismThe sliding diffusion barrier was even lower than thenomer hopping barri€.48 eV).

The linear tetrameran diffuse with a barrier of 0.62 eV. The calculation of the interadtietween the
carbon cluster and the Ni surface shows brahched carbon clusters have stronger interaction with the
Ni substrate when compared to the carbon chains.ifitisates that carbon chains generally have higher
mobility than branched carbons. This cluster mobility is expected taaplayportant role in the reaction
kinetics of C on Ni.

iii) The formation of branched C species is kinetically prefeasedompared with thaf the C chain
cluster. The formation of chain and branched species by the addition of both the €inglem and ¢
trimer is possible. This new insight into tekapported C cluster formation is crucial to understand the
growthmechanism of CNTs and graene on transitiometal surfaces i€VD experiments. The outcome
of this research will presentc@mprehensive picture of the carbon nucleation reactions atathestage
of the CNT growth.
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Chapter 8

Carbon Nanotube Growt h: Kiomet i ¢ Mon

This Chapter presents kinetic Monte Carlo (KMC) study of the canlamotubegrowth process. A
brief introduction and the motivation for this study are given in the first section. A comprehensive CNT
growth modelis proposed in section 8&hdthe simulation methods usei developa KMC simulation
for CNT growth process are also discusgethis section Note that since some of the reactions in the
proposed CNT growth model have been studied in previous Chapters, their kinetic parameters are directly
used in the present study. For example, the diBsociation barrier on Ni is taken from Chapter 3, in
which the Nicatalystis modeled by a clean Ni (111) surface with a 3x3 unit cell. The carbon surface
diffusion and nucleation barriers used in the enésstudy are taken from Chapter|i. Section 8.3,
results obtained from th€MC simulatiors were presented and implications from the KNi@wulations

results were also discussé&tbncluding remarks are statedsaction 8.4.

8.1 Introduction

Since the discovefCNTdf canbodenahbeukbésort has
CNT@gs owth yield and to find out t[1h3e] . g rAomwtnhg nad cl h
met hwsdésdr CNT synthesi s, @hvebDnisc @ineVagort h2d psitt iwa r
In CVD growth of CNT, the carbon atoms are source
mo | e q@H, edg HG etc.) at the surfac@eof COouppor Ned , cq
growthamesm is often-l d gsmacidi ¢ @aodcShgl. aThkapmodel assu
i) the catsatlignstt hpearltiigcuied st ate. This all ows rapid
the particl e, s aatnudr aftoironnsa baf ssbyhpe@ riCsoenger e gati on and i n
grapheshayeoeveron the other[7§dlHe beavhegcthdeltpyahopa
the tips orlea®pnid) iotfheCNoTul k di ffusion of carbon ¢
t empefl&2t,urlé] or carbon concentrafldonld&iadi ent al o

Recent!l vy, t his mec haniisnm sehbasserlveem oo & almaemg end t th
el ecmirorno §TcEAVP e  suppbdre the evidence that the catalytic particles stay in solid
me t astate ducing the CNT growfi @ 3] . Based on t heset @dlls.erawvadt iLa nns
et [Z22a2H.ave s udhdgdet emtchani smi 8f n€NTt Ogrowtgh o@GC INieci p
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but rather through t heTlwsuurffaaccee ddiffffusssisaomp afretceéhdeandi 3
reckhBtuRizeas] . Surface diffusion of C atpomceen a
witheheiwgy r(d .e4 ®W.)5 maki ng it more favorable than
Ssubsu(+f a8 and(lt. lbeedM)BlF ks p e CTahbi ssed wat albso consi sten
resul t si robrMaleneeddydl eami(MDs) si mutl a@iieoz] , hnvehdfewthnd t hat
t hesreonly | imited number of C atoms were diffused

The aforementi 6oedsstdudined hleavwehavi or of singl
showhayandegenerally not strongly [D3d,nd34d] wiThi & hsel
t hadr bon malyu hhitaewres a good mobility at the catalyst
producti om a&fheCNKMD pfraocctezrstels @ ms eECchcayp t er 7, have s/
smalclagebonespecitalilnper can diffuse vary famoren t he

realistic scenario of the CNT growhd wul k Oef asgsif
at oms, they wildl al so nucleate together, forming
clusters may diffuse on the Ni sur face, and toge

further nucl édticdnusafertiwéel bmdaead to a graphite
eventually cause the deactivation of the catalyst
surface and bul k diffusion of C,nasl svadt l ormasanded,i

wilbdnore trustworthy.

As already shown3B8]pr &KMCowlss matt adi ens offer an
the gap between the results obtained by DFT at t|
wog king catalyst surface under given operating col
reaction rates can thus bat ic®nngsat tudddyN eatalytibgroath per i me
of CNT was investigated KMC simulatior®.F Talccul ati ons wer e performed t
barrier-sexmonme mtriea l factors of the el ementThery st e
calculated kinetic parameters were subsequently incorponatie a novel KMC framework that are
develomd for overcoming large disparities in time scale of the systems, in which conventional KMC is
inefficient when fast surface diffusion processes efidh. e K MC s ipradicittree x pes i ment al
dynamical formation process of CNT on Ni nanopart
validation of the proposeN icatalyticCNT growth mechanisnTo t he bestskonbwtadegaut

such a study hash@otopdrelni pereastemted in t
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8.2 Simulation details

As mentioned before, KMC simulation of the catalytic reactions involves both the DFT and KMC
simulation of the elementary steps in the proposed reaction mechaiisrafore, in this sectiomletails
about the modeland simulation methods, e.g. tTthe proposed CNT growth model, models used in DFT

calculation and implementation of the KMC simulation, is discussed.
8.2.1CNT growth mechanism

As discussed in the previous sectionaddition to the surface and bulk diffusioh carbon atoms,
carbon cluster may play a critical role in the Cfowth mechanism. In this study, a CNT growth model
that consider nucleation and diffusion carbon cluster is devel@pednechanis proposed for the CNT
growth issketchily presented irFigure 8.1.The growth of CNT is thought to start with the successive
CH, dehydrogenatiom n N nanoparticl es , 6 Hammsoath moveonthe c@talyatn d H a
surface and Himaybeformedwh en t wo H at o msNofitnee etthda te aficnhe eottoh enre.a n
atoms areesphttingsgton theTlhhkaat@l gsomsuréaeclgt ed fr |
di ssociation steps <can ditfhfruwsueg bd rk htelfe t MieF d\g t poeayr st t
8..1)Ae s8ame ti me, surf ace C tabtoorrms ccaarnb oanl scol unsut celresa
smal | C clusters may also have a good memahmnty or
t he Ni,astdh é nlefcocle t het breitfiurea hseirt ensuc!|l eati on wi | | [
t hat ter mi nat e Thd @NT grovahwarobeeds Yia ti@lddifion and attachment of C

adatoms and the small movable carbon clusters at the CNT/Ni edge boundary.
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/' C*and C;" bn surface

Figure8.1 The proposed CNT growth mechanism: a) reaction or processes that occur on the Ni catalyst
surface; b) reactions that occur on the Ni/CNT growth edge. Some of the important processes were
labeled, and they correspond to theneentary steps in Table 1. Orange: Ni, white: H, black: C, light
blue: movable H, dark blue: movable C.

8.2.2DFT modeling and intrinsic kinetics calculations

Modeling the Ni catalyst in DFT calculations requires a good understamditige Ni catalyst
surfaces in the growth process of CNTs. Higholution transmission electron microscqpiRTEM)
observations reported by Ji dt [89] show that the Ni catalyst at the tips of CNFs with,@bsla carbon
source was found toe dominatel by low-energy(111)surfacefacets. Yao et a[40] showed that most of
nickel catalytic particles have a conical shape orientated with a 110 direction along the tube growth axis
with the (110) and(111) planes as exposed faces fact, the (111) and (110) surfaces hasienilar
properties towards adsorption and diffusion of carbdl. [#herefore, in the present study, the DFT
calculated kinetic parameters that will be used to construct the kinetic data base for KMC simulation are

obtained on the most stable Ni (111)faoe [41, 42].
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The intrindpgov&kimethes el ementaryasa@MBi dmowtl lvec
process were calculated using periodic [4BB4] . cal cu
Further technical details about the DEalculatiors, e.g.,functional search for transition statean be
found insection3.2.1, Chapter.3The energetics for CHlissociation isbtainedon the Ni (111) surface
modeled by 3x3 unit cell (see Table 4.6 in Chapter 4). The kinetic propertiésafat C clgter diffusion
and nucleation are taken from ChapterT@ble 8.1 gives the details of the surface elementary steps
considered in the reaction mechanism presented in Fgglr&€he CNT growth reactionaremodeled by
theincorporation reactionf C (or G) with a precovered graphene edge o®:@2 unit cell of Ni (111)
surface, in whicthe bottom | ayer of the slab was fixed in
par amet ert hoef MNBi. 52t ooms of the remaining | ayers and

The kinetic rate constant for elementary steps such as surface reaction and diffusion are calculated
according to transition state theoryfaows [45-47]:

Q ——Agp — (8.1)
whereQi s Pl anck®iss cBaolst amannds constantj, afdiiae t he ab
the vibrational partition functions of the TS and reactants, respectarel{D is the energy barrier.

The dissociative adsorption rate for £ias determined fra the following expressiof#5]:

0 Agp — (8.2)

7

whereP is the gas pressuratis the mass of theolecule.

Table 8.1contains activation barriers and vibrational frequencies for the transition stetgsited
from DFT calculationswhich are used to calculate the kinetic rate corstddite that the frequency
values of the TS in step 12 are fog+C reaction Vibrational frequencies (>200 ¢n of gas phase and
surface specieare presenteth Table 8.2.Detail discussion about the DFT calculation results and the

elementary reactions implemented in KMC simulatiodéascribed next
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Table81Vi br ati ona(2D0'8gumwenctihees t r ans(Edi amds b@t&svar do

activation energy barriers ofllg) ementary steps fo

El ementary stefpransition gqafte frequencies E.i! (e V)

Met hane decomposition reactions
1) 4+CHas) #Y + GH 309, 543, 581, 960, 995, 1134, 11712 ,1 417 05 %,

2) JCHY CH+ H* 265, 441, 502, 711, 865, 1241, 18406,0308%659,
3) #CHY CH* + H* 235, 331, 396, 516, 691, 851, 19430,. 3341316 0
4) CH* Y C* + HA50, 503, 593, 1847 1.17/1.2
5) H* + ,(H*asY) H 244, 379, 1662, 1853 1.31/0. 4
Surface di ffusion of H and C species

6) H*(S1) Y H*(SRQO5, 1279 0.28

7) C*(S1) Y C*(Se35, 663 0 .84

8)s# CS1) (YSX) 580600 0.48

C bul k (@cre)suwbddrmufsi on

9) C*(S) Y C*(B)dddssd 1.80 MP1.
C nucleation reactions

10) C*+xC* Y C 332, 456, 537, 560, 609 0.88/1.4
11) +0C* &Y C 223, 276, 334, 406, 454, 548, 622,0.1%BB1.2

12%(x8HC* o) T C 249, 261, 295, 324, 371, 403, 455,1432/14%B

CNT growth reactions

130* (E) +GNTCNT (cn +89 8 0.89
14) (CE) + CINTONT)(cn 88 P & 0.89
G6 signifies lack of a vibrati oralpofnreeng uA@and ¢ ifeasc t &

processeB,up tBhe tdhaemeg paen einmt i Al facldréaAadaed t akeece

the same as in 12.
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Table8.2 Vibrational frequencies (>200 ¢m of gas phase and surface species on Ni (111) used in the
kinetic model of CNT growth.

Species Frequenciés)(cm

CH, (gas) 1296, 1296, 1296, 1519, 1519, 2956, 3067, 3067, 3067
CH; 262, 317, 437515, 1165, 1196, 1282, 2740, 2884, 2893
CH, 245, 356, 491, 539, 687, 1364, 2579, 3074

CH 414, 425, 617, 685, 719, 3016

C 504, 518, 599

H 795, 822, 1205

C, 306, 307, 309, 425, 438, 1476

(0% 243, 274, 333, 396134, 439, 461, 1137, 1442

8.2.3Elementary steps in KMC simulation

The elementary steps that are implemented in the KMC simulation are as follows:
i) Methane decomposition and hydrogen production

Methane in the gas phase dissociates on to the surface of Ni cqadygsi;eSCH; and H atom. Chl
adsorbed on the Ni surface then undergo a series of hydrogen abstraction reactions, and ultimately result
in the absorbed C and H atoms. The energy barfierthese dissociation reacticarlistedin Table8.1.

Note that the barriers for the reverse process of @htd CH dissociation are much higher than its
forward process. Moreover, due to the low diffusion barrier of H atoms on the Ni s{(0fa8ey/), the H
surface diffusion i®rders ofmagnitudefaster thanCH; and CH production reactiorandthereforeit will
more likely diffug away instead ofremainingat the neighboring site of GHand CH after the
dissociation.Theseconditions wouldmakethe CH and CH production processery unlikely to occur.
Accordingly, the reverse reaction of gldnd CH dissociationwere not considered in th@resent

analysis
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ii) Surface and bulk diffusion

As show in Table8.1, the adsorbed H and C atoms havelsuiffusion barriersi.e.,0.28 and 0.8
eV, respectively, and therefore they are assumed to diffuse over Ni surface. Hydrocarbon radicals, e.g.
CHs, CH, and CH, produced during GHiehydrogenation are assumed to be immoBites is because
that, during the evolution of the system, the surface diffusion of these hydrocarbon radicals only
contributestothe CHor oducti on reaction when they fAmeeto H ¢
this contribution can be compensated by the fast diffusidth afoms. For the carbon clustethe study
presentedn Chapter 7 havehown that, among the small clustef€,, C; and G) studied, G trimer
diffusion proceeds with a relatively small diffusion bar@®8eV), showing its high mobility on the Ni
suiface. Therefore, in the KMC simulations, the carbon cluster diffusion will be represented by the C
trimer diffusion.This clusterwas treated as one enti{§;) that diffuses as a whole on the lattice. Note
that the bulk diffusion of C atoms was also iempknted in thenodel ofKMC simulations. Previous DFT
studies by AbildPedersen et al.25] reported that C subsurface and bulk diffusion to the CNT/Ni
interface has a barrier of 1.34 and 10, respectivelyTo simplify the KMC simulation model, the
subsurface and bulk diffusion are treated as one single pathway that lead surface Coatmnimmer
layers of the CNTThe <corresponding diffusion barrier is i

between the C subsurface and bulk diffusion barriers.

iii) Carbon nucleation

In additionto the surface and bulk diffusion, C atoms will also nucleate together on the Ni surface
and form carbon clustes various size and configurations. As reportecCimapter 7 the nucleation of
large carbon clusters i®r complex: even carbon clusters with the same number of C atoms will have
different configurations, e.g. chain, branch or ring, with different stabilities. To simplify the KMC
simulationmodel the nucleation of Cdimer and G trimer are explicitly coridered, whereas carbon
clusters larger than thes@imer are represented asimgleunit speciegC,). The kinetics properties of the
large carbon clustdiC,) were represented by that of the chain clusters. This is due to the fact that carbon
chain clustes are more thermodynamically stable than the other configurations, e.g. branch and ring. Due
to its relatively large size, &luster are assumed remain on the same lattice sited{ movablg on the
Ni catalyst surface. Since C and &e assumed asetonly carbon species that can diffuse on the Ni
surface, the nucleation reactions that can forpclGster will be as follows: g CY £ C+CY C,,

Cs#+GCsY C,, C+ C Y CC+CsY C,. These reactions are represented gsx03 ) * +C) ( ¥ (s&C
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reaction 12 in Tabl&.1). To reduce the complexity of KMC simulation model, an energy barrier of 1.31

eV was used to model thesg €uster nucleation reactions, as shown in Table This energy barrie

wastaken as the average of the nucleatianrier forthe formation ofC,;, G and G chairs, which is

reported inChapter 7(section7.3.3. Thereforeone can expeckcl uBaeysaarmofer
the Ni tdwisi acaeeacti vate the Ni catalyswargsactCHVvI
di ssociation. When the (Niitsusfape ibkbefdONTygrowthe
CiC bond breakjiaolgusteaarcth a@s emfeagyeengwfatllses5C

nucl eation reactwvensi blassumetiet &MEesi muéeati ons.

iv) CNT growth reactions

When the adsgol bsteC andCN@Niedgel sitefadnearby siteé df the CNT
open end), they cdpeincorporatedor attached)nto the CNT wall, and therefore contribute be tCNT
growth. Tomodelthis process, a graphene edge attached ofiNi) surface is useldereto model a
fraction of the CN¥catalyst interfacdsee Figure8.1b). TheC a n thcorPoration reactions are then
studied by DFT calculations. The barriersireforporating C and £nto a CNT wall were calculated to
be 0.76 and 1.08V, respectively. To simplify the KMC simulatianode| the C and gincorporation
reactions were treated as one single event with an average energy barrier e¥/.0I88seec ar b o n

i ncorpor asairaeesumadti onbe irreversible.

8.2.4Accelerated kinetic Monte Carlo(AKMC)

As discusse@dbove, inKMC algorithms, the probability tachooseor execute a specific event time
KMC simulations is calcul ated $syosmembet eaenitdgeola
in the rates, most of the comput atthfeeesstité a ¢ i imen wi &
and | ow rate evenmhg wihlel siauélayi oncad t Hmatghalt hey
kinetics of real catalytic system. This is wusual

chall enge in KMC modeling.

In the past decades, |l ots ofekfiforéest hametehdesent
stiff problem in KMC, which have metUl emlpy med rhtoida|
[4648B can partly solve the underlying chall enges
iterationey Howevaeppr ahi madit eagantdeadssomediopsSegideanl

et Al .pfdposeednnv kenhetic Monte Carlo for overcor
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involves fast reversible processsess ilmt d haitngltar dwy
into finet eventso andeweiret aiss oxdlad eldatread easft hehid
forward process and the ré&lerdee e bpecpaedsesl. a@hcaetlteer
supemblisneti ¢c M&EMCe @Gamgloi ( AB, in which the rate
observed many times are | owered during the cours
observed more frequently thatbhein AKMCeramar tét itmanr
deri vee&KkMComwhAeS the rate constabpdBy drmd rmadicfeide . ac
for solving the stiff probl ems by using a | ogar
di stri burti opmrsolmdbielviet i eksMQ)a.bbr evi ated as Log

For the current CNT growth systems, H and C sur
barriers and tsheefi r magantietsu deaer ef acsrnt kceret pdinsGbbtchieart i P«
adsorptiom. cDmwent (reberrea from Khdt€oforeas ConKMC) mo st of t h
computational effort wildl be spent on simulating
That tke sifimubhaipmdbhhis | ow barrier surface diff us
KMd terations. This | i mitismet heev od huitliiotny otfo trheen dseyrs tt

In the present study, a rational statistical based approachedAcceleratedKinetic Monte Carlo
(AKMC), has been developed to overcome tiyigical problem in ConKMC. The difference between
AKMC and ConKMC is themethod usedo treat the fast surface diffusion events and the evaluation of
the slow reaction rates in the system. In AKMC, when theeryss fitrappea in fast surface diffusion
process, instead of running the repetitive motion of the surface diffusion event, low rate areents
executed directly based on their statistical probability. Take the simplest case as an example: when there
is orly one H atom on the lattice, the possible events that could occur on the surface,atissGeilative
adsorption, H surface diffusion. Based on the kinetic parametesgntedn Table8.1, H diffusion rate
is estimated abot(& 1°imes faster thathat of CH, dissociative adsorption. This means tfiaim the
statisticalpoint of view,it will take an average & H diffusion iterations to pick up one Gldissociative
adsorption event in ConKMC simulations. However, in AKMC, instead of running H difflksiones,

CH, dissociative adsorption is directly executed, and the time step will be updatedl d6¥6 , where
Yo is the time spend for one H diffion eveniand that was calculategsa priori. The implementation
becomes more complicatedhen therds more than one H atom on the lattice. The possible eveats
could occurareH diffusion, CH, dissociation and Hproduction. Their corresponding eatare ,i and

i (@ i L i), respectively. However, fdf, production, it will be only possiblyo occur when the
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two H atomsare close t@ach other during their diffusion on the lattites means that the andi exist

at every H diffusia step, while the Hproduction raté only occurs at specific situations that H atoms
aresitting at neighboring sites of the lattidé oneknow the probabilityP) that having two neighboring

H atoms on the lattice during H diffusiciine averageate for H production for each H diffusion step can

be scaled td  0i . The probabilityP can be estimated by Monte Carlo simulations: perfosteps of

H diffusion step oran NxN square lattice, and the number of times that the two Hsasdting beside

each other is counted éas Therefore, for each H diffusion stepf¢ will be the estimategrobability

(P) for two H atoms sitting at neighboring sites of the lattice. Data regression returns the following

relation between thprobability P andthe lattice sizéN:

o0 — — (8.6)

Now, there arghree eventin the system H diffusion and CH dissociation and Hproduction with
rates ofi ,i andi , respectivelyThis means that it will take an average™f i j i i H diffusion
steps to execute either GHissociative or kiproduction event in ConKMC simulatioris. AKMC, the H
diffusion evenis skigped and the slow event GHlissociation or Kproduction will be executed directly
base on the probability ofj i 1 and j i 1 , respectively. Meanwhile, the awill be update
asw O "Wo. By doing this, the AKMC allows the simulation get out of firapd caused by the surface
diffusion of H. The same is truehen C diffusion event arg@resentin the event list. Thereforghe
methodologydiscussed above can be applied to deal wittHtHd YH, C+ Y C+HYCH(rand C
C,)-CNT attachment eventincethe occurrenceof these eventalso involve the fast surface diffusion of
surfacespeciedike H, C and G. A detaileddiscussioron the scaled rates for these eventpresenteih
Appendix B Note that for cases that there exist one or more events whose reaction rate is close to H or C
diffusion rate, the AKMC willbe similar tothe ConKMC algorithmNote that, in the development
AKMC, the probability (P) parameter used in thtecaledreacton rateis developed by assuming all the
surface species can move freely on the latticeth#f lattice sites areblocked by normovable
intermediatese.g. large ¢cluster,this will changethe probability P) that two diffusve atoms will
i me e t oother, amthereforeaffects the accuracy of the AKMC prediction. Thisrige significant
problemespeciallyat a high ¢ surface coveragén suchcases, a more accurate fitting of tHeéparameter
is required.This is the main limitation of the presenKMC algorithm On the other hand, on a noor
relatively low G blocked surface, the AKMC allows the simulation of the present catalytic system
10°~1C time faster than the ConKMC, thus making this the key benefit of the present approach. A
comparison beteen the two approaches is presented in se8tirNote that the selected event can be
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executed according to the reaction patterns presented iAgpendix A. For example, if the CH
dissociative adsorption event is chosenz@hd H atom are added to two neighboring unoccupied sites

in the simulation grid.

8.2.4.1Size of the lattice

The KMC simulations will beexecutedover Ni (111) surface represented by an NxN lattice. The
edges of the simulation lattice are assumed to be the GNmt&fsections. Therefore, no periodic
boundary conditions were applied at the edge of the simulation lattice. The Ni catalyst is assumed to be a
sphere particle with a diameterafim. During the CNT growth, this sphere patrticle is lifted up with the
top half surface exposed to the gas phase. THe surface area of this half sphere particlesj ¢,
which is assumed tbe equalto the surface area of the lattica® T . nn’. Note thatthe bonding
distance between two Ni atoms on the (Mi11) surface is about 0.249 nm. This result in a relation
between the diameter of the partidiand size of the lattice s follows

Q ™ T w=-nm (8.7)

The above equatioallows us to predict the CNT growth rate as a function of the size of the Ni

catalyst particle.

8.3 Results and discussion

A series of KMC simulations for the Nicatalytic CNT growth was performed at different
temperatures ranging from 500 to 650over the Ni(111) surface tgpredictthe CNT growth kinetics.
The gas phase is pure ¢Hnd the pressure was set constant at 1 atm. The simulation conditions were
chosen to mimic those of the experiments of Amin €4, in which porous alumina supported Ni were

usedas the catalysts with 100% methane at a flow rate of 240 ml/min.

In order to validate the proposed AKMC algorithm, the CNT growth aatifferent temperatures
predicted via ConKMC and AKMMave beercompared(Figure 8.3). The results show reasonable
guantitative agreement in the solution of the two methdtat is, the CNT growth rate predicted by
AKMC agrees with that obtained by ConKM@tiever the CPU time consumed by each method differs
substantially. At T=508 andsimulation timet & 8 "*< fheln@an CPU time spend with ConKMC is
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about 70h. However, the CPU timequired bythe AKMC is around 0.6s, which is approximately 4%10
times fastr thanthe traditional KMC method @onKMC). Note that the mean CPU time is obtained by
performing multipleruns and that the markers in the figures represent the min/max obtained from these

multiple simulations.

Figure 8.3 also shows that the computational spepdobtained with AKMC depends on the
temperature of the system. As the temperature increasestabefalow events increased more rapidly
than that of the fast events. This reduces the rate scale sepafaiiiansf rate constant between the fast
and slow event) of the systems. For instance, the rate scale separations between C diffusion and CH
dissociation is 4.2xf0at T=65@ , 8.1x1¢ at T=60G , and 3.6x1dat T=50G . This shows that the
CPU timefor the AKMC method depend strongly on tlaescale separation.

21
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Figure8.2 CNT growth rate predicted by a ConKMC and AKMC simulation by using the same kinetic

parameters under different temperature on a 150x150 lgdt8&nm).

8.3.1Validation of the CNT growth model

The experimental study émin et al.[54] was used aareferencen the present AKMC simulations

to validate the present microkinetic madal that study, the CNT growth rate at 500, 550, 600 and 650
151



was reportedFigure 8.4), and they observed that the diameters of the Ni particles are in the range of
20 40 nm at 558 . Therefore, the AKMC simulations were first performe®a®3 on a 100x100 and
200x200 lattice, which correspond to Ni particles with diameters around 20 and 40nm, respé&ttevely.
corresponding CNT growth rate predice@dT=55@ by AKMC simulations & 1.78 and 0.9%¢g"/min

for the 10100 and 208200 lattices respectively,. These estimatesre in the same order with the
reported experimental growth rate 0.7@)/min. Althoughthe CNT growth ratepredicted with the
microkinetic modelwas overesthated this deviation is related to the size of the Ni part{the lattice)

and thekinetic parametergnergy barriersgalculated fronDFT, which are the key inpute the model
Therefore, the effect of particle size on the CNT growth rate arseitsitivity on some of the important
kinetic parameters, e.g. the energy barrier for,@GH ssoci ati on, C surface
incorporation, were studieahd described next

8.3.2Ni patrticle size effect

As reported in many experimental studigsbi 61], as the growth temperature increases, more
agglomeration occurs resulting in larggzred catalyst particles and therefore larger diameter nanotubes.
Fu et al[56] reported that CNTs synthesized at $Q®G5® , and 708 had outer diameter distribution
of 15D 30, 20D 40, and 2 90 nm, respectively. Michalkiewicz et g57] reported thathe average
diameters of carbon nanomaterioduced over Ni/ZSM5 (300) increasa from 23 to 57 nm ashe
temperaturéncreasedrom 450 to 656 . Note that this is onlyhe average diameter of the CNE.,
there will be a wider range of the size distribution at different temperatures. Based on these experimental
observations, a size distribution ®»iwas@0siddddim m a't
the pesent study. Figur®.4 shows the CNT growth ratgwedicted by the AKMC simulationat
different temperatureandsize of Ni particlesAs shownin this Figure,the AKMC simulationfollows
the behaviourexhibited by the experimental dat®loreover, a qud#htive agreement between the
experimental data and AKMC predictions was observed at the following the particle size distribution:
d=40nm at T=508, 40~60nm at 550, 60~80nm at T=600 and ~80nm at T=630. These results
suggests that the CNT scheme shown in TAldleaptures the essential surface chemistry involved in the
growth of CNTs on NiMoreover,it alsovalidates the proposed CNT growth mechanism by the surface

diffusion of C atoms and small carbon clusters.
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Figure8.3 CNT growth rate®btainedat different temperatures predicted by AKMC simulations. The

experimental data is taken from referefe4.

8.3.3Sensitivity on the kinetic parameters

Thusfar, the CNT growth rate predicted by AKMC simulations are obtained by using the kinetic
parameters directly obtained from DFT calculations. Previous experimental and theoreticalhstuelies
repored that the activation energies associated withddtalyic methane cracking are in the range of
0.971 1.01eV [62-64] and 1.06 1.32eV [65-67], respectively. Thesdiscrepancies theresults illustrate
the uncertainties in the DFT estimation of activation energies, which translates into uncertainties in the
predicted CNT growth rateTo examine the sensitivity of the predicted CNT growth rates on the
energetics used in the AKMC simulations, thecertaintyassociated with thenergetics in the critical

elementary steps were studied.

The important elementaryegis for Nicatalytic CNT growth arei) CH, dissociative adsorption
which is the ratedetermining step for CHdissociation on Ni, producing the feeding source of C atoms;

i) C surface diffusion which determines the rate that the C atom can reach the/NiNii) C
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incorporation reaction at the CNT/Ni edgedichdetermines the rate that C atoms contritbotéie CNT
growth;iv) C, cluster nucleationi.e., the formation rate of hemovable large Cclusterthatis directly

related with the deactivation of Ni catalyst. To evaluate the sensitivity of the predicted CNT growth rates
on the energetics of these reactions, their energy barriers were adjusted with reasonab{el@itges

Note that the energetic paramet for all the other elementary steps were kept fixed in the analysis.
Figure 8.5 comparedhe simulation results obtained at different deviations in, @ldsociation barriers.

The results show that CNT growth rate is very sensitive to thgd@Elociatio barrier i.e., uncertainty in

the CH, dissociation barrier of 0.08V yields an uncertainty in the CNT growth rate of a factor of 2 at the
investigated temperaturebhis indicates that CH, dissociative adsorption is the ratetermining step for

CNT growth. The analysis also show that the deviation (x10%) of the barriers of the C surface diffusion,
C incorporation reaction and, Cluster nucleation has only minor effects on the steady state CNT growth
rate. Since variability is very small, this effectigt show in Figuré.5. However, theyare expected to

affect the deactivation dhec at al yst . The relative barr,cestes for
formation determined the competition between CNT growth and catalyst deactivation. ,Lcws€r
nucleation barrier means high probability foraluister formation, which will results in a fast deactivation

of the catalyst. On the other h a n dhe additoomvokbrfacer i e r
C atomsin to CNT wall much easi&. This reduceshe chancedor C atomsto remainon the catalyst
surface and therefore hinders the formation pélGsters. However, the study on the uncertainty of these
barriers on catalyst deactivation is limited by the computational respureeso deactivation wa

observablavhile simulating the model for@asonable CPU tim@days)
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Figure8.4 Sensitivity of the CNT growth rates on the Gtissociation energetics. The simulations were
performed on different particle size at different temperatures: d=40nm at ¥=&@®558 , d=60nm at
T=600 and d=60nm at T=630.

8.3.4Role of C cluster surface diffusion

As discussed isection8.2.1, the Gtrimer surface diffusion and incorporation to the CNT wall were
explicitly considered in the proposed CNT growth mechanism. To determine the role of cluster surface
diffusion on the CNT growth kinetics, simulations were carried out in both the presehabsance of
C; surface diffusion in the modeNote that in the absence ot 8urface diffusion means that only C
atoms were allowed to move on the catalyst surfébe.results show that th@mulations carried out in
the absence of {luster surface fusion resulted in an initial CNT growth rate of 0.4ig)'/min at
T=508 andd=30nm.TheCNT growth ratestarts to decrease afte13s, showing the fast deactivation of
the Ni catalyst due to the formation of €lusters. This is because the relativatyali energy barrier for
C, dimer and G trimer nucleation lead to relatively easyformationof small G and G clusters when
there is enough C atoms on the catalyst surfare G trimer are assumeih remain on the same lattice

site on the catalyst surface, it will be fast nucleated with oncoming C atombeaadle tdorm larger
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carbonaceous cluste(C,), which will eventuallydeactivate the catalyst. Simulations carried out in the
presence of €surface diffusion resulted in a sanCNT steady growth rateith that obtainedin the
absenceof C; surface diffusion However, by allowing the Lcluster to diffuse on the surface and
nucleate to CNTs, no deactivation is obserdadng the first8 minsof the reaction procesblote thathe

CPU timesrequiredto reach t=8mins at T=580 and d=30nmis about 130h. The KMC simulation
indicates that sufficiently rapid C and €uster diffusion is required to avoid the catalyst encapsulation.
During CNT growth, the deposited C atoms together with the small clusters must incorporate into the
CNT wall through the CNTatalyst contactdge

8.3.5Carbon bulk diffusion and bamboad like CNT

As reported in mangtudies CNT can beproducedwith the bambodcstructure[59,60,68,69]. It is
believed that the surface and bulk diffusions of carbons play an important role in determining their
structurg[68-70]: C atoms surface diffusion forms the walls of the carbon nanotubes from the side surface
of the catalystwhereasthe inner separation layemsere formed by carbonbulk diffusion Due to
difference between the rate of carbon surface and bulk diffusithve inatalyst, then a bambtike CNT
will be produced 68].

As discussed isection8.2, both surface and bulk diffusion of C atoms is considered in the proposed
CNT growth mechanisnThereforethe C atoms surface and bulk diffusicemexplicitly tradked during
the KMC simulationmodel and therefore evaluate the effect of particle size and temperature on the
structure of the bambelike CNTs by counting the number of C atofh) that diffuse through the Ni
particle and the number of C atorfid) that contributed to CNT walls by surface diffusion. A high
0 j U ratio represents more C atoms was diffused into the bulk of Ni. F&brshows the calculated
0 j U ratioat various sizes of particle and temperature. The results show that ONth ¢moC surface
diffusion is favoured with small particle size and low temperature. On other hand, an increase number of
C atoms will go through bulk diffusion on a large sized particle and high temperature. This is due to the
fact that, on a small catdiy particle, the surface diffusion of C atoms will testrictedto a limited area.
This increases the probability that the surface C atoms diffuse to the CNT/Ni edges and then promote the
C incorporation into CNT wall. For theemperatureeffect, as disassed insection 8.3 the time scale
separation decreases the temperaturéncreass. That is, as the temperature increases, the slow bulk
diffusion rate increases more rapidly than that of the fast surface diffusion. Consequently, there will be

more surice C atoms contribute to the CNT growth by the surface diffuiafow temperature. Since
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the separation layers are grown mainly by the bulk diffusion of carbons, its rate decreases as the particle
size or temperature decreases. Consequently, at topetatures or with a smashrticle size at which

bulk diffusion is hampered, one may expect higher spacing between two adjacent bamboo structures;
whereas at high temperatures or with a large partiete spacing is relatively short due to the rapidly
increase of bulk diffusion rate. €ke results arem good agreements withe experimentabbservations

[69-71].
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Figure8.5 The ratioS between number of C atoms that go through bulk diffusion and surface diffusion at
different temperatures and size of Ni particles.

8.4 Summary

A KMC modelwas constructed and used to follow the molecular transformations and the kinetics for
the CNT growth from Ckifeedstock over the Ni catalyst. The CNT growth kinetics was established from
first-principlesbasedDFT calculations over Nj111) surface. Thab initio results were used to construct
a kinetic database for a novel variable time $&C framework thatwas developedo overcone the
large disparities in time scale in theesensystem. The simulations explicitly follow the elementary steps

involved in the CNT growth that include GHlissociation, C surface and bulk diffusion, C atoms
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nucleation, Gtrimer diffusion and C and £ncorporation into CNT wall. The KMC simulation magsh

experiment measurements and provide new insights regarding thanisn of CNT growth.

The KMC simulationdeads tosome general conclusions regarding the CNT growth process over Ni
catalyst:i) the growth of CNT is due tthe additionand attachment of C adatoms and small carbon
clustes, e.g. G, through surfacéiffusion at the multistep graphitéi edges;i) the surface diffusion of
small carbon clusteye.g. G trimer, is crucial for a realistic description of the CNT growth kinetiose
it prevents further nucleation of the C atoms on the catalyst surface, and therefore inhibits fast
deactivation of the catalysii) sensitivity analyses reveal that the overall CNT growth ratioisinated
by the dissociative adsorption of ¢bBinto the Nisurface;iv) the activity of the Ni catalyst is controlled
by the balance of C atoms nucleation on the surface, C atrin@r surface diffusion and theaddition
intothe CNTwallatthb oundar yiTCNT tgh @ wi ihif the mabiéity andaddigon of these
carbon species is not sufficient, the slowly moving C atoms may nucleate into graphitic islands on the
catalyst surface and eventually encapsulate the cata)ytbie dfferences between the rates of C surface
and bulk diffusion in the catgdt result in the formation of the bamblike CNT; its structure depends on

the size of the Ni particle and temperature of the system.
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Chapter 9

Conclusions and Recommendati on

9.1 Conclusions

The focus of this research was to provide a comprehensive understandingaifilpiic methane
cracking and carbon nanotube/nanofiber growth mechdmysusing DFT calculationg heinfluence of
the Ni catalyst surfacéopologies andhe carbon depositieron the methane dissociation propertiesav
studiedfirst. It was found that the less packed Ni surfaces, e.g. Ni (100) a(xb8) are generally more
reactive towards CH1-4) adsorption and dissociation thdre close packed Ni (111) surfadéhis is
explained by the investigation of thebend center of the Ni atoms on the three surfaces. The results show
that the Ni atoms with low eordination number shiédthe dband center towasthe Fermi level and
change the width of the eéband, which malkethe Ni 653 and Ni (00 surfaces more reactiv&he
resuls also suggedhat the C formation is highly likely to occur at the step aittie open surface&or
thee f fobacar bon dbgeosesubbns,sprewetshat@sOedpbdsiobeadshace
| ess stabl e as comphidelde awi .tdhor elmaer ont Ne ,study
dehydr ogen a tthepnresersdod carbon indremdes the barrier fqraCtivation, especially for
CH, dehydrogenation on NiL11) C,, w h e tr led\# surface was preovered with surface C atom: ¢H
species encounter a highest energy barrier for dissociation dueddtlect r oni ¢ deacti vati
CT1 Ni b amddthe nsgong repulsive carbadsorbates interactior h isg¢ uplryo d a chee
realeissttiintat koneof ct par amet er the effestrof carbion depositiprson then, wh ¢

CH, dissociation barriers should be considered in the analysis.

The study ofNi catalyticmethane crackings thenfurther extendedby considering the effect af
Al,O; supporton the energetics of GHand H dissociation This study found that CH and H
dissociations ar&inetically preferred at the particular Ni atotagated at the nickedlumina interface
when compared with thep of the Ni clusterThe same is true fdCH; and Hadsorption The Hirshfeld
analysis of the charges of the surface Al anaét@ms showed that the Al atom works primarily as a
charge donation partner. Thus, it is expected thatintexface adsorption istabilized by the Al
(donorY NiT adsorbategacceptor) effectThe results obtained from the DFT calculatitvaseindicated
that the metabxide interface plays an essential role in the dissociation qfa@#i H. Moreover, in this
study, he decrease dhe metal support interaction was observed upon &td H adsorption on both

S(Niy) and N§Niy). The present study shows that the bondihgdsorbates to the cluster affects the
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cluster structurend its bonding to the support, resulting in a decreasieeimetalsupport interaction.
This observation mighprovide insight regarding the interaction between thard theo-Al,O; support
and the carbon nanotul{€NT) growth mechanism, in which the weak metapportinteraction is
believed to contribute tthe tip growthmode of CNT

The carbon atoms, as a resaftthe methane cracking reaction, can fovarious carbonaceous
materials, i.e., CNTs and graphene, depending ordataystand reaction conditions. To have a better
understanithg of therole of metal elements in the catalytic growthtleése carbonaceous materiahe
energetics oftte crucialstepsinvolved in the growth of CNTs/grapheneg, CT H bonton, &ct i v a
atoms diffusion anthe nucleation of diatomic carbon and trimer $g®on the (111) facets of transition
metals (Fe, Co, Ni, Cu)yas investigated using DETt was found that Fe is the most active metal for
CH, dissociation followed by Ni, Co and Cu. Also, the mobility of the surface C atoms follows the order:
Cu<Ni<Co < Fe. A somewhat similar trend was observe
Co < Fe.These observationsxplains why Nibased catalyst is a suitabCVD substrate for growing
CNT: the relativelylow energy barrier fo€T H b ond a &itpiowides aneasy sowce for the C
atoms the good mobility othe surfaceC atons, t oget her with high CiT C nucl e
atomseasilydiffuse to the CNTs/Ni edgand contribute to the CNT growtbefore they nucleate togethe
and deactivate the Ni surfacéMeanwhile, tls study also shoedthat Cu may be an appropriate catalyst
for the CVD synthesis of graphene due to the particularly low diffusion and nucleation barriers of C
adatoms on Cu, which suggélsat C atoms tend to be manaiformly distributed on the Cu surface and
caneasilynucleatehe Cu surfaceThe low reactivity of Cutoward€T H b ond , hogveverwila t i on
limit the graphene growth rat@herefore, Cthased catalyst doped by CHissociation reactive Fe and
Ni atoms, i.e., CgFe and CgNi alloy, were proposed. ThdFT resultsstudy show that the designed
alloys (especially CpNi) increase the reactivity for GHlehydrogenationindicating that it can be a
suitable catalyst for .amass production of graphene

Ni-based catalydtas been supported by previous DFT calculatesw suitable substrate for CNT
growh. To provide moreinsights regarding theNi catalytic CNT/CNF growth mechanispa systematic
study ofthe behavior of thearbonatom and clusteduring the early stages of CNT growth on Ni (111)
was performed using DFGalculatons. The structure and relatig&bility of adsorbed C intmediates,
and their mobility on the N{111) surface were investigated this work Moreover, the reaction
pathways and energetics for the nucleatdrthe carbon clusters on the Kill) surface were also

explored.The calculationsshow thatcarbon clustes are more stable than the separated caslboms

160



This indicates thathermodynaically, atomic carbons tend to nucleate to focarbon clusters otihe Ni
(111) surface. There is also a thermodynamic preferenatfferent carbon cluster configurations: linear
carbon structureare more stable than branched and ring carbon confignseofequal sizesThis study
also found thatite monomer is not the only mobile species orNth@l11) surfacesmall clusters, at least
up to the tetramer, asdso mobile. The calculation of the interac8dietween the carbon cluster and the
Ni surface shows thabranched carbon clusters have stronger interaction witiNirgubstrate when
compared to the carbon chains. Thidicates that carbon chains generally have higher moliiap
branched carbons. This cluster mobility is expected to glaynportant role in the reaction kinetics of C
on Ni. Moreover, it was found thdhe formation ofC chain and branched species by the addition of both
the singleC atom and g¢trimer is possible. Tésenew insighs aboutthe properties ofC clusterare
crucial to understand the growttechanism of CNT

Finally, a first principlebasedKMC model forCNT growth from CH feedstock over the Ni catalyst
was developedn which the energetiaesultsobtained from DFT calculationsere used to construttie
kinetic database fom novel KMC framework(AKMC) that are developed for overcoming large
disparities in time scale of the systefme proposedKMC simulationexplicitly follows the elementary
steps involved in the CNT growth that include Qtissociation, C surface and bulk diffusionclDster
nucleationanddiffusion, CNT g rcoowtt hd i HWCyamdeG incorporation into CNT wall. The first
principlesbased KMC simulatiomatchesexperiment measuremensrifying the proposed CNT growth
mecdanism.This studyprovides new insights regarding the mechanism of CNT growthatis, CNT
growth is dominated by the surface diffusion of carbon species. Morethersurface diffusion of the
small carbon cluster, e.g. trimer, is also a critical stefhé growth mechanism of the CNT prevents
further nucleation of the C atoms on the catalyst surface, and therefore inhibits the deactivation of the

catalyst.

9.2 Recommendations

This researchepresents a promising step towaaddear understanding ofethane catalytic cracking
and CNT growth mechanisnHowever, there are stilhany challenges aheafbr the development of
novel catalysts methane catalytic cracking and CNT growtle following are recommendations for

future research:
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i) Catalyst deactiation due to C surface nucleation

Even though good agreement between KMC simulated CNT growth rateresults and the
experimentatlata were obtainethe current KMC simulation is néully applicable tanodel thecatalyst
deactivationresulted by thedrmation of large nomovable G clusters This is due to the limitations of
the present AKMGQGlgorithmin calculating the scaled reaction ratéhich has been discussedsection
8.2.4 Chapter 8.Therefore, a advanced KMCalgorithm and modehg methodthat can accurately
describe the catalyst deactivation dudage C clusterformationis nee@&d This studymay provide
insight for the catalyst deactivatioluring the CNT growth

ii) The effects of alloys

The present study has shown thattinanedissociationand CNT growthproperties vags with
different transition metals (e.g. Ni, Cu, Co and.He)hasalso shown thatNi- catalyst can be good
candidate for CNT growtiHowever, knowledge of the alloying effect on the Ni catalytic CNT growth is
gtill limited. Theoretical studyn this topic is rarely reported in the open literat@ch studiesvill help
for a better design of catalyst f6GNT growth

iii) The role of the oxide supports in the CNT growth

Regarding the CNT growth mechanism, therentstudieshaveonly focugdon the carbon diffusion
and nucleation on the metal catalyst surface. These reactions, however, may also occuvxate the
supports The study on therole of the oxide supports in the CNT growahll further extends the

understanding of the CNT growth mechanism.
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