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Résumé

Le carbure de zirconium (ZrC) est une céramiquemonle utilisée dans l'industrie nucléaire et
aéronautique. Cependant, ses excellentes propn#&éaniques et physiques sont entravées par
la formation d'oxydes a des températures de 5D &. Il est ainsi nécessaire de protéger la
surface de ZrC avec d'autres matériaux tels queadoure de silicium (SiC). La théorie de la
fonctionnelle de la densité (DFT) combinée a uneraghe thermodynamique a été utilisé pour
étudier la structure, les propriétés et la réaétides différentes surfaces de ZrC en vue de leurs
fonctionnalisation. La stabilité des différentesfaces a faible indice de ZrC a été étudiée afin
de déterminer les surfaces exposées lors de ldidanelisation et le revétement avec le SiC.
Une étude préliminaire de la réactivité de petitedécules inorganiques telles queH O, et

H> a été effectuée. Ensuite, les propriétés desmgfdans une atmosphére oxydante ont été
modélisées pour développer des modeles pour léacegroxydées et les différents types de
couches d'oxyde exposées. Plusieurs techniquesimepéales ont été combinées avec les
études théoriques pour valider ces modeles. Latieomalisation de ZrC a ensuite en partant
des différents modéles de surfaces oxydées. Diffésemolécules organiques ont été testées
pour la fonctionnalisation. Les molécules utiliséssiquement telles que le 3-bromopropyne et
le chloro-allylediméthylsilane interagissant tresupavec la surface, nous avons proposé l'acide
3-buténoique comme molécule qui se lie trés fortemaela surface tout en montrant une trés
réactivité trés intéressante vis a vis du diphélayle qui est le précurseur de SiC (aprés une

étape de pyrolyse).

Summary

ZrC is a non-oxide ceramic applied in the nuclea aerospace industries but the excellent
mechanical and physical properties are hamperddrimation of low refractory oxides at
temperatures of 500-60C. A need exists for coating the surface with othaterials like SiC.
Density functional theory (DFT) combined with therynamic modelling was used for this
study. Stabilities of the various low index surfaoé ZrC are studied to determine the
appropriate surfaces for coating with SiC. A prétiany study of reactivity of small inorganic

molecules such as:B, O, and R is carried out. The properties of ZrC surfacesaals
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oxidation is then studied to develop proper modals understanding of the different types of
oxide layers exhibited at real oxidizing conditioBgveral experimental techniques were
combined with the theoretical studies to analygeotkide layers formed on ZrC surfaces.
Mechanical and thermodynamic models were develtpetaracterize the interface formed
between ZrC surfaces and the oxide layer. Fundimateon of ZrC was finally carried out on the
exposed facets of the oxidized ZrC. The functiaelisurfaces were first grafted with 3-bromo
propyne and allyl(chloro)dimethylsilane followed bydrosilylation in a grafting-to approach
from diphenylsilane and 1,4-diethynylbenzene monsn{these two monomers form a polymer
macromolecule). The resulting particles are finallyjected to laser pyrolysis to yield the
resulting ZrC/SiC core/shell nanocomposites. TheeaidtO as functionalizing group however
did not yield grafted polymer units and hence d fluactional group organic molecule (3-
butenoic acid) was used to yield the desired ZICi&nocomposites.
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General Introduction

-
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Transition metal carbides (TMC) are highly impottaeramic materials with a wide range of
applications. These materials are characterizetlidpy hardness, high melting point, electrical
conductivity and high strength. These excellentsptat and mechanical properties renders them
very useful in a wide range of applications. Du¢hir hardness, TMC materials can be used as
drills and other tools that need to be abrasiorstast. Nanostructured TMC materials are also
used in metallurgical, chemical and the aviatiodustries. They also find applications in the
textile industry in making thermostat textiles iglan, fiber. Majority of these materials have

oxidation resistance at high temperatures, typiclove 1400C.

Owing to the above mentioned properties, TMC'’s fapghlications in the nuclear industry where
they are employed as nuclear reactor linings. Thpplications in high temperature nuclear
applications takes advantage of their favorablentaé and mechanical properties.[1] Zirconium
Carbide (ZrC) among the TMC'’s has recently beersictamed as a structural and fission product
barrier coating material for tri-isotropic (TRIS@pated nuclear fuel used in high temperature
reactors (HTR'’s) for replacement or as an additmrthe currently used silicon carbide (SiC)
material.[2]-[4] The attractiveness for the us&df in high temperature nuclear fuel material is
due to its high melting point of more than 34 as well as its resistance to fission product
attack, low neutron absorption cross-sections agt thermal conductivity at extremely high
temperatures.[1] ZrC satisfies a lot of propertyecia for TRISO coatings. This makes it a good
candidate material for high power density HTR fuaferating at temperatures above 1870 K
which is considered as a limit for SiC used as TRt®atings.[2]-[4] Various studies on ZrC as
TRISO coatings has also shown minimal failure ratel superior fission product retention
capabilities under various irradiation conditioB$4] Starting in the late 1970s, ZrC was
demonstrated as a fuel coating for high temperagasecooled reactors (HTGR’s) with a recent
increase in interest in Japanese and US HTGR prmgja] It should be noted that, the
properties of the TMC composites depends stronglythe composition and microstructural

homogeneity of the material.

Unlike SIC, ZrC is prone to oxidation at relativelgw temperatures. ZrC is known to be
susceptible to rapid oxidation depending on tentpesa porosity, partial pressure of oxidative

and reductive species from the reaction, carboteowrand impurities.[6]-[8] Oxidation of ZrC
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does not occur at room temperature but takes péak leads to spallation at elevated
temperatures above 870 K especially in high oxyggmial pressure environments[8], [9]. This
spallation is due to the formation of weakly prote low refractory oxides.[10] The oxidation
initiates at temperatures close to 550 K at low gexy partial pressures (1-50 kPa)[11].
Significant oxidation has been observed above 976]KFormation of this oxide layer causes
serious deterioration to the excellent physical amethanical properties of ZrC. In order to
overcome this, it is necessary to consider itaadie with a compound that forms a protective
oxide layer in an oxidizing environment. No methafdcontrol of oxidation against systems of
ZrC has been described. SiC however meets thisresgent. SiC forms a protective layer of
silica at temperatures above 1400. It is also possible to consider the associatbrthe
oxidation products of SIiC and ZrC, i.e. formatioh &rSiO412]. With this approach, a
composite material can be formed with SiC formingratective shell around ZrC against
oxidation while maintaining the excellent physicahd mechanical properties of ZrC for

applications in the nuclear industry.

For taking advantage of the oxidation protectionSo€, it has been proposed to use a pre-
ceramic polymer for the SiC. Currently, SiC cerasrderived from polymers are known for their
outstanding properties at high temperatures[13}].[The conventional method for producing
ZrC/SiC composites is to use conventional powd@rSiG@ and Zr which are mixed and then
sintered. However, a problem with this method arisem the step of homogenization of the
powder mixture and hence the pre-ceramic precumde can be exploited [15], [16]. A recent
preparation of ZrC/SiC composite has been achidyethe Laboratoire Science des Procédés
Céramiques et de Traitements de Surface (SPCT&)nioges through coating of the pre-
ceramic polymer SiC on the ZrC particles. This gthds showed the interaction between the
vinyl groups of polycarbosilane (PCS) and metatitconium in ZrC[17]. Thus the affinity of
the vinyl groups on the ZrC surface has been etquofor the synthesis of polyvinylsilanes
which allows improved microstructural homogeneifyttte resulting composites[17]. However,
the nature of the grafting of the polymer precuisio®iC on ZrC has not yet been addressed. As
such, it is necessary to study the grafting of onigar covalent polymers onto the inorganic
surface and follow the mechanisms of transformatibthe ceramic material during pyrolysis.
Additionally, strategies to promote strong intei@ctbetween the ceramic particles and the
polymeric coating has to be developed.
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In order to develop specific reactivity of the suoé organic precursors, a prior step of
modification of the inorganic ZrC particle surfaie needed. For ZrC the available surface
modification in the literature is oxidation[18]. eious works have studied the adsorption of
H>O and methanol on single crystal oxygen modifie@,4varticularly on the surfaces (100) or
(111) and XPS revealed formation of OH groups[]2])]. Candidate molecules that can

generate functionalization of the surface includ®H\NHz and the radicals of azo initiators[21].

It is clear that no attempts have been made toigeogontrol for the oxidation of ZrC nano

particles in order to take advantage of its exoellaechanical and physical properties. In this
context, there is the justification for carryingtosuch project. In this project, we aim at
developing methods of control for ZrC oxidation.r@pproach is to coat the surface of ZrC with
another ceramic material, SIC which forms a proteclayer at the temperatures at which ZrC
easily oxidizes. The method we wish to develop leffest to study the surface properties and
stabilities of the ZrC and then subsequently funwlize the surfaces with a modifying group
that can be used for further grafting. A polymeeqursor is then grafted onto the functional
groups available from the molecules used in modifythe ZrC surface. In this respect, we
intend to make use of modifying agents that satsfgh requirements. The organic polymer
precursor used contains Si that can be utilizefibiming the protective layer on the ZrC. In a

final step, laser pyrolysis will be used to contbed polymer into SiC with residual carbon.

This project is therefore a bi-directional projeshich combines both experiments with
theoretical studies for guidance and validationsr @art is to model the surface properties of
ZrC, surface stabilities, surface reactions, s@famdification, grafting of polymer precursors

and interface between ZrC and SiC.

Chapter | is dedicated to a presentation on theeotitheoretical and experimental data on ZrC.
A presentation on the current application areaZr@f will be made. This review chapter will
also present data on all current and availableiesuoh the solid and bulk properties of ZrC. A
part of this chapter will include the up to dateiesv on the oxidation process of ZrC which
leads to the formation of oxide layers on the sigféA survey of the available data on reduction
of ZrC will be presented in addition to the currentilable data on the surface modification of
ZrC nano particles with ¥0 and other functional groups. In another partedew of ZrQ

formed on ZrC surfaces will be presented. A sectinrthe grafting of polymeric precursors on
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ceramic surfaces and the current state of theoates in achieving ceramic coatings on other

ceramics through the organic precursors will begiv

Chapter Il presents the theories and methodology t@ this project. An account on the theory
of many-body physics is given. In another sectldartree-Fock theory is presented followed by
post Hartree-Fock treatments. Density functionabtly (DFT) is also presented in this chapter
as well as ab-initio molecular dynamics method atmhmistic thermodynamic treatments are

discussed.

Chapter Il will provide details analysis on thellband defect properties of ZrC. This chapter
includes a section on obtaining accurate bulk patara such as lattice parameter and bulk
modulus as well as the elastic constants of ZrC.imsight into the formation and stability of

point defects in ZrC will also be presented.

In chapter IV presents all studies done on theaseriZrC including stability of all low index
surfaces, adsorption and reactivity of small mdieswn the surfaces. This chapter is divided
into three parts comprising three separate fullylighed articles. This first part gives a complete
account on the oxidation of all the low index ofCZis presented. This account is entailed in a
fully published article entitledOxidation and Equilibrium Morphology of Zirconiumafbide
Low Index Surfaces Using DFT and Atomistic Thermadyic Modeling and is published id.
Phys. Chem. C2016, 120, 8759-8771(DOI: 10.1021/acs.jpcc.6b01L460

The second part of chapter IV presents the re&gtfismall molecules such as,> and HO

on ZrC(100) surface. This part is presented adlya published article as it contains all data on
methodology, results, discussions and conclusidhs article is published entitledP®€riodic
DFT and Atomistic Thermodynamic Modeling of Redgtiof Hy, O, and HO Molecules on
Bare and Oxygen Modified ZrC (100) Surfacem J. Phys. Chem. C, 2014, 118,
12952-12961(DOI: 10.1021/jp503208n).

The last part of chapter IV presents hydration agdilibrium morphology of ZrC(111) and
ZrC(110) surfaces. This section consists of a fybyblished article entitled Stability,
equilibrium morphology and hydration of ZrC(111)dafl10) surfaces with #: a combined
periodic DFT and atomistic thermodynamic studyhe article is published ihys. Chem.
Chem. Phys 2015, 17, 21401(DOI: 10.1039/c5cp03031e)
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Chapter V is dedicated to all interfacial studiesl é is divided into two parts. The first part
provides studies on the interface between ZrC(ad@)c-ZrO2(100). This part is made up of a
full article which is under review. The article entitled ‘Structure and Energetics of
ZrC(100)||c-ZrQ(001) interface: A Combination of Experiments, f@nlemperature Molecular
Dynamics, Periodic DFT and Atomistic ThermodynarModeling. The article is to be
published in American Chemical Society, theurnal of Applied materials and interfaces
The article includes experimental analysis of @edi ZrC nanoparticles using X-ray
Photoemission Spectroscopy (XPS), Time of FlightadBdary lon Mass Spectrometry (ToF-
SIMS), Transmission Electron Microscopy Electrorffiaction (TEM-ED) for characterizing
the oxide layer ontop of ZrC particles. A finitartperature molecular dynamics simulation was
also used to gain more insight on the build-up rofoaide layer on the ZrC surface and DFT
analysis combined with atomistic thermodynamicsharacterize the Zr€{frO: interface.

The second part of chapter V provides studies @n dimaracterization of ZrC(111) ard

ZrO>(111) interface. The section is made up a fullcltivhich is under review. The article is
entitted ‘Characterizing the ZrC(111)//c-Z¥111) Hetero-ceramic Inter-face: A First
Principles DFT and Atomistic Thermodynamic Modé€lingnd is to be published in American

Chemical Society, th@ournal of Applied materials and interfaces.

In chapter VI, the final part of this project isepented. In this chapter, studies on the
functionalization of ZrC//Zr@ surfaces with organic molecules and subsequeritirgyaof
polymeric precursors on the functionalized surfaldeis chapter is presented as a full article

which is under review for publication.

In the last chapter, a general conclusion whicksliall parts of the project together is presented.
This conclusion part starts with the general propgrof ZrC through the studies on stabilities
and functionalization of the surfaces to the gnaftof polymeric precursors on the surface and

final perspectives.
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1. Introduction

ZrC is a non-oxide ultra-high temperature cerardielTC) with a high melting point of ~ 3400
°C. With its excellent physical and mechanical props, it is usually used in areas such as
cutting tools, nano-structured composite part ogati and can be used in harsh environmental
conditions such as extreme temperature with agmits such as the aerospace industry and
nuclear fuel reactors. Its application is howewited due to the problem of the oxidation of the
nano-particles at low temperatures in the regidrd00 °C to 600°C[1]-[3]. This subsequently
leads to spallation of the nano crystallites duthtolow refractory oxides formed on the surface

of ZrC particles.

Moreover, according to the literature, no attensgbeing made to control this oxidation process
and maintain the excellent physical and mechampicgderties which makes ZrC advantageous in
different applications. In this respect, this pobjaims at providing a solution for the control of

oxidation of ZrC particles in order to make it uddbr its intended purposes.

In order to proceed with developing methods fortamrof oxidation of ZrC surfaces, a thorough
survey of the literature on ZrC systems has to BdenThis survey is intended to shed light on
what has actually been done on ZrC, the methodedogsed, the challenges encountered, the
synthesis processes used, how certain challengdsygrassed or solved and what has not been
achieved so far. Such an analysis will provide gna and direction for this research work. It
will provide indications on which areas to focusddamhere to depend on results from works
conducted by others. This survey is intended tasexhaustive as possible so as to have a fair

idea and knowledge on the system.

The literature survey is divided into many partsf@kws: a section is devoted to the general
class of transition metal carbide (TMC) ceramidseirt properties, their applications and

challenges faced in their synthesis and usage. & i€ a member of the TMC group of

ceramics, a separation section is carved out adddgated to ZrC. This presents ZrC, the areas
of application, the various synthetic methods amates and the challenges in their synthesis.
Another section is devoted to the crystal structfr@rC, various bulk properties that has been
addressed in the literature as well as studiesasiows compositions of ZrC phases and defect

studies. In the next section, a literature accasirgiven on the various low index surfaces of

17
© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Eric Osei-Agyemang, Lille 1, 2016

ZrC. This section comprises studies on the stasliof the various surfaces, their compositions
and their properties in different environmental ditions. The last part of this section presents a
survey on the reactivity of various small molecutes the low index surfaces of ZrC. The
reactivity involves molecules like 210,, H2O, their adsorption properties, their reactivitydan
mechanisms and their structure. In the subsequedies, account is given on the various
interfaces formed between ZrC and other oxide Eyeat form ontop of ZrC surfaces such as
ZrOz. Another section presents studies on the fundiiatéon of ZrC surfaces, reactivity with
organic molecules and the grafting of polymericcprsors on functionalized ZrC surface. A
final account is given on the interaction and prtps of siC with ZrC surfaces. The chapter is

concluded with a general conclusion on the liteasurvey.

2. Transition Metal Carbides (TMC)

Transition metal carbides constitute a diverse sclas materials with various technological
applications. They have extensively been used ipliggiions at extreme conditions of
temperature and pressure owing to their great gtineand durability. Such applications include
drill bits and rocket nozzles as well as nucleal fteactor wall linens. They also exhibit an
extreme hardness that make them usefu in applicaioch as cutting tools, show tires and shoe
spikes[4]. Their hardness is also maintained ay Wggh temperatures. They are also applied in
ferrous alloys as the components responsible frtakighness of steel. The TMC’s also have
applications in other areas such optical coatirfjggctrical contacts[6], diffusion barriers[7]

and several other uses.

These applications are feasible as these matér@ais extremely high melting points. They are
sometimes referred to collectively as “refractoaylides”. They have low chemical reactivity
and are attacked only by concentrated acids arelihabe presence of oxidizing agents at room
temperature. They also maintain good corrosiorstasce at high temperatures. They have good
thermal shock resistance and good thermal condtyctivhis permits heat to be drawn away
from the surface when they are used as tools. ¥ample, tungsten carbide (WC) is the most
commonly used for fabrication as “cemented carbitbesl for cutting steel. In this tool, the

carbide is normally bonded in a metal matrix sugle@balt. TiC, TaC and NbC are often used in
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conjunction with WC because TiC locally forms adagf TiO[8] or TiQ[9] which protects the
tool from wear while TaC and NbC raise the meltiagpperature and oxidation resistance of the

tool.

For high temperature applications, the carbidesuaesl as pure material-sintered parts or in a
Co/Mo/W carbide sintered composite. They outperfone standard alloys and superalloys in
applications as rocket nozzles and jet engine pahisre erosion resistance at temperatures
above 2500C is crucial. For example, TiGand VG in particular maintain high strengths up
to 1800°C and therefore can be used as high temperatwetigial materials, provided that
internal and surface flaws such as stress cracksespntroduced during fabrication and sintering
are removed. Such defects lead to a high room-teathpe brittleness. Plastic flow relieves
internal stresses caused by defects and leadslticae brittleness at high temperatures. Plastic

deformation occurs particularly via a mechanisrdisfocation glide along {111} planes.

In addition to their technological uses, certainbades have been examined for their catalytic
properties in a number of reactions in additiontheir being potential supports for more
traditional catalytic materials (Ni, Pt, Rh, etdye to their high heat stability. Tungsten has been
observed to be active as a catalyst and showedtiséle toward xylene formation during the
isomerization and hydrogenolysis of 1,1,3-trimetlyglopentane[10]. However, bare transition
metals do not behave this way. This behavior wagdagxed by invoking the formation of
tungsten carbide on the surface of the metal; WGingilar to platinum in selectivity for
neopentane isomerization as well[11]. /@chas been found to behave similarly to Ru in CO-H
reactions[12]. Carbides of the group IV-VI metalav@ been studied for their activity in
oxidation, hydrogenation/dehydrogenation, isoméiora hydrogenolysis, and CO-H2 reactions,
and in many cases have been found to rival theopeence of the less economic group VIII
metals. Even though the refractory carbides doshoiv high activity for oxidation reactions,
they are as active as the transition metals them@sdbr hydrogenations and dehydrogenation
reactions. In isomerization reactions, WC, Pt, dndar unique in their high activity and
selectivity[13].
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2.1 Structures of Transition Metal Carbides

Most transition metal monocarbides form in 8t (NaCl) structurefcc with carbon occupying
the octahedral interstitial sites. Generally, thertest metal-metal (M-M) distance is about 30%
greater in thd81 carbide than in the pure metal for the group Md & carbides but this drops to
less than 10% greater for the group VI or VIII adds[14]. At 100% site occupancy, the
stoichiometry of the carbide is however Mfalthough this situation is not mostly realized. The
resulting concentration ordering of the vacancresnfthe nonstoichiometric M-C ratio have a
profound effect on thermodynamic, mechanical, ebgit and magnetic properties of the metal
carbides. Due to the difficulties inherent in syedizing the pure compounds and measurement
of the exact details of the crystal structure, e¢hekists a matter of debate in the literature
concerning the details of these effects. The metdbides also share some characteristics with
the metals themselves, having a plastic deformditterthe fcc metals, which while lowering the
high-temperature hardness also protects partscibd from the carbide from catastrophic

failure in response to stresses.

Most group IV-V TMC'’s obey the Hagg’s rules used foediction of structures of the transition
metal borides, carbides, halides and nitrides[IBg radius of the non-metal atom)(to that of
the metal atom {) determines the structure adopted by the TMC's. (form) < 0.59, the
common structures adopted are the simfdle A2, A3 and hexagonal lattices. More complex
structures are however formed at ratios > 0.59rdeto avoid expansion of the lattice. The
monocarbides take an fcc metal lattice with cardimms at the octahedral interstitial sites, while
random occupation of half of then®Gites in MC or MsC leads to th&3' (anti-NiAs) structure,
and carbon occupation of the trigonal prismatiessin thehcplattice formed by the tungsten
atoms leads to the CGddtructure[8]. Non-H&gg structures are known amtvegcarbides as well,

a major example being £&3s. A feature which is well known for TMC'’s is thahe lattice
adopted by the metal in the carbide is always wdhffe from that of the parent metal itself. For
example, if the parent metal has fan lattice, it occupies a non-cubic lattice in theuglater
carbide formed. The Engel-Brewer theory[16], [1T]moetals has been used to explain this
phenomenon. In this theory, the structure adopyea imetal or alloy depends on thg electron
count[14]. Across the transition series, with iragi@gs-p electron count, the metal structure
progresses frorbccto hcpto fcc. Moreover, the Group IV and V metal carbides fomtheB1
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structure rather than a hexagonal form becausentuoenpletely filled bands of the host metals
can accommodate a high ratio of sp-electron-ricbaato metal. In Group VI the stoichiometry
M2C occurs often, while Groups VII and VIII, when yhierm carbides at all, take on metal-rich
stoichiometries MC and MC, consistent with an attempt to avoid filling &amding levels in
the metal bands[18].

Concerning bonding in TMC'’s, investigations[19]0[%has shown that, the bonding is typically
interactions of carbons2and 2 orbitals with metal d orbitals. Thes2rbitals are however
localized at low energies so that the main intévads between theorbitals and the d orbitals

of the metal (gand t4 character) as shown in figure I.1.

CoOC<aOaO>SMO COSC<O M

M 2p'eg 2p*1'2.g

Figure 1.1. Electronic Structure of transition metarbides. Figure is adopted from reference[4]

Interest has long been developed in comparing lgrenic structure of carbides to those of
metals ever since WC was observed to have catgiytiperties similar to Pt[11]. An area of
controversy in the bonding of carbides is howevertlte direction of electron transfer. It was
mentioned earlier that concerning properties likecsure and composition, the carbon atoms
appear to increase the densityspfelectrons in the compounds. This phenomenon ipstgd

by studies of the chemical and catalytic reactjt4y. Moreover, measurements by X-ray
photoemission (XPS)[21] and near-edge X-ray absmrdine-structure (NEXAFS) has shown
that negative charge is concentrated around caanohthis result has been corroborated by

augmented plane-wave (APW) calculations[20].
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2.2 Synthesis and Characteristics of Transition Metal Carbides

The more common methods for preparing TMC’s invsldeect reaction of the metal or metal
hydride powders with carbon. It is however diffictd achieve pure materials with homogenous
compositions. However, other methods are availalite. methods include routes that generally
utilize high temperatures and therefore produce sawace area materials. Other methods lead
to the production of powders, particles and sumubrforms and are generally moderate
temperature methods that produce high surface iuaarials. The final group of methods

discussed lead to the production of films and cggsti

2.2.1 Production of Low Surface Area Materials

For the low surface area materials methods, someepses involvdirect reaction of metals and
elemental carbonThis is done by contacting metallic powers anlidscarbon in a protective
atmosphere (H2 or vacuum) and sometimes in theepces of gaseous hydrocarbons, at
temperatures between 1500 and 2300K[4]. Factoestaify the reactions are pressure, time and
division of the metal. Some procedures also invtiheereaction of metal oxide in powders in the
presence of solid carbon. A mixture of metal oqidevder with carbon is heated again with the
pure metal at temperatures between 1500 and 2300K av without the presence of a
hydrocarbon gas. These reactions are thermodynbynstable[4]. Another procedure is termed
the self-propagating methodlhis method involves solid combustion synthe&gf24]. The
technique takes advantage of the exceptionally thghmodynamic stabilities of carbides. The
preparation involves the reaction of a metal arsé@nd component which may be a reactive
gas in a self-sustaining manner, driven by the heetmticity of dissolution of carbon in the
metals. In another procedure, single crystals aepgred. They are prepared by the Vernouil
technique, the floating zone technique, and thehaus involving precipitation from liquid

metals|[8].
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2.2.2 Production of Powders, Particles and Supported forms

This part also involves several routes and pro@sifor obtaining the desired products. The first
procedure involves theeactions of metals or metal compounds with gassph@agentsOne
such direct method of preparing carbides is theti@a of a metal or metal compound with a
carbon-containing gas. Another procedure involressdiecomposition of metal halide vapors
The carbides are prepared from volatile metal atidsr or oxychlorides by reacting them with
gaseous hydrocarbons in the vicinity of a localibeat source at 1400-2900 K in the method
known as the Van Arkel process. The reaction ioavenient method for producing small
amounts of pure carbides. It is a thermodynamicsti@ible reaction[4]. In another procedure,
there is the use afecomposition of metal compound&rious compounds can decompose to
produce carbides. For example, the reaction of bu@gum and tungsten carbonyls with
hydrogen can be used to make #aand WC[25], [26]. The reactions can be carrietliouhe
gas phase if the compounds are volatile or in thlel state otherwise. In theemperature-
programmed methogd¢he preparation consists of treating a precurearpound in a reactive gas
stream while raising the temperature in a uniforranmer. The precursor can be an oxide,
sulfide, nitride or other compound while the reaetgas can be a mixture of hydrocarbon like
methane and hydrogen for carbides. By monitoringnges in the exit gas phase composition,
the end of the reaction can be ascertained andrdarict quenched. Also there is a method that
utilizes high surface area support3he use of supports offers the advantage of hetiage of
the active component and higher control of surfacea and pore size distribution. Highly
dispersed carbide phases may be prepared by dapoaitprecursor on a high surface area
support and carburizing it[27]. An approach exigtat useseaction between a metal oxide
vapor and solid carbanThis method is used in the preparation of uligithsurface area
carbides[28]-[30] and involves the reaction of @gotiarbon with vaporized metal oxide
precursors like Mo®@or WQ,. This synthesis approach uses high specific serdaea activated
carbons and the final product appears to retameaariory’ of the porous structure of the starting
material. The carbon acts as a skeleton aroundwth& carbides are formed and the method can
be used to prepare catalytically active sampleb witrface areas between 100 and 46¢'mA

last procedure is thigguid-phase methodsThis method has been used to synthesizeQvemd

W-C via a chemical reduction method[31]. It is dogerbxing tetrahydrofuran (thf) suspensions
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of the metal chlorides, Mo@thf),, MoCl(thf)s and WCh at 263K with lithium
triethylborohydride, LIBEt3H to generate black oidlal powers (1.-2 um diameter) composed

of smaller 2 nm sized particles.

2.2.3 Production of Films and Coatings

The various methods which are used for producihgsfiand coatings includéhe plasma
methods The plasmas are discharges in a low-pressuremasonment (0.01-0.02 Pa) that can
be used for the direct synthesis of fine powdertherdeposition of coatings[32], [33]. In thermal
plasmas, electrons and gas molecules are at cobiparemperatures which are typically
thousands of degrees[34]. Solid reagents are agmimiz this environment when they are used.
Plasma processing is carried out in large-scalestl deposition of protective coatings on
metal pieces such as camshafts, springs and d@bgrgB6]. The chemical vapor deposition
(CVD) method is also a well-known procedure for imgkthin films. It is also sometimes used
to prepare supported particles[37], [38]. The filane formed by the chemical reaction of a gas
phase species with the heated surface of a suhstifa¢ CVD coatings are normally applied in
the tooling, aerospace industries among others|®3pther method for preparing films that is
distinguishable from the CVD is called tihysical vapor depositiomnd it differs by the
absence of surface chemical reactions that releges®ds or other byproducts extraneous to the
composition of the films. It may be viewed as tloaadensation of oligomeric units of the same
composition as the film on the surface. The lasthoe to be described in this section is the
electrochemical reduction method. It involves theciolysis of molten salts. Metal oxides are
dissolved at 970 K in carbonate melts containirkplalmetal fluoride and BDs and upon
electrolysis, it yields millimeter sized crystadit on the walls of a graphite crucible which acted
as the cathode[40], [41]

3. Zirconium Carbide
As a general description has been made for the BM&’quick transition can be made for

Zirconium Carbide (ZrC) which is of interest ingtproject. ZrC is a group IV TMC and is used
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for most of the applications listed for the TMCHowever, the main area of application is in
nuclear fuel reactor wall linens and also in cgitinols, aerospace and steel industries. In this
discussion, the various methods of preparationhf material is considered with details for
some synthesis procedures. A closer look is takea the bulk properties, structural and
mechanical properties that has been studied ititénature. A look at the properties of defects in
the solid is also given. A survey is carried on ithaction of various molecules such as HO

and Q with the ZrC low index surfaces.

3.1 Synthesis of ZrC

Several techniques amongst those discussed imse&tare utilized in synthesizing ZrC. Several
groups have synthesized ZrC from solid phase @atising solution based precursors and also
through vapor phase reaction methods such as CYP{3]. The various fabrication techniques
normally lead to samples with varying charactessstiSome of these characteristics include
microstructure, chemical composition and impuritypeges as well as impurity
concentrations[43]. However, certain charactesstice very important when synthesizing ZrC
with various techniques. These characteristicsigelcarbon-to-zirconium ratio which gives the
product stoichiometry, porosity, pore size, poretribution, pore morphology, chemical
impurities, presence of secondary phases includyngin boundary phases, grain size,

morphology, orientation, texture and other formslefiects[43].

In the solid phase fabrication techniques, the numshmon approach usually involves the
reduction of zirconia (Zre) with carbon. The carbothermal reduction of Zt® produce ZrC is

shown in a schematic representation in figure 1.2.
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Figure 1.2. Schematic representation on the prooesarbothermal reduction in producing ZrC.

Figure is adopted from reference[44]

The process however requires long time (16-24 Wd)kagh temperatures of 2073-2873 K[45]—
[47]. Repeated heating cycles is normally requii@dobtaining pure ZrC via this route. The
main problem with this method is the presence ebalved oxygen and also the inability to
effectively remove the oxygen impurity at temperesubelow around 2023 K. This subsequently
results in the formation of intermediate oxycarbigkich makes further processing difficult.
[46], [47]. The degree of mixing at the microscake well as the specific surface and surface
chemistry or the reactants powders also affectsdldgree of carbonization as the process is a
solid state reaction with powders. The reaction aéjuires a strictly controlled environment in
order to ensure purity of the final product. Thaateon involves the release of carbon monoxide

(CO) gas[43]. This process is however endothermic:

Zr0, + 3C - ZrC + 2CO (1.1)
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ZrC,0, + (1 —x+y)C - ZrC + yCO (1.2)

The ZrC powder which is obtained is normally sutgddo extra high temperature, long duration
heat treatment cycles to obtain samples of requdedsities, grain sizes and shapes[43].
Equation 1.1 suggests the possibility of a simpknipulation of the carbon content but in
reality, the formation of intermediate oxycarbideapes is expected to pose a formidable

challenge[48].

In order to by-pass these problems, an alterngteoaph involves production of ZrC by direct
combination of pure zirconium or zirconium hydri@wder with carbon[48]-[50]. This reaction

is known as a self-heating synthesis or combudgnhesis reaction[50]. The reactant mixture
is initially pressed to form a green body and iathd to an ignition temperature after which the
heat released by the reaction is sufficient toansind drive it to completion. This reaction is an
exothermic reaction compared to the CO diffusiopeshelent carbothermic reaction and hence a
quick process. The purity of the product obtainegeshds on the purity of the reactants used and

the reaction environment. The reaction can be sumathas:

Zr+C - ZrC (1.3)

ZrH, + C - ZrC + H, (1.4)

As the product can reach very high temperaturesrethis limited sintering during the
combination reaction but this can be alleviatecphyviding adequate external pressure to keep
the energetic product particles together during réection[51]. The main advantage of this
method is the ability to produce relatively pur€€Zand the reduced reaction time scales. There
is serious handling problem based on the combinagaction being highly exothermic and the
size of the zirconium reactant being highly pyrophi@nd susceptible to oxidation at room
temperatures on the microscale. Control of the tepaaduct stoichiometry in this method is

challenging.
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A different method such which is a solution basggraach has also often been used to
synthesize ZrC[52]—[54]. This method has to beeedus produce ZrC by reaction of organic
compounds containing zirconium and carbon soluti@@me common solutions used include
zirconium-n-propoxide, zirconium 2,4-pentanedion@®BT) and zirconium n-butoxide. The use
of Zr and C precursor solutions facilitates incezhmixing on a molecular scale resulting in an
efficient diffusion reaction. Extensive drying ised to separate the final product and heat
treatment is used to initiate the carbothermictteacThe method involves extra steps of drying
(~ 24 h) prior to the carbothermic reaction butnitreases the mixing of the products at the
molecular level[52]. The solution based mixing neettsuffers from the disadvantage of residual
oxygen impurity but the production of ZrC with varg stoichiometry can be achieved by

varying the proportion of the reactant precursors.

The last method which is often used is the vapaspHabrication method. This method has been
the most commonly method applied for coating nudieels in which impurities must be limited

in the final product as well as low porosity mustdrhieved. The coating has to be deposited by
vapor deposition methods such as CVD, evaporatigrhgsical sputtering as the melting point
of ZrC exceeds 3500 K[43]. Another process knowfladized bed process provides pure and
homogenous coatings on surfaces of spherical pEgtand typically employed when a dense,
uniform and isotropic coating onto spherical kesnslrequired[43]. In a conceptual manner, this
coating method involves conversion of Zr metal imb@onium halide by passing a halide gas
over heated zirconium metal sponge. The zirconiwhdé is then reacted with a gaseous
hydrocarbon compound such as methane. A gaseouswhi€th condenses onto a suitable
substrate is then formed. Some groups have achitnegdynthesis route using Zu{85], [56],
Zrl4[56], [57] while others have used ZuB8], [59] as the gaseous ZrC precursors. These
reactions are normally carried out at 1573-1773H the processes can be summarized with the

equation:

Zrx, + xCH, +2(1 — x)H, » ZrC, + 4HX (X =CLI1,Br,x <1) (1.5)

The use of zirconium halides has been reportechtses extreme difficulties in controlling the
rate of vapor supply. In a modified version Ogawalg59] developed a spouted bed process

supplying liquid bromine to form an initial souro€Br> gas that reacts with metal Zr to produce
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ZrBrs. This bromide process was observed to successprltyide high purity and near-
stoichiometric ZrC coatings[43]. Various studiesvdandicated that variation of the flow of
methane and hydrogen, the C/Zr compositional ratithe coating can be controlled and this
method is known to produce high purity ZrC as coragdo solid and solution based fabrication
processes. Reasonable densities of the deposi@&dar be achieved by further heat-treatment.

The stoichiometry of ZrC can be controlled by vagythe mixture of the hydrocarbon gas.

3.2 Structure, Bulk Properties and Defects of ZrC

ZrC forms in a cubic system in the Na®l{ structure. It belongs to the space gréyjp Fm3m
and has a closed packed fcc lattice structure.cCHneon atoms occupy octahedral sites which
leads to the formation of a monocarbide which s thost stable structure of ZrC. The ZrC
structure consists of a mixture of different borldsic bonds, metallic Zr-Zr bonds and covalent
C-Zr bonds are all present[60]. Among all the bopdssent, the C-Zr bond is much stronger
than the Zr-Zr bonds. It has been observed thapitée the considerable amount of charge
transfer (~ 0.42 fpair) from Zr to C atom[61], the contribution dfet covalent bonding is
predominant and hence the material is consider&t povalent[62]. The Zr-C bond energy has
been estimated to be 5.812 eV[42] and is slighijhér than what is found in SiC, with Si-C
bond energy being 4.677 eV. In terms of the eledtratructure, ZrC is observed to have a
characteristic bonding-antibonding structure withseudo-gap around the Fermi level[60]. The
C —s states and Zr —p states are situated at the saergy (about 9 eV below the Fermi level
and they are well separated (about 7 eV) from thadimg Zr 5d and C 2p states). Above the
Fermi level, the states are derived from Zr-d (hyoby Zr tg-derived states ) and C-p anti-
bonding orbitals [60].

3.2.1 Lattice Parameter and Bulk Properties of ZrC

Due to the fact that carbon vacancy formation eesrgre low[43], most of the TMC'’s exist

over a wide range of stoichiometry. These vacarmiesaused by the removal of carbon atoms
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from the sub-lattice. The lattice parameter of Zn@s been observed to depend on the

composition as shown in figure 1.3[42].
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Figure 1.3. Variation of ZrC lattice parameter wi@/Zr ratio. The figure is adopted from

reference [42]

The lattice parameter increases with increasing @iffo and a maximum value of ~4.702 A is

reached when C/Zr ratio is ~0.83 and after whichl#tiice parameter decreases[63]. Reports
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show that the lattice parameter is ~4.698 A whenstb&hiometry is ZrGes-1.0but the lattice
parameter of carbon-rich ZrC shows no dependendbeo@/Zr ratio[64], [65]. The attribution is
that, when the C/Zr ratio exceeds 0.98, there & phecipitation of excess carbon. Also
suggestions have been made that, the presencalefegtable oxygen and other impurities can
result in the reduction of the lattice parametef[48&n equation has been developed to

theoretically calculate the lattice parameter fexfect lattices and is given by:

- ()"

M is the molecular weight, d is the mass density,idN\the Avogadro’s number and the value 4
denotes 4 units of ZrC in the unit cell. This edpratpredicts a maximum lattice parameter for
ZrC at a C/Zr ratio of ~0.82 which agrees with expental values but it fails to predict the
lattice parameter for C/Zr ratio > 1.0 where carl®mpresent in a secondary phase precipitate

along with near-stoichiometric ZrC[43].

Several other estimations of the lattice paramigteluding both experimental and theoretical
calculations have been given in the literatureaitnX-ray diffraction (XRD) experiment, the
authors estimated the lattice parameter to4l68764 + 00005 A.[66]. In other experimental

determinations, the lattice parameter is given.@® A[8] while a theoretical calculation based
on density functional theory (DFT) calculated thttite parameter of ZrC to be 4.731 A[62]. All

these values are in agreement with equation 1.6

The variable lattice parameter and compositiondy#&lvide range of reported mass density. The
density of ZrC has been observed to increase whke tomposition approaching
stoichiometry[63]. However, carbon-rich ZrC withoess carbon (i.e. C/Zr > 1.0) shows lower
density than near-stoichiometric ZrC[58]. The dgng& maximized near stoichiometry, which
yields ~6.61 g/cm3 for ZrG d43].
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3.2.2 Mechanical Properties of ZrC

The mechanical properties that are considered dechnost of the elastic constants of the ZrC
material. These elastic constants can be usedaacterize various deformation, hardness and

brittleness of the ZrC material.

A first look is taken at the Young’s modulus. Varsoaccounts have been given on the Young'’s
modulus of ZrC. These reports include those fromr&rd67], Brown and Kempter[68], Chang
and Graham[69] and Baranov[70]. Chang and Grahagd tise sonic resonance method with
ZrC single crystal fabricated using the float zomethod and C/Zr ratio from 0.89 to 0.94. Their
estimated Young’s modulug, value was 406 GPa[69]. Brown and Kempter also tisedonic
resonance method in determining thef 386.6 GPa[68] but they used C/Zr ratio of 0.264
the ZrC was prepared from hot press with 3% poyo$itarren used the Hertizan indentation
technique with a C/Zr ratio of 0.95 using hot peesZrC with 8% porosity and calculat&das
400 GPa[67]. Baranov et.al used the sonic velogigthod to calculate ag value of ~390
GPa[70] with C/Zr ratio of 0.96 and cold pressed Zyowder sintered at 2600 K for 2h in
Argon. In estimating the Young’s modulus, Chang @rdham used the elastic coefficients C
=472 GPa, @ =98.7 GPa and 4= 159.3 GPa[69]. Brown and Kempter also used coefits
C11=423 GPa, ©=40.8 GPa and4= 146.4 GPa[68]. It is apparent that the differaethods
used in preparing ZrC by the yielded different etasoefficients as a result of the varying C/Zr
ratio. Only limited amount of data is found on tfieung’s modulus of sub-stoichiometric and
carbon-rich ZrC. Chang and Graham has reportedasiyall variation (about 1%) in the elastic
constants between Zges and Zr@ sd69]. Leipold and Nielsen[71] has also reportedaéug of
358 GPa for hot pressed Zr&:i-0.sswith a free carbon content of 1.6-2.03% and aealfi353
GPa for the same hot pressed sample after anneatli@@70 K to reduce the amount of free
carbon measured by dynamic techniques. Other grioays used theoretical studies to calculate
the Young’'s modulus for ZrC. In reference [72], thghors used DFT to calculate the Young’s
modulus of ZrC as 408 GPa while in reference [E3js calculated as 435 GPa using DFT as

well.

The Poisson’s ratioy has also been calculated by several groups. GramahChang[69] used
the same method as for the Young’s modulus to keu of 0.187, Brown and Kempter[68]
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determineds as 0.191, Warren[67] determinecs 0.20 and Baranov et.al estimatedi@} be
0.23. There is no exhaustive data on the dependaineeon temperature and C/Zr ratio[43].
However, Baranov et.al[70] has noted a marginakddpnce o¥ on the C/Zr ratio at 300K, i.e
0.21-0.23 for ZrG.77ZrCo.g6.

After obtaining the Young’s modulus and Poissomso; the shear modulus can be calculated.
Chang and Graham[69] calculated a value of 172 BRayn and Kempter[68] measured 162.3
GPa, Warren[67] measured 167 GPa and Baranov raeakure 158 GPa[70]. This can be

calculated from the equation:

1 5(C11 — C12)Cas
PR G 17
174 5 ( 11 12 + 4‘4) an R 4C44 + 3(C11 - ClZ) ( )

Gv andGr are the upper and lower bound of the shear modekjsectively. The average shear
modulus is then calculated from the upper and lol@unds. For design purposes, a room
temperature shear modulus of ~167 GPa foridi€recommended[43]. No exact correlation of
the shear modulus with temperature and C/Zr ratie heen determined due to the limited
amount of information on the correlation of tempera and C/Zr with the Young’s modulus and

Poisson’s ratio.

The hardness properties of ZrC has been studiedg usidentation hardness. Indentation
hardness is a property used to represent the mlgenesistance to local plastic deformation.
TMC'’s are generally known to be hard and is reldtethe strong hybrid ionic-covalent bonds.
The strong Zr-C bonds tend to prevent plastic aeé&dion, resulting in brittle failure in response
to an applied load[43]. ZrC has anisotropy in hastnand strength[74]. Deformation in ZrC
normally occurs on the preferred {1111 > and {110k 111 > [74]. In ZrC, the high
directionality of the covalent bonds typically ibfts slip on the close-packed {111} planes and
hence the strength of those bonds results in I@locktion mobility and brittle fracture at lower
temperatures[43]. The critical resolved shear stoéshe refractory ZrC is also dependent on the
Zr/C ratio. The hardness depends on the bond stremgl density, presence of second phase and

elastic modulus. As such, there is the expectatiah presence of missing Zr-C bonds in sub-
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stoichiometric or excess carbon in a form of greg carbon-rich ZrC will alter the strength to

a large extent.

3.2.3 Point Defects of ZrC

As ZrC is widely used in nuclear applications, éhier the likelihood of atomic displacements in

radiation environments which results in the creatd various defect structures such as point
defects and defect clusters. These can lead tadagon of a material as a structural component
as well as diffusion barrier for fission produc&].7There are reports that ion irradiation of a

nearly stoichiometric ZrC results in an increaseth# lattice parameter and that irradiation

introduces high internal stress[76]. These phenameme all related to the generation of point
defects in ZrC. There is lack of comprehensive issidn the most stable defect structures of
ZrC.

ZrC is known to contain a large number of carbonangies and the properties of which are
related to the broad compositional homogeneity ref, Ziormally at 38-50 at. % C at 560[8],
[61], [77]. A very common characteristic of grolyp TMC'’s is a high vacancy concentration on

the nonmetal sublattice[8].

A few groups have studied the formation and eftéaiefects in ZrC by theoretical means. Li
et.al[61] calculated vacancy formation energiegisab initio methods. They calculated the
carbon vacancy formation energy using a 63 atonmersefl as 1.16 eV based on DFT
calculations and 1.51 eV using interatomic potdstiAnother group[78] has also used quantum
mechanical calculations to study carbon vacancmébion in ZrC. They calculated the defect
formation energies of substoichiometric ZrC stroesuranging from 10% C to 75% C and they
observed ZrC to be stable down to ggCAlso, classical molecular dynamics has been tsed
study the radiation damage of ZrC and the assatidi&fects produced[79]. The authors
observed the most of Zr interstitials form a Zrdlimbbell in the [111] direction and the C
interstitials either remain isolated or they formCaC dumbbell in the [111] direction. The
number of anti-site defects found in the study Wwawever small. Kim and Morgan[75] used ab

initio calculations to study both vacancies aneiisiitial defects. They found C vacancy has the
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lowest formation energy, indicating the ease withicolr C vacancies in ZrC are formed and this
corresponds to the C poor Zr@ith wide compositional homogeneity. They alsorfduhe next
most energetically favorable defect to be C inigatt. They examined the C and Zr interstitial
structures by calculating defect formation enerd2SE) from initial interstitial atom positions
displaced from an on-lattice atom along a high swtnyn crystallographic orientation. The
observed the most stable C interstitial to be a-C-@imer on the [101] direction, with a DFE of
3.56 eV/defect and a separation distance of 1.388 Felatively close in energy, thus DFE of
3.82 eV/defect is the C tetrahedron in the [111¢ation. These close values suggest that the C

interstitial might diffuse easily using atom junipstween these two sites[75].

4. Reactivity of H,, H,O and O, on ZrC surfaces

In this section, a survey is presented on whatbiee studied so far concerning the reduction,
oxidation and hydration of ZrC surfaces. It is resagy to study the reactivity of these molecules
with ZrC as it yields in more insights on the fuooglization of ZrC surfaces for further grafting

polymeric precursors.

4.1 Reactivity of Oxygen with ZrC

ZrC is highly susceptible to oxidation. This oxidat begins at a relatively low temperature
compared to SiC for example. Various parametersisee to characterize the oxidation of ZrC.
These parameters include temperature and oxygdralpgressures. The affinity of ZrC for
oxygen has in some cases been utilized by usingntiterial as an oxygen getter in uranium
oxide tri-isotropic (TRISO) fuels[80]. Reports onZoxidation shows that ZrC is susceptible to
rapid oxidation depending on temperature, porog#ytial pressure of oxidative and reductive
gas species, carbon content and impurities[2], [Bl]. Oxidation of ZrC results in complete
spalling at elevated temperatures (T > 870 K) aspgcin high oxygen partial pressure
environments (~130 kPa) [3], [82] even though oxalatdoes not affect ZrC at room

temperatures. In temperatures exceeding 1500 K switiicient partial pressures of oxygen, ZrC
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is known to passivate and the resulting zirconidewgoes limited but yet considerable sintering

contribution to improved structural integrity inrtan conditions[2].

According to Rama [83], the oxidation of ZrC intBa at temperatures close to 550 K in lower
oxygen partial pressure environments (1-50 kPa)lewkignificant oxidation has also been
observed only above 970 K at atmospheric presftps[he oxidation normally results in the
formation of zirconia but ZrC goes through an intediate oxycarbide phase before the zirconia
appears[84], [85]. The formation of the oxycarbisleapid and it is well expected as oxygen is
known to dissolve in ZrC[86], [87]. At high oxyggrartial pressures (~100 kPa), the reaction is
controlled by the phase boundary reaction and thigadion barrier is estimated to be ~2 eV at
723 < T <853 K [83], [85]. At temperatures beloWB8K, there is evidence in the literature[81],

[83], [84] on the presence of zirconia and fredoarin the ZrC scales.

An overall reaction for the oxidation of ZrC as suarized by Rama [83] is given as:

7rC + % (1=x)0, > ZrC,0,_, + (1 — x)C (1.8)

1
ZrC,0q_, + > (14 3x)0, = Zr0, + xCO, (1.9)

The liberated carbon appears as uniformly suspemdédasions within the zirconia layer and the
oxidized layer is reported to be amorphous ( < 2 and consisting of very small sized zirconia
particles and free carbon[88]. With the formatidnthlis layer, diffusion of oxygen assumes
control of the reaction rate as the later starigrtov[81], [83]. The activation energies measured
for this process are ~1.4 eV at 653 < T < 873 K [88}] under isothermal oxidation conditions
and ~1.2 eV at 550 < T <1300 K [83] for non-isothafmonditions. The processes seems to be
preferential zirconium oxidation since no signifitacarbon is expected to oxidize at these
temperatures which results in the production oy dinhited amounts of CeM3]. As temperature

is increased, > 870 K, cubic zirconia starts toleate from the amorphous zirconia and the
crystals start to grow. Further increase in temjpeeacauses the cubic zirconia crystals to grow

larger, ~10 nm and carbon starts to oxidize to f@@ gas[83]. As the temperature is increased
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beyond 1070 K at lower oxygen partial pressureSQ «Pa, there is the formation of tetragonal
and monoclinic zirconia[3], [89] in the oxidizedykxs and the production of G@as increases
with increased oxidation of carbon[81]. The escgp® gas leave behind voids which appear
as additional porosity in the zirconia layer. Aglmer temperatures above 1270 K, stress is
exerted by the growth of monoclinic zirconia at ¢rain boundaries and the pressure exerted by
the increased Cfgas initiates inter-crystalline fracture in theealdy porous layer[2] and it is
clear from these observations that the oxidatiolh wéve an adverse effect on the strength of
ZrC. Increasing temperatures above 1470 K caugepdlous monoclinic zirconia to sinter and
densify, acting as a barrier for further diffusiohoxygen atoms[2] to reach the ZrC substrate

and the oxidation turns passive as long as thermi@cscale remains intact[43].

Data in the literature indicates that the oxygeriglapressure affects the mode of oxidation and
the rate of the reaction with the rate increasinti the pressure at low temperatures[83]. A
mechanistic presentation of the oxidation procés&©@ assuming a constant partial pressure of

oxygen and increasing temperature is shown in didur.
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ZrC
At room temp

(m +t) ZrO, + CO,

Porous m-ZrO, +
CO,
Dense ZrO,
ZrC

 cZr04+C

(f)

Figure 1.4. Mechanism of oxidation on ZrC surfatle figure is adopted from reference [43].
(a) is ZrC at room temperature, (b) is formatiororycarbide, (c) carbon precipitation with the
formation of amorphous zirconia, (d) initiation formation of low levels of C&gas due to the
oxidation of C, (e) monoclinic and tetragonal zin@appears in addition to large (>10nm) cubic
zirconia crystals still present at the interfad@,z{rconia starts to sinter as the temperature is

increased and it creates a barrier for oxygen siiffu

Several accounts are given in the literature camnegrstudies on the adsorption and reactivity of

oxygen with the different facets of ZrC crystals.

Arya and Carter[62] had previously studied the ifitgbof the different ZrC surfaces using

surface energies and density of states calculatiimsy determined the stability of the surfaces
to be in the order (100) > (111) > (110). The (180jface being more stable than the (111)
surface was confirmed by Ozawa et.al [90] when thesged core level photo emission

spectroscopy (PES) and X-ray absorption spectrgs@¥pS) studies to the co-adsorption. O

38
© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Eric Osei-Agyemang, Lille 1, 2016

and Cs on ZrC(111) surface. The authors conclulagthe ZrC(111) surface is terminated with
Zr layer. They also observed the (111) surfaceetanore reactive towards gas adsorption than
the (100) surface.

Ozawa et.al. [91] used ultraviolet photoemissioacsmscopy (UPS) to study the adsorption of
oxygen on clean and potassium modified ZrC(111faser Oxygen is observed to adsorb
dissociatively to form E(\/§X\/§)R3OO structure at 0.4-0.8 L coverage and a (1 x 1)csire
after further exposure on the clean ZrC(111) serfat room temperature. Adsorption of the
dissociated to oxygen atoms is at three-fold holtot® on the ZrC(111) from analysis of O 2p
peaks. The authors used a single crystal obda@d the oxygen atoms are in a single adsorption
state irrespective of the oxygen coverage. Nodal 2] also used Angle resolved PES
(ARPES) to study the adsorption of oxygen on a ZiQj surface. They used a iz crystal

for the analysis. They observed oxygen to dissiveilgtadsorb at room temperature and forms a

(\/§X\/§)R300 overlayer at 0.4-0.8 L coverage and also a (1 x\vErlayer is formed after
further exposure to oxygen. The oxygém,, 2p, and 2p, derived bands are formed at nearly
the same binding energy region indicating that @e&p,, 2p, and 2p, orbitals have equal

contributions to the chemisorption bonding on thel( surface.

Noda et.al [93] also used PES to study the oxidatd ZrC(111l) surface between room
temperature and 100C. At room temperature, oxygen adsorbs dissocigtifceming a (1x1)
overlayer. Thus at room temperature, oxygen adstigseciatively and settles at a site above the
surface plane while it penetrates the surface attles at a subsurface site at elevated
temperatures. The O atom is proposed to adsorthernhtee-fold hollow site (between three
surface Zr atoms) beneath which the carbon atonthén second layer is absent at room
temperature[93]. The authors observed an incraaskei work function of the surfacad =

1.0 eV) at saturation. The work function decreasedA® £ —0.55 eV) for oxidation at 1000
°C and the adsorbed oxygen penetrates the surfacgutface and settles at a subsurface site at
1000C. A peak caused by O 2p induced bonding stateisdodiatively adsorbed oxygen
develops at 6.0 eV.

Vojvodic et.al [94] studied atomic and moleculasagbtion of various species including oxygen
on TMC (111) surfaces using DFT. They used a stoichtric ZrC(111) slab with Zr terminated
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on one side and C terminated on the other sidbeolab. They studied atomic adsorption of O
on ZrC (111) surface and observed the O atom torbdx fcc hollow site between three surface
Zr atoms. In a study on the adsorption of oxygerthen(100) surface of ZrQJifies et.al [95]
used periodic DFT, employing both PW91 and PBE arge correlation functionals. They
studied different configurations of oxygen adsampton the (100) surface and observed oxygen
to preferentially adsorb at an mmc site (betweemnvetal atoms and one carbon atom) and also
ontop metal configurations of the oxygen atom webserved to be the most stable. They
observed changes in the work-function of the (1€26jace which is induced by the presence of
adsorbed oxygen. The same group [96] also cartiké systematic DFT study of moleculag O
adsorption and dissociation on the (001) surfacgrotip 1V-VI TMC’s usnig the projector
augmented wave (PAW) formalism using the PW91 GG@acfional. An Q coverage of
0.5MLwas used with §v2 xv2)R45° unit cell. @ was found to adsorb molecularly on two
different sites with similar adsorption energiesth@ bridging two metal atoms or placed
directly on top of a metal atom). In order to ursdend the nature of interaction of @ith the
TMC surfaces, Bader charge analysis was used tegetith projected DOS and electron
localization function (ELF) plots. They observea tmost stable adsorption modes are oxygen
bridging two metal atoms with adsorption energy70e8/ and oxygen ontop of metal with
oxygen atoms pointing to the neighbor carbon ateitis adsorption energy of 0.69 eV. There is
an elongation of oxygen molecule inter-nuclearatise from 1.24 A in vacuum to values around
1.35 A. The authors also calculated the activaliarrier from the molecularly adsorbed ©

the dissociatively adsorbed oxygen atoms. Rate taotss for Q dissociation were also
calculated from transition state theory using thwational frequency in the harmonic approach
to estimate the entropy contribution to the freergy. The reported rate constants are at 300 K
and reveals the group IV TMC's as the most actistesns for Q dissociation due to their high

rate constants.

In a photoelectron study by Shin et.al [97] on &o4g crystal, UPS and XPS were used to study
the oxidation of ZrC(100) surface with exposur&toat room temperature. Carbon atoms on the
surface get depleted and substrate Zr atoms adezedi A zirconium oxide layer is proposed to
be formed at lower coverage of < 3 L and this Zik@-layer becomes a Zx(d1l < x <2) state
with further Q@ exposure. Oxygen adsorption is observed to belyneaturated at ~30 L. At

more than 10 L exposure obQhe O 1s peak state settles at 530.6 eV withsgmmnetric line
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shape showing that at least, two types of adsospedies are present on the ZrC(100) surface.
The peak at higher binding energy (B.E) is termmgdand the peak observed at 530.6 eV is
termeda,. The authors tentatively assigned theand a, states to Zr=0 species and Zr oxide
respectively. These two peaks however overlapvatcloverage. The C 1s peak intensity reduced
significantly with @ exposure and hence shows C atoms in the surfgamrare depleted byO
exposure, probably due to their desorption as CO@rmolecules. They also observed that, as
the ZrC(100) surface is exposed to 100 L of O20it°€, a peak associated with the (532.3
eV) is removed and only a peak associated withuthstate is observed at 530.6 eV evidencing
the formation of Zr@on the carbide surface. As the surface is hedteb0°C, the peak shifts

to higher B.E with increasing heating temperaturd &inally settles at 530.9 eV & 900°C.
The extraction of C atoms and the oxidation of thnmas occur simultaneously at low coverage.
The 3d, and 3d; peaks of oxidized Zr atoms are observed at 180ed8land 182-183 eV
respectively at low coverage (< 3L) while for higl@® exposure, a shift at higher energy (182-
184 eV) is observed. In a separate work by De Gemzand Garcia[98] observed thes3@nd
32 at 179.7 eV and 182.0 eV respectively for (Zr@pile assigning them as 180.7 and 183.0
eV for (ZrO). They concluded that a Zx@1 < x < 2) oxide layer is formed upon exposure to

10-100 L of oxygen at room temperature.

Hakansson et.al [99] conducted high resolution dewel study of ZrC(100) surface and its
reaction with oxygen. They used 4§ crystal for the studies. A dissociative adsorptain
oxygen on the ZrC (100) surface is recorded invdlence band. The binding energy of C 1s
peak in the bulk was initially observed at 28149.(1) eV. For the clean surface, the binding
energies were determined to be Zg3btkvel at 179.05£0.05) eV and a spin orbit split of 2.40
eV. The authors identified ZeOgrowth by a shifted Zr 3d component and this congmb is
shifted by +4.2 eV. A suboxide is identified by iatermediary shifted Zr 3d component with a
chemical shift of between +1 and +2 eV. Howeveg thrmation of suboxide complexes
involving carbon seems unlikely. Oxidation studiespure Zr metal has also revealed formation
of suboxide layer at initial stages with exposure 40 L and ZrQ growth at larger exposures of
oxygen[100].

Rodriguez et.al [101] combined photoemission spsctipy with DFT to study the interaction of
oxygen with ZrC(001) surface. ZrC0.96-0.99 bulkicdtcometry was used and>@vas dosed to
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the surface at 300 or 500 K. Both PW91 and RPBBaxge functionals were used. Oxygen was
observed to adsorb dissociatively into a site betwigvo surface Zr and one surface C atom and
the 0,(gas) = 20445 reaction is very exothermic. The oxygen coverage substantial effect on
oxygen adsorption energy. The observed O 1s pdak31a528 eV denotes presence of atomic
oxygen on/in the carbide surface/interface. At bigbxygen exposure, curve fitting showed at
least two types of oxygen species in the carbideptes. The O 1s peak at ~528.8 eV is close to
the position of Zr@ as observed by other groups[102] and thus theepcesof ZrQ on the
surface together with O atoms chemisorbed on ZrCheasuggested. However, the Zg3geak
position never reached the value of 182.5 eV cheariatic of pure Zr@[102] even after dosing

at 100 L of Q at 500 K. C 1s spectra shows peaks at 283.4 ahd® 28/ and the relative
intensities shows about 40% of the C atoms neastihi@ce has been perturbed of oxygen and
thus the C 1s peaks shift between 1.3-1.6 eV. pbists to strong interaction of O and the C
sites either by) < C exchange at the surface or Zr — C bond beingcegdlay Zr— O and C-C
bonds. At 500 K, oxidation of the surface is obsedrto be fast and clear features of ZaDe
seen in the O 1s and Zr 3d core level spectra.cBlmilations show & < 0 exchange being
exothermic on ZrC(001) surface and the displacecht@ns bond to mmc sites. In the
O/ZrC(001) interface, the C atom plays an importaé in determining the behavior of the
system. More details into the process of oxidatonthe surface was carried out with DFT
calculations. The carbon atoms displaced from thitase could react with O adatoms to form
gaseous COx species as observed by others[103hasdhe O and C could combine to generate
adsorbed CO but this reaction pathway was founbetdighly endothermic on the ZrC(001)

surface. The formation and removal of CO on théaseris shown in figure 1.5.
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(b)

(©)

Figure 1.5. Formation of CO on ZrC(001) surface.iganitial adsorption of 0.5 ML of O on the

ZrC(001) surface with each unit cell containing t@oatoms (red). One of the O atoms insert
into the surface and the other forms CO with thtepldiced carbon as in (b). In (c), the CO has
desorbed from the surface. C atoms are dark grdyZaratoms are light grey. Figure adapted

from reference [101]

As such, the removal of carbon by a single oxygerssentially impossible. The unfavorable
nature for such a process is due to the existehcarbon vacancies in the carbide surface but
the vacancies can be avoided if the oxygen covesatgge. For further analysis, the authors
observed two O atoms work in a cooperative wayetnave one C atom from the surface as
shown in figure 1.5. The mechanism for removal @& atom from ZrC(001) as CO gas involves
a minimum of two O adatoms, one to take the pldcthe carbon atom in the surface and the

other for the generation of CO.

Instead of focusing on the adsorption and oxidapoocess of the ZrC surfaces, other studies
have concentrated on studying the electronic straatf the oxide layer formed on ZrC surfaces.
Kitaoka et.al [104] used ARPES to study the elatdtrostructure of Zr suboxide layer on
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ZrC(100) surface. A Zrgnssingle crystal was used for the study. As the (Hd@jace is exposed
to O, at room temperature, the C atoms in the substiratelepleted probably due to desorption
as CO or C@ molecules and the substrate Zr atoms react witlyex to form Zr oxides. A
disordered Zr@(1 < x < 2) state was observed at more than 1@ylgen exposure. At elevated
temperatures of the exposed surface, the disord&@dlayer is reduced without desorption of
O atoms and the ZgOayer is formed by heating at ~1000. The thickness of the ZrO-like
layer could not be determined. The surface gavel&defined sharp (1 x 1) LEED pattern and
there was enhancement in the surface reactivitgtwls closely related to the modification of
the surface electronic structure through the ZkKe-layer formation. Shimada et.al [105] also
studied the electronic structure of suboxide filnsZrC (001) surface using DFT. The structure
of ZrO-like film on the (100) surface is characted by a band around 6 eV and a band around
the Fermi-level in analysis of DOS plots. The fisnobserved to be mostly ionic. The suboxide
has a rippled structure with the metal and oxygema displaced vertically downward and
upward respectively. The thickness of the expertaignobtained film was estimated to be 1.2-
2.4 A,

In a separate study, Shimada et.al [89] studiedZtl#/ZrO; interface by oxidation of the ZrC
single crystals. A Zrgo7 crystal was oxidized isothermally at temperatwe600-1500°C in a
mixed atmosphere of {and argon with @partial pressures of 0.02-2 kPa for 1-20 hrs.d?redl
orientations of tetragonal or monoclinic Zzr@ere occasionally observed on the surface with
carbon films at the interface. The tetragonal Zparticles at several tens of nanometers in size
were dispersed in the carbon films. XRD patternshencrystal oxidized at 60 for 1 hr and

O2 pressure of 2 kPa shows the presence of cubig together with the substrate ZrC. After 10
hrs oxidation, (110) orientation of tetragonal Zr@ccurs with appearance of small peaks of
monoclinic ZrQ. Further oxidation for 20 hrs still resulted imostg (200) peaks of tetragonal
ZrOz with gradual growth of monoclinic ZrO At 700 °C, mix phases of monoclinic and
tetragonal Zr@ appears. The XRD results showed preferred (110§2060) orientation of
tetragonal ZrQor a preferred (200) or (220) orientation of mdmac ZrO2 on oxidation of the
(200) or (220) planes of a ZrC crystal respectivéliso high temperature oxidation at 158D
revealed tetragonal and monoclinic Zr@rom transmission electron microscopy electron
diffraction (TEM-ED).
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4.2 Reactivity of Hydrogen with ZrC

There is a limited amount of data in the literatweancerning adsorption and reactivity of
hydrogen with ZrC. Vojovodic et.al [94] used pelim®FT calculation to study the adsorption
of atomic hydrogen on ZrC(111) surface. They usstbechiometric ZrC(111) slab and applied
polar corrections. The RPBE exchange correlatianctional was used for the calculations.

Hydrogen atom was observed to adsorb at fcc hadites between three surface Zr atoms.

Matskevich and Krachino [106] studied hydrogen aotson on ZrC by thermodesorption
method. Hydrogen thermodesorption curves were takéer various exposures at the
temperatures between 300 — 1450 K. They deternaneditial hydrogen adhesion coefficient of
$=0.03+0.02 and desorption temperatures in the range @f1090 K.

Zhang et.al [107] studied the electronic structoirdiydrogen-adsorbed ZrC(111) surfaces and
observed that the adsorbed hydrogen atoms aregbéfat hollow sites in which the third layer
Zr atoms sit directly below them and in this cabe, H 1s induced state is separated from the

bulk states.

Aizawa et.al [108] studied hydrogen adsorption dviCT (111) surfaces. They also observed
hydrogen to adsorb dissociatively on the (111)axfin a three-fold hollow site. They used
ARPES to study the hydrogen adsorption and thedddad site appeared at-i6.5 eV where E

is the Fermi energy level. Electron energy losscspscopy (EELS) was used to study the
vibrational frequency of H and D on the ZrC(111)face. The H-vibrational frequency was
observed to vary with the coverage and this mightdused by a lateral interaction between the
adsorbate for example a dipole — dipole interactioan interaction through the substrate metal

atom. The observed hydrogen frequency is 113.5 (8&¥.4 cm')

Tokumitsu et.al [109] also studied the interactiminhydrogen with ZrC(111) surface with
ARPES. Zr@gsingle crystal was used for the study. At room terafure, hydrogen adsorption

was observed to attenuate the (111) surface indsiztels and causes an H 1s induced split-off
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state at 6.5 eV at the gamma point at saturatioerege. The hydrogen induced states appear at
6.0 — 6.5 eV and the saturation is reached at abduit. exposure of H The new H 1s band at
~6.0 eV indicates the state is a split-off from ek Zr 4d — C 2p band through the bonding
interaction, similar to the case of many metal -sydtems. The work function of the (111)

surface is reduced from 4.6 eV to 4.3 eV at tharaibn coverage.

4.3 Reactivity of Water with ZrC

The reactivity of water with ZrC surfaces is vemgportant to consider due to the ubiquitous
presence of traces of water in air and other enwiental conditions. There is very limited

amount of data concerning the hydration of ZrC npadicles.

There has been no reports on the hydration of ZrtO(and (110) surfaces. The (100) surface is
known to be inert towards J@ adsorption. However, the (100) surface is alsowknto be
activated and a ZrO-like layer is formed and coves surface and this causes dissociative
adsorption of HO into OH and atomic O species [104]. The authoneference [104] observed
that, and induced state at the Fermi-level dudéodrO-like layer on the ZrC(001) surface was
responsible for ED dissociation. Thus the suboxide film modifies #hectronic structure of the
(100) surface.

In a separate work, Kitaoka et.al [110] studied ithteraction of HO with oxygen-modified
ZrC(100) surface using XPS and UPS at room temperatith ZrG ozsingle crystal. The ZrO-
like layer on the (100) surface has an interegpirmgperty of a work function which is lower than
that of the clean surface by 0.6 eV and the DOSratdhe Fermi level is increased. From the
XPS analysis, a peak observed at 531 eV is asctiodte O 1s level of O atoms in an ordered
ZrO-like layer. A small peak appears at ~533 eV Wh&not resolved and is also observed in a
spectrum of ZrC(100) surface exposed to 50 4 This peak could be attributed to either O
atoms which have less negative charge than thodeeiZrO-like layer or O atoms surrounded
by more positively charged Zr atoms than thosenenZrO-like layer but details of this peak is
still not known. As the ordered ZrO-like surfacesigposed to 1 L kO at room temperature, the

two O 1s peaks grow at 530.4 and 532.3 eV, indigatihat HO adsorbs forming two types of
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adsorbed species. No water-induced features amnaasin XPS or UPS when the ZrC(100)
clean surface is exposed te@at least up to 10 L at room temperature. Moreoagithe ZrO-
like surface is exposed to 1 L ot @hstead of HO, two peaks appear at 530.4 eV and 532.3 eV
but the peak at 530.4 eV now becomes dominant.udk,ghe authors confirmed the complete
indication of the peak at 530.4 eV at the O 1s simisfrom an atomic O adsorbate formed from
the complete dissociation of28 or G. The peak at 532.3 eV is thus attributed to th&sO

emission from the hydroxyl species formed througttigl dissociation of water.

Moreover, according to Noda et.al [92] during thedges on oxygen adsorption on ZrC(111)
surface, there was the appearance of an addittamap or peak grow at ~7.0 eV for 0.5 . O
exposure and they tentatively attributed this te #mission from the small amount of OH
species formed by adsorption ob® included in the residual gas because previoudiestu
(unpublished work by Noda et.al) had shown thgd lddsorbs dissociatively on the unsaturated
O/ZrC(111) surface to form OH species whosestate is found at 7.0-7.5 eV whereaOHloes
not adsorb on the saturated ZrC(111) (1 x 1) —@ase.

5. Grafting of Polymeric Precursors on ZrC

SiC ceramics derived from polymers are known foeirthoutstanding properties at high
temperature[112], [113]. The conventional methodt thas been used in producing ZrC/SiC
composites is to use conventional powders of silicarbide and zirconium which are mixed and
then sintered. However, a problem with this methddes from the step of homogenization of
the powder mixture which makes it suitable to useqeramic precursors[114], [115]. The aim
of our program is to coat the ZrC surface with Si@Ge current method is to use a pre-ceramic
polymer for the SiC, these polymers having silitmmded substituents. In this section, a survey
is provided on all available studies carried outgoafting of organic and polymer precursors on
ZrC surfaces. Only a limited number of investigasi@re available on the grafting of polymeric
precursors on ZrC. This is done after initial fuoctlization of the ZrC surface with other
molecules such as water to produce hydroxyl grolmwever, the only available surface

modification in the literature for ZrC is oxidatidri1].
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In a recent approach, a preparation of ZrC/SiC asitps has been achieved by coating the pre-
ceramic polymer SiC on the ZrC particles[116]. Bhedy showed interactions between the vinyl
groups of polycarbosilan (PCS) and metallic zircomiin ZrC. The affinity of the vinyl groups
on ZrC surface has been exploited for the synthasmolyvinylsilanes which allows improved
microstructural homogeneity of the resulting conigp$16]. The nature of the grafting of the
polymer precursor of SiC on ZrC has however notnbaddressed. The molecules used for
functionalizing the ZrC surface also has an effeot nature of grafting of the polymeric
precursor. Aside oxidation, several other molecdtesfunctionalizing the ZrC surface have

been suggested and they include ammonia and raditako initiators[117].

Instead of modifying the ZrC surface for the grippolymers, other groups[118] have achieved
the gripping of these polymers on inorganic surgaog surface modification of silica particles,
for example to modify the surface hydroxyl groupsniore reactive functions such as Si-Cl.
After this modification, a first step in functiomehg the surface of the nanoparticles is achieved
using chloro-silanes with at least two functionalCsgroups in the case of M8iCl. The Si-Cl
residual having a group that has not reacted viaéhrtanoparticle surface is then exploited to
introduce an anionic macromolecular chain (polystg; polybutadiene) or others obtained by
polymerization without transfer reactions or terations[118]. This method is termed as
grafting-to since it can covalently bind a macromolecular chaready synthesized. A scheme
for the functionalizing inorganic surfaces with 38&Cl> is shown in figure 1.6.

OH O O
(Jw Me,SiCl, (JS wannnnana— ﬁ
- HCI - LiCl

Figure 1.6. A scheme for functionalizing inorgarsdica surfaces with M&IClL after initial

functionalization with water. Figure is adaptedniroeference [118]
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The final grafting-to approach for grafting the macromolecule onto thecfionalized nano-

particle surface is shown in figure 1.7.

Another approach called grafting-from can be wilizo grow the macromolecules directly after

attachment of a reactive monomer to the surfadghehanoparticle. Moreover, the hooking of

covalent organic macromolecules on inorganic hayeiobeen described for ZrC.

[_H

Ql
_SiMe, SIMLZ
HO Q OH
partly
/SiMe_’;
HO © OH
Me;SiCl (/J\f>
u\ c1 Cl{ _/CI
paltly
_\ﬂSIMe MS]Me

SlMe(CH;CHaCN)CI; {/J\S (/RS
partly

Figure 1.7. Functionalization of silica surfaces ttwi MeSiCl,, MesSiCl, SiChk and
SiMe(CHCH2CN)CI: in the grafting-to approach. Figure is adaptedifreference [118]

© 2016 Tous droits réservés.

49

lilliad.univ-lille.fr



Thése de Eric Osei-Agyemang, Lille 1, 2016

6. Program of Research

As has already been discussed in the literatuneeguthere has been no attempts or whatsoever
to control oxidation of ZrC nano particles in ordermake use of the excellent physical and
mechanical properties that make ZrC suitable faide range of applications. Our goal is thus
to develop a method for oxidation control on Zr@Qaogarticles. Our method of choice is to coat
the ZrC surface with SiC which forms protectivedesyon ZrC at higher temperatures but are
resistant to the formation of oxides at lower terapges of 300 — 608C, typical of ZrC. Our

design approach is shown in figure 1.8.

Polycarbosilane : précurseur précéramique de SiC.

Pyrolyse

v

T>1000°C
Zrc

Figure 1.8. Core/Shell strategy for synthesizin@Z3iC nanocomposites

The main questions that need to be addressedignptbject are: (1) nature, stability and
properties of the various ZrC low index surfacesTRe reactivity of ZrC surfaces with oxygen,
water and other small inorganic molecules of irgerg) Studies and characterization of
interfaces existing between oxide layers and ZrCHdnctionalization of of ZrC surfaces (5)

grafting of polymeric precursors on functionalizédC surface.

As this work is part of a multi-institutional praje the theoretical and modeling part carried out

will approach the listed problems in the followiwgy:

 Initial studies and characterization of variouskquioperties of ZrC
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» Studies into all three low index surfaces of Zr@niedy (100), (110) and (111) surfaces.
The stability and properties of the various surfasél be addressed and the most stable

surfaces will be selected for the further reacgpigiiudies.

» A different approach will be taken into studies axidation of ZrC nanopatrticles by
considering all three surfaces. The adsorptionraadtivity studies at O K temperature in
DFT will be linked to practical environmental cotidns through atomistic
thermodynamic modeling and equilibrium crystal sfsgwill identified. This part will
also include studies on adsorption and reactiviiyh wother small molecules like

hydrogen

* Any interfaces existing between ZrC and oxide laymrmed will be addressed with

different approaches.

* Functionalization of ZrC surfaces will be doneigdly with water and if needs be, other

organic molecules will be considered.

* Final grafting of polymeric precursors with diffeteSi containing macromolecules will
be studied in full detail.
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Chapter II: Methods and Models
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1. Theories and Backgrounds

As this part of the project involves the use of $bgl theories in modelling the properties of
relevant material systems at the nano-scale |#évislchapter introduces the many body theories
utilized in condensed matter physics that is apptie the study of solid state systems and
adapted for complex molecular systems as well.hla tegard, a description of the relevant
theories, equations and methods utilized in thggeot are provides. In this respect, the energy
and all other observable physical quantities ofsiesn can be obtained through the solution of a

set of equations at the quantum level that embalieslevant information of the system.

This chapter starts with a description of the quantmechanical equations that governs the
physical properties of many body systems throudiitism of the many body Halmitonian of the
system. The different approaches used in solviagrthny body Halmitonian such as the Hartree
Fock method are discussed with the higher orderectons for accurate description of the
system. The density functional theory (DFT) methwoich is used for this work is further
discussed. The theories behind implementation of D¢ periodic systems are included. A
further description of the theories used in abininolecular dynamics (MD) simulations,
methods for calculating activation barriers, dgnsit states (DOS) implemented in the DFT
formalism and atomistic thermodynamic approaches #re combined with the electronic

structure calculations are provided here.

2. Many body Hamiltonian

The total energy problem of many body systems epeesented by the total Hamiltonian of the

systemH. This Hamiltonian is given by:

2

A=——A+V 2.1
> (2.1)
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A is the Laplacian operator andis the potential energy of all particles. Applioat of the
Hamiltonian to the total wavefunction of the systebyields the non-relativistic Schrodinger

equation:

Ay = EY (2.2)

The wavefunction’ is assumed to contain all information of the systand it depends on all the
electronic and nuclear coordinates of the systeBms the total energy of the system. The
Halmitonian operator thus contains both kinetic energy and potentigrgy of the system.

Equation 2.2 can then be rewritten as:

2
X Ap 4 vy = Ep (2.3)
2m

Equation 2.3 is an eigenvalue problem with theltetzergy E as the eigen value and the
wavefunction¥ as the eigenvector. Definition of boundary comadis are required to solve the
eigenvalue problem. In order to relate the puralgrqum mechanical propertly to physical
properties, the concept of observables are intredidior which the total enerdyis an example.
According to the postulates of quantum mechanigsasng the eigenvectod] yields the
probability density of finding the system at a gdimspace, the integration over all space yields

a probability of 1, for which the system is saidb®normalized.

Since the many-body problem involves all partidash as electrons and nucleus of the system,
the total Hamiltonian is divided into the kinetieschpotential energy parts as:

H=T+V (2.4)

The Laplacian kinetic energy operatbris divided into both the electronic paf, for all Ne

electrons and;, for all N, nuclear cores. Thus the kinetic energy operatooines:

—~ —

T=T,+T, (2.5)

Comparing equations 2.1 with 2.4, the kinetic epengerator can then be written as:
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(2.6)

For T, the summation in equation 2.6 runs oiehe mass m of the electronsnis, N becomes

Ne and the Laplacian operator becomesin terms of the nuclear kinetic energy operatioe,

summation runs ovek, the mass m of nuclear cores becolheand the nuclear Laplacian

becomes\k.

Moreover, the potential energy terin of equation 2.4 involves attractive and repulsive

potentials between the electrons and the nucleascdhe potential energy operator is separated

into the electron-electron interaction teffg, the electron-nuclear electrostatic interactiomte

Vne and the nuclear-nuclear repulsive tdfm. The total Hamiltonian is then written as:

A~

+ T, +

H= V\ee+ I7ne

T,

+ Unn

The different potential energy operator terms afined as:

A
=
o

The many body Hamiltonian can finally be written as

Ne Nn Nn Npn
ﬁ Z hZ A hZ A+ Z eZZkZl
= - i k
i=1 2me = 2My, k=1 >k Ria
67

© 2016 Tous droits réservés.

Ne Ne

eZ
+Q 0
rij

i=1 j>i

2.7)
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Ne Np

_ZZ

=1k=1
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Tik

(2.9)
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In equation 2.9,R« is the vector coordinate df" and I nuclear coresyjj is the vector
coordinates between thi& andj™ electronsyi is the vector coordiates between theelectron

and thed" nucleus.

The main problem arising from equation 2.9 is tkat,are now faced with a coupled system as
the nucleus and electrons interact with each offteus the motion of any particle is completely
influenced by all other particles. Solution to sucltoupled equation (2.9) when inserted into
equation 2.1 is non-trivial for most system, exciqa simplest systems such as the hydrogen
atom. Materials of interest are however complex sintulation of realistic systems requires the
use other techniques and approximations. This intedgl leads to the Born-Oppenheimer

approximation.

2.1. The Born-Oppenheimer Approximation

In order to solve the coupled system equation @©approximate method has to be used. In
1927, Max Born and Robert J. Oppenheimer introducée Born-Oppenheimer
approximation[1] in which the nuclear and electoodegrees of freedom are decoupled from
each other. The nuclei are assumed to be muchédreidnan the electrons and hence the nuclei
move much slower than the electrons. This allovesdlectronic motion to be decoupled from
the nuclear motion since the two particles areifferént time scales. The electrons are assumed
to instantaneously follow the motion of the nuclii.this respect, the nuclei appears almost
stationary due to the timescale of motion of tlee®bns. The total wavefunction in equation 2.1
can consequently be decoupled into the electrardcnaclear parts:

qJ(TiO'l-, Rn) = q)e (riai: {Rn})q)n(Rn) (210)

In equation 2.10,9.(r;0;,{R,}) is the electronic wavefunctiong,(R,) is the nuclei

wavefunction,o; is the electronic spin coordinate. The tefR)} denotes the nuclear spatial
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coordinates to be parameters and not variablestofakeHamiltonian in equation 2.1 can then be

divided into the electronic and nuclear parts. &leetronic part can be written as:

e e e n

ZZk

¢) (rl O-l’ {Rn})

H D, (rlo-ll {Rn}) = Z

11]>1 i=1k=

= E.(Ry)®,(1;0;,{R,}) (2.11)

E«(Ry) in equation 2.11 denotes the electronic energiclwiidlepends parametrically on the
nuclear coordinates. This parametric dependent®ecélectronic energy means that for different
arrangements of the nucle&, is a different function of the electronic coordes If we solve

the electronic problem, the motion of the nuclan t& solved under the same assumptions as
used to formulate the electronic problem. This tigemerates a Hamiltonian for the nucleus

motion in the average field of the electrons
e e Ne Nn n TL
R B
2M 2 i=1 j>i i=1k=1 Tik =11>k Rkl

o eZZkZl
n) + Z Z (2.12)
Rkl

=11>k

2M

Due to the slow motion of the nuclei compared ®@® afectrons, the nuclear kinetic energy term
of equation 2.12 can be ignored and the nuclealeaucepulsion term becomes a constant. The
total energy for a fixed nuclei thus includes tbhastant nuclear repulsion term in addition to the

electronic energy:

n

& 027, 7,
E(R,) = E,(R,) + Z; o (2.13)

Thus the total energ¥;(R,,) provides a potential for nuclear motion and thisction constitutes

a potential energy surface obtained by solving dleetronic problem. In applying the Born-
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Oppenheimer approximation, the many-body problembsarestricted to only the electronic part
(equation 2.11) which can only be solved exacthlydioe-electron systems. However, in order to
solve the electronic part for many-electron system®sveral approximations have to be
employed. Several techniques are available forirsglthe Schrédinger equation. Two common
such techniques are the Hartree Fock approximattdnh is a wavefunction based method and

density functional theory among the density bagga@aches.

2.2 Hartree Fock Method

Even though the Born-Oppenheimer approximation cesluthe many-body problem into an
electronic problem, a problem which still exists ibat, the electronic wavefunction
&, (r;0;,{R,}) still depends on the spatial and spin coordinafeabe electrons. In this section,
the Hartree-Fock (HF) procedure for solving the r8dmger equation which is normally
considered as the basis of dab-initio developments is described. The Hartree-Fock

approximation however does not include correlaétiacts.

A procedure for obtaining the ground state en&gusing the wavefunction of the ground state
¥, is the variational principle. According to thigmuriple, the energy computed for the system as
the expectation value of thé from any guessed wavefunctidfyia will be an upper bound to

the true energy of the ground state:

(Wtriallﬁlwtria» = Etriat = Eo = <l1Uo|ﬁ|l1Uo> (2-14’)

Etial = Eo if and Only if Prrial = ¥

For the variational principle, in order to find theound state energy, the energy functide{at]
needs to be minimized by searching through all gtedde N-electron wavefunctions. These trial
wavefunctions must satisfy certain requirementsrisure they make physical sense. The lowest
energy is given by the wavefuncti@f and this lowest energy is the ground state engsgy

Eo = min E[¥] = mind?|T + Ve + Veel ) (2.15)
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The search for this wavefunction is however a teslitask and a subset of wavefuntions are
usually employed for which the result is an appmadion to the exact wavefunction. Thus it is
practically impossible to solve equation 2.15 bwrsking through all acceptable N-electron
wavefunctions. There is the need for a suitablssuthat offers good approximation to the exact
wavefunction. The HF method uses the simplest aqpettion to the complicated many-

electron wavefunction.

Hartree considered the electron motions are inddg@nand uncorrelated.[2] Within this

approximation, each individual electron can be mered as moving in an average field
generated by all other electrons. Later in 193@kR} combined the ideas from Hartree and
expressed the overall wavefunction as a simpleymtoaf single particle wavefunctions in which

the fermionic character of electrons is taken stoount by using anti-symmetric sum products
of the single particle wavefunctiong;(r;0;). A single Slater determinan¥;, is used to

represent the simplest ansatz of such represemtatio

01(rio1)  @a(r0,) ... @1(ryon)
1 01(rio1)  @1(ro) .. @(ryoy)

Ysp = h : : : (2.16)
<PN(7”1'U1) ¢N(7;1U1) QON('rNO-N)

The one electron wavefucntions(r;g;) describes electronat the position of electrop They

are called spin orbitals and are composed of aapatbital and one of the spin functions.
Replacing of the true N-electron wavefuncti@gactwith a single slater determinant is however
a drastic approximation. The variational princiehen used to find the best slater determinant
which yields the lowest energy. The spin orbitas\zaried under the constraint that they remain

orthonormal in such a way that the energy obtafr@d corresponding’s, is minimal:

Eyp = Jsrll)l_’}NE[WSD] (2.17)
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The orthonormal constrain of the spin orbitalﬁrjaj) Is given by:

Ne

6B = > ey (wiloy) =0 (2.18)

ij=1

This orthonormal constraint introduces the Langragmultiplierse;; in equation 2.18 which
eventually leads to the HF equations which deteesnithe best spin orbitals for whihr

attains its lowest value:

Ne

Fr)le;) = Zeij|<pj), i=12...N, (2.19)
j=1

TheseNe equations have the appearance of eigenvalue egeatiereg;; are the eigenvalues of
the operatof (r;) with the physical interpretation of the; being orbital energied(r;) is the

Fock operator which is an effective one electroerafor and can be written as:

EN ~ ZTl * 12 1 ! !
PO = ti= ) 2+ ) [ o) =i ar + %G @20)
n=

The kinetic energy term is given byandV, (r;) arises from the Pauli’s exclusion principle. This
term explains the non-local exchange for which @hierno classical analogue. This non-local

exchange term is given by:

Ne
_ 1 @;(r)eir)e (e ') |
V.(r) = —; = dr (2.21)

;) ei(ry)

Practical calculation of,(r;) is extremely difficult due to its non-local exclggnnature. In this

respect, the exchange integral for a free eledtambeen shown independently by Dirac[4] and
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Bloch[5] that it can be expressed as a functiorthef electronic density. This idea was later

generalized by Slater([6], [7] through the inclusina scaling factoky to the free electron gas

expression.

3 /s
Ve(r) = —3Xg <g Q(ﬁ')) (2.22)

This scaling factor is 2/3 for the free electrors.gasertion of equation 2.22 into equation 2.20
yields the Hartree-Fock-slater equation (HFS).

2.2.1 Post Hartree-Fock Methods

As mentioned earlier, in the HF approximation, ¢hisrno consideration of electron correlation.
This is a serious limitation as it does not consa&lectrons interacting with each other. THig
never corresponds to the exact wavefunction andtaltiee variational principlegrr is always
larger (less negative) than the exact ground sta¢egyE.. The difference between them is the

correlation energyg#F

ECI-IF = EO - EHF (223)

EHF is always negative because Eo and EHF are lessGhand is a measure of the error
introduced through the HF scheme. Electron coielas caused by instantaneous repulsion of
the electrons. The correlation is separated into parts. The first part called thrdynamical
correlation relates to the responsiveness of electrons tcaictiag with each other and is
controlled by thel /|r; — r'| term in the Hamiltonian. The second part calleziribn-dynamical

or static electron correlation relates to how regtems energy is due to contributions from
several accessible electronic states. Thus this palates to the fact that in some cases, the
ground statéFs, is not a good approximation to the ground staisabse there are oth#ék,

with comparable energies. In this respect, the éfory treats neither of these contributions and

hence is not adequate enough to make chemicalndetions that are reliable. As such,
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additional corrections have been developed to adctar these shortcomings. Among these
corrections include the full configurational Intetian (Cl), Maller-Plesset perturbation theory

(MPn), complete active space (CAS), or the coupledtetusethods (CC). A major part of these
methods are completely first principles based nithand introduces no empirical data into their

calculations.

2.2.1.1 General Perturbation Theory

In perturbation theory, the assumption is thatrtfagnitude of a perturbation on the calculation
is very small as compared to the unperturbed systms assumption can be used to the
advantage of correcting the correlation energiddfntheory. This is valid because the electron
correlation energy is small compared to the HF gynein applying perturbation theory to
guantum mechanics, the total Hamiltonian of thetesysis divided into the unperturbed
reference Hamiltonia®l, plus the Hamiltonian corresponding to the cormctapplied to the
system,H’ multiplied by a scaling factak. The scaling factor determines the strength of the

perturbation applied.

—~

H= H,+ AR (2.24)

The eigenvalue problem now becomes

Ay = (A, + H")|¥) = E|¥) (2.25)

Since the eigenvalues and eigenfunctions of ungmtlHamiltonianA, are known, equation

2.25 can be expanded in a Taylor series as:

E, =E® + 2E(V + 22E2 + ... (2.26)
1) = o) + o) + 210 + - (227)
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The unperturbed Hamiltonian is given by the HF tlgeand the other perturbations come from
the electron correlation. The zeroth order enesgthé expectation value &, with the zeroth
order wave function. The first two orders of coti@t in the Taylor expansion to the energy of

an electronic state n are given by:

ED = <tp,§°>|ﬁ'|tp,§°)> (2.28)

<q,(o> o W(m) :
Er(lz)=z| ;(lo|> —|E?O) | (2.29)
J

j#n

In Maller-Plesset perturbatiorf], is a sum of one electron Fock operators. The releict HF

energy is given byE,(lO) +E,Sl) while the other terms‘;‘ffl) corrects the HF energy for

correlation effects. The MP2 method includes thist fadditional correction terrﬂ,(lz) while

MP3, MP4, etc corrects with higher terms.

The main problem with Mller-Plesset perturbation is that, evaluation adrethe first correction
terms becomes very expensive as the number ofr@bscincreases. Though the HF method’s

computational time scales as,the MP2 scales as*Mith N being the number of electrons.

2.2.1.2 Configuration Interaction (Cl)

The main problem encountered in the HF method Wwasuse of a single slater determinant
which might be different from the exact wave fuoati In the CI method, the system’s wave
function is described with more than one Slateewmeinant. In this way, HF determinant is also
called the ground state determinant. The slateeroi@bants used in the Cl method differs from
that of the HF method by a number of additionalitatb. Thus instead of using a single slater
determinant as in the HF method, a linear comlonatf Slater determinants is used. This
allows for the introduction of excited Slater deterants. These excited determinants can be
single, double, triple, etc. Since all possiblesd@iinants can be described by reference to the HF

determinant, the exact wave function for any stéitdae system can be written as:
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)= Golgo)+ ) CHloD) + ) Cloiid+ Y Citloge)+-  (230)
ra a<b a<b<c
r<s r<s<t

The labels a, b, ¢ are the occupied molecularstatd r, s, t are the virtual states. The second,
third and fourth terms on the right hand side ofiadmpn 2.30 is the single, double and third
excitations. The infinite set of Melectron determinants can be written &¥;)} =
{loo) lo2), lems), - } is a complete set for the expansion of agyeMctron wave function. The
exact energies of the ground and excited statethefsystem are the eigenvalues of the
Hamiltonian matrix formed from the complete $g¥;)}. The lowest value of the Hamiltonian
matrix denoted by, is the exact non-relativistic ground state enayfiyhe system within the
Born-Oppenheimer approximation. The difference leetwv this exact energd and the HF

energy & is the correlation energyc&.

Ecorr =& — E, (2.31)

In a full-Cl, all possible determinants are incldde the expansion of the Cl wave function.
However, the number of determinants that must blidied in a full-Cl is extremely large even
for relatively small systems. In practice, the 4Gl expansion must be truncated and only a small
fraction of the possible determinants used. Thetipi@tical approaches takes into account only
determinants to certain excitation levels. Examplesuch approaches include single excitation
Cl (C1S), single and double excitations (CISD), amalgle, double, triple excitations (CISDT)
among others. In all such approaches, the varitiomnciple is applied to achieve minimization

of the coefficients in order to obtain the groutates energy.

2.3 Density Functional Methods

The above HF and post-HF methods described useg-bualy wavefunctions which are often
expensive. However, the electron density is ratised at the only basic variable in evaluating

the total energy and other physical properties fsiem in density based methods. The earliest
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models using electron density as the basic variabke introduced by Thomas and Fermi in the

Thomas Fermi (TF) model.

2.3.1 The Thomas-Fermi Model

The electronic part of the many-body problem idiclift to handle as it depends orN#
coordinates with Ne electrong,(r, oy, ... ... , Tn,0n,) and this Me coordinates include the spin
coordinates of the electrons. The Thomas-Fermieli®ll [9] is a simple approach where the
electron density of the systap(r) is used as the basic variable. Within a volwetementdr, the
electron density of Ne electrons depends on onBetindependent coordinates and this is a very

important feature of this model. The electron dgnisithus given by:

o(r) = 2 f lI/(rlal, ...... ,JNE)*5(Ti —7) lIJ(rlal, ...... ,rNeaNe)d(rlal) ...d(rNeaNe) (2.32)

By using the kinetic energy density of a homogengastron gas to approximate for that of the

system, the total energy functior#l” [o(r)] formulated by Thomas and Fermi is given as:

232/3
E™lo(M)] = % f@(r)5/3d ZI ”Q(r) ff Q(r)g(r) drdr’  (2.33)

In equation 2.33, the second and third terms onrijiet side are the classical electrostatic
electron-nucleus attraction and electron-electrgpulsion while the first term is the kinetic
energy of the non-interacting electrons. The exgbagnergy which has no classical analogue

was later on introduced by Dirac[4] into the TF rabd

1
. 3 /3\ /3 4
Dirac — _ _ (_ 3
P = -2 (n) f o(r)3 dr (2.34)
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Though the energies calculated with the TF modeltao high, the Thomas-Fermi-Dirac (TFD)
model accounts for this by the inclusion of therexaye term. Due to the poor description of the
kinetic energy in this model, it does not yield @@ate calculations of total energies for chemical
predictions even after the Dirac correction. Momvit is the starting point for density
functional theory (DFT) for solving multi-electraystem problems.

2.3.2 The Hohenberg-Kohn Theorems

Two fundamental theorems are the basis of DFT hayg were mathematically formulated and
proved by both Hohenberg and Kohn[10] for non-degate ground states of systems. Within
the first theorem, the electron density of a sysientonsidered to uniquely determine the
external potential due to the ions or nuclei tohwta certain constant. This means that the total

electronic energy of a system E can be expressaduasctional of the electron densityalone.

Elo] = T[o] + f 0 Wore(P)dr + Eoolo] (235)

In equation 2.35T[p] and E..[¢] are the kinetic energy and electron-electron auéon
energies and are both functionals. A further daéiniof the Hohenberg-Kohn function@lx [o]

using these two above functionals give:

FHK[Q] = T[Q] + Eee[Q] (2.36)

Substitution of the Hohenberg-Kohn functional ietguation 2.35 yields:

Elo] = f 0 Were(Ndr + Fyele] 237)
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For an explicit expression for the Hohenberg-Kolmctional, there will be an exact solution for
the Schrodinger equation. However, the electronteda interaction termk,.[e] can be

expressed as two parts:

Ecclo] = Jlo] + E™mto¢[g] (2.38)

The first part on the right side of equation 2.88hie classical Coulomb repulsion term while the
second term contains all other interactions suctheaself-interaction correction, exchange, and

Coulomb correlation energy.

The second aspect of the Hohenberg-Kohn theordinestthe variational principle to obtain the
energy of the exact functional. Within this apptoate ground state densiiy(r) is the density
which minizesE[g]:

E, = Elo,(r)] < Efe(1)] (2.39)

Equation 2.39 is satisfied when the following cdiuglis are met

0,(r) =0 and f@o(r)dr —N,=0 (2.40)

The Euler-Lagrange equation under the constraina @onstant number of electrorss is

fulfilled during the energy minimization procedwed this can be written as:

_ SE[o(r)] _ SFyklo(r)]
= oy~ Vet —somy (2.41)

The Lagrange multipliep in defines the chemical potential of the electrdégen though the

Hohenberg-Kohn theorem provides all the groundespabperties of the system, it does not

79
© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Eric Osei-Agyemang, Lille 1, 2016

provide the means of finding the universal funclioly,,[o(r)] and the search for this

functional is still an active field of research

2.3.3 The Kohn-Sham Equations

In the Hohenberg-Kohn theorem, the exact form ef kinetic energy functional[o] is not
given. In another approach, Kohn and Sham decomdpibs® kinetic energy functional into two
parts in order to provide an approximation for H@henberg-Kohn functiondlyx[o(r)]. This
decomposition yields a first part as the kinetiergy of non-interacting electrois given as
while the second part contains all remaining anglewted interactions in the non-interacting

system T-Ts)

Ne
— 1 2
T, = -3 Zl«zsiw 10 (242)

@; in equation 2.42 are the Kohn-Sham orbitals. Thigeropart of the Hohenberg-Kohn
functional [Ts-T) is a small correction and hence is included adadeythe non-classical part of
the electron-electron interactidf*°™~!°¢ in equation 2.38. The combination of these twaldea

to the exchange correlation (xc) energy term wisaltefined as:

Excle]l = (Tle] = Ts[eD) + (Ecele]l —JleD) (2.43)

By substituting the exchange correlation functiosfaéquation 2.43 into the energy functional of

equation 2.35, we obtain the following:

El] = Tilo] + f 0(Wore(Mdr + J[0] + Excle] 2.44)

The main challenge in DFT is finding suitable exgsiens for the&y-[o] term as it contains all

contributions that are not known in an exact maniigve make the following definition:
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Q(T;),l dr' + Vye(r) (2.45)

Veff(r) = Vext(r) + flr _

The Euler-Lagrange expression of equation 2.41Incanbe written as:

So(r)  6E[o(r)]6o(r)  6Ts[o(r)] So(r)
&; 5®l = 6@(7") 5®l = 6®l + Veff(r) 5®l (24‘6)
The exchange correlation potentigl:-(r) in equation 2.45 is defined as:
6Exclo(r)]
v = ——— 2.47
xc(T) So(r) (2.47)

In order to obtain the solution for the Euler-Lagya expression in equation 2.46, the following
set of one-particle equations are solved in asatiistent field (SCF) procedure.

1
—EVZ + Veff(r) @l‘ = SiQ[ (248)

The electron density of the real system is howewastructed from the Kohn-Sham orbitals and

is given as:

o) = ) 10’ (2.49)

The summation in equation 2.49 runs over all theuped orbitals. The Kohn-Sham equations
are represented by equations 2.45, 2.48 and 214@sihg the SCF approach, the procedure is
started with an initial guess @f(r) to determine thé/esr and then obtain a new(r) from
equations 2.48 and 2.49. The procedure is repesttidthe o(r) converges, at which point the
total energy of the system is obtained.
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2.3.4 The Exchange Correlation Functionals

Even though the density based methods reducedotiglications of the many-body problem
found in wavefunction based methods, the primargtifjuishing feature of all DFT
implementations is the different approaches usedpproximating the exchange correlation

functional.

2.3.4.1 Local (Spin) Density Approximation (L(S)DA)

In the Local density approximation, a uniform etentgas is used for estimating the exchange
correlation energy of an inhomogeneous system. &kshange correlation energy can be

calculated:

EX24[o] = f o(Mexe(e()dr 250)

The SXC(Q(T)) term is the exchange correlation energy per parttthe uniform electron gas

and this term can be split into an exchange aratralation part.

EXC(Q(T)) = EX(Q(T)) + 56(0(7”)) (2.51)

The Dirac expression in equation 2.34 is used finélehe exchange pagy(o(r)) and the
correlation part is normally calculated by Monterl8aMC) simulations. The LSDA is an
extended version of the LDA where the spin of tleeteons are taken into account. In this way,
the electron density(r) in equations 2.50 and 2.51 is split into the “spiri and “spin-down”

configurations.

Though the LDA uses a uniform electron gas fordpproximation, it turns out that it is very
good and accurate in many applications such asretec and structural ground state properties.
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It overestimates bond energies even though molegelametries and vibrational frequencies are

reasonably estimated.

2.3.4.2 Generalized Gradient Approximation (GGA)

A modification is made to the LDA to account foetimadequacies of the homogenous electron
gas assumption. This modification is the introduttiof a density gradient into the LDA

approximation.

Egé*o] = f o(Mexc(e(r),Vo(r)dr (2.52)

Different implementations of the GGA are developgdseveral groups. One popular such form
of the GGA is developed by Perdew, Burke and EhdefPBE)[11] is widely used. Physical
properties calculated by the GGA are normally leéttan those obtained by the LDA and LSDA

in most cases.

Several other improvements to the GGA such as #Ra+8GA exists. This includes the kinetic
energy density. It however does not provide sigaift improvement to the results obtained by
GGA.

2.4 Periodic Systems

The electronic structure calculation of extendedteays such as bulk, surface, crystals with
infinite number of electrons is an impossible téis&ugh the DFT formulation simplifies the
many-body problem. The calculation of extendedesystis however made feasible by assuming

boundary periodic boundary conditions and utiliziigch’s theorem.[12]

In the Bloch’s theorem, the assumption is that,aleetronic wavefunction of a periodic system

can be represented as a product of a periodicitumat (r) and a plane wave.

i = Uni(r)e™” (2.53)
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The wave vector that lies inside the first Brillowone (BZ) is given by k, n defines the band
index and provides labels for the wavefunctiona given k. The periodic function however has

the periodicity of the supercell used and hencebsaexpanded using a set of plane waves.

() = ) (@)l (2.54)

G

The reciprocal lattice vectors which fulfills thedndary condition of the unit cell (G. L =)
are defined by the wave vectors G. An integratimo the reciprocal space yields the physical
guantities of the system such as the electron tersid the total energy. The numerical

integration over the BZ can be performed as a suen @ finite number of k-points (mesh).

1
f ok - Zwk (2.55)
BZ

The volume element of the BZ in the unit cell isagi byQg,. The denser the k-points utilized,
the minimal the error introduced by this approxiimat However, the computational cost grows
very quickly with the number of k-points used. Henone has to always check convergence of
the system with respect to the k-points used irota avoid unnecessary computational efforts.
In molecules, liquids and large enough simulatielts¢cthe BZ can be sampled using only the k
=0 () point.

Based on the above explanations of the periodictiom, the electronic wavefunction should
contain an infinite number of plane waves. Thideiss practical and in reality, only a finite
number of the plane waves, up to a certain enentpyffccalled theEcuort is used to provide a

sufficiently accurate result.

1
> |k + G|? < Ecutors (2.56)
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With all these assumptions and simplifications,iquéc systems can then be modelled by

concentrating on the smallest unit cell that isquically repeated over all space.

In this project, the energy cutoff for the ZrC symstis tested for convergence from 200 eV up to
600 eV. This was done but calculating the grourdesenergyE, for the system at different
Ecutoff values. A plot of this test is shown in figurelllThe energy cutoff is found to converge at
500 eV. This value is used for all calculationsalwing ZrC.

-77.30
-77.40
-77.50
-77.60

-77.70

Calculated E,/ eV

-77.80

-77.90
150 250 350 450 550

Ecutoff /eV

Figure Il.1. Energy cutoff of ZrC bulk

A similar test was done for the k-point mesh. lis tbase, the standard Monkhorst-Pack[13]
special grid was used for the evaluation startnognfa 2 x 2 x 2 grid to 11 x 11 x 11 grid. The
convergence criteria established was a 9 x 9 »8ikts for the BZ integration in bulk ZrC and 9

x 9 x 1 k-points for surface calculations.

2.5 Pseudo-Potentials

Valence electrons mostly govern chemical bondieggtions and physical properties of systems.
Thus the electrons found in the core regions ofatkens do not participate in chemical bonding.

This serves as an advantage by separating theagisatf the system into the core and valence
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regions and using different descriptions for edds greatly decreases the computational cost

of involving all the electrons in the system foe ttalculation.

In the pseudopotential approach, the Pauli repulsibthe core electrons is described by an
effective potential that expels the valence eledtrdrom the core region. The resulting
wavefunction is a smooth one and can however bé mgplesented by plane waves. The
pseudopotentials are introduced to avoid expliegadiption of the core electrons and also to
avoid the rapid oscillations of the wavefunctiorsanthe nucleus which normally requires

complicated and large basis sets.

An augmentation region is used to separate the oeg®n from the valence region. The
augmentation region is characterized by a certiiusr: from the nucleus. In the construction
of the pseudopotential, an all-electron calculatisninitially done to obtain the valence
eigenvalues and wavefunctions that one seeks todape within a pseudopotential calculation.
The oscillations of the valence wavefunctions ia tre regions are then smoothed out to create
a pseudo-wavefunction which is then used to intregtKohn-Sham equations for the atom to
obtain the pseudopotential corresponding to thegsevavefunction with the constraint that the
all-electron eigenvalues are reproduced. The psmidntial sub-sums the nuclear potential with
those of the core electrons to generate an ion-qgwtential. The price to pay for
pseudopotentials is that all information on thergbalensity and wavefunctions near the nucleus

is lost.

3. Ab-initio Molecular Dynamics

In molecular dynamics (MD) simulation, the microgimotrajectory of each individual atom in
the system is determined by integration of Newtegsations of motion. In classical MD, the
system is considered to consist of massive, pdattuclei with forces acting between them
derived from empirical effective potentials. Howegveab-initio MD maintains the same
assumption of treating atomic nuclei as classiatige but the forces acting on them are

considered quantum mechanical in nature and arévederfrom an electronic structure
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calculation. This approximation of treating onlethlectronic subsystem quantum mechanically

is appropriate due to the mass difference betwaeelectrons and the nucleus.

The ab-initio MD method is usually implemented irodern DFT codes by combining a Car-
Parrinelo approach to determine the simultaneoatugon of the nuclear degrees of freedom
and of the electronic wavefunctions bases on pleaee basis sets with pseudopotentials (PP)

representing the electron ion interactions.

In ab-initio MD, two methods are commonly implenahtin DFT packages, The Born-
Oppenheimer and Car-Parrinello approaches. Thengwgns made in both cases are as
follows: all nuclei (together with their core elems) are treated as classical particles, only
systems for which a separation between the cldssiodion of the atoms and the quantum
motion of the electrons can be achieved (systertishgsag the Born-Oppenheimer adiabatic
approximation) are considered. It is possible tlwuwdate the self-consistent electronic ground
state and the forces on the ions using the Hellsf@ymman theorem for any given ionic
configuration. With the ionic forces at hand, theclear trajectories can be evolved in time using
different algorithms such as the Verlet algoritiBorn-Oppenheimer MD implementations tries
to achieve an accurate evolution of the ions byegging the electronic wavefucntions in an
alternate manner to full self-consistency for aegiget of nuclear coordinates. The ions are then
evolved by a finite time step according to the quanmechanical forces acting on them. Thus
the nuclei moves along the Born-Oppenheimer surfattethe electrons in their ground state for
any instantaneous configuration of the nuclei. Tihee step involved is limited by the need to
accurately integrate the highest ionic frequencigsually, a thermostat is required to
compensate for a drift of the constants of motioa tb imperfections in reaching electronic self-

consistency.

On the other hand, the Car-Parrinello[14] appraaarhbines “on-the-fly” simultaneous classical
MD evolution of the atomic nuclei with the determiion of the ground state electronic
wavefunction for the electrons through introductmina fictitious dynamics for the electronic
degrees of freedom and defining a classical Lagaantpr the combined electronic and ionic
degrees of freedom.

All the ab-initio MD calculations performed in thigoject are based on the Born-Oppenheimer

implementation.
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4. Geometry Optimizations

A simplified view of the geometry optimization pess can be obtained by considering the
Born-Oppenheimer potential energy surface (PES}k PES is a hypersurface and is defined by
the electronic energy as a function of 3N dimeraiamuclei positionsR,. A PES can be

expressed in the neighborhood of any spatial po&ifoas:

E(R,) = E(RS) + g(Ry — RE) + 5 (B ~ ROTH(R, — B + (257)

g and H are the gradients and Hessian with thempoments defined as:

_OE O
dR ' " OR,0R,|,

n'R,=RY

In (2.58)

=Rg’

A gradient calculation can be performed either @rallly or numerically after an electronic
energy is calculated. There are several optiminatohemes available. With the calculated
gradient, the scheme can change the atomic posiRonof the molecule until the gradient value
has reached a desired convergence threshold valsbieh point there is an indication of a
stationary point on the PES. These stationary pailefine stable intermediates when they are
found at a local minimum of the PES. This processeferred to as geometry optimization step.
The multitude of such geometry optimization scheraeailable includeconjugate gradient,
Newton-Raphson, steepest descent, or the Broyasoker-Goldfarb-Shanno (BFG®&)ethod.
Some of these methods use only the first derivaifiibe energy while others use the Hessian as

well.

4.1 The Climbing Image- Nudged Elastic Band (CI-NEB)
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Usually during the course of a chemical reactiorcimaaism, the reactants and products or stable
intermediates that are at local minima of the PEEScannected by a transition state (TS). This
difference in energy between the initial and statel the TS point gives the corresponding
electronic activation barrier for that reaction.e§b TS points are usually first order saddle
points where all but one internal coordinate ara atinimum. Several methods are available for
finding the TS point along the potential energyfacte (PES). These methods usually use a
procedure where the optimization scheme succegsimelves along the normal mode of the
Hessian with the lowest magnitude in an attempfitd the point of maximum negative
curvature. These methods are usually efficient wherstarting geometry is near the real TS and
the utilized Hessian contains only one negative endtihen these conditions are not met, the

method fails.

However, the NEBJ[15], [16] methods are efficient fmding the TS without using a Hessian.
Within the NEB approach, a series of atomic configjons known as images are aligned in a
row between the initial and final states along teaction path through a linear interpolation

scheme and then their energies are minimized agrshofigure 11.2.
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Figure 1.2. A NEB plot along the minimum energy pathway (MEP). 16 images are used and connected by
a dashed line with the images at points with filled small circles. The larger filled circles shows the images
after optimization with force constant k = 0.5 near the end of the bands and k =1 in the middle regions.

The images are connected by spring forces to ersgrgasi-equal spacing along the pathway.
The images are arranged from an initial chain wltchnects the reactant and product minima.
The images along the NEB are relaxed to the MEButiir a force projection scheme in which

potential forces act perpendicular to the chaindpuing forces act along the chain.

During the NEB procedure, a set of images labeQedQi, @, ... , @ for which Q is the
reactant image andg(s the product image (P-1) intermediates arenged along the guessed
or interpolated reaction path and are optimized. diject function F is used to trace the
optimization path by keeping the images &hd @ fixed while the intermediate images are
optimized. This object function is given by:

P-1 P
k
F(Qr-Qr) = ) E@)+ ) 5 (0= Qiin)? (259
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The force constant is represented koin equation 2.59. Normally due to the stiffnesstiod
elastic band, the path cuts the corner and missesdddle point. Moreover, there is a down-
sliding from the MEP during the optimization stdfhe corner-cutting results from the part of
the spring force that is perpendicular to the patie down down sliding however comes from
the parallel component resulting from the intex@ctbetween the atoms in the system. Hence, a
force projection scheme is used to relax the girestor images along the MEP. Within this
procedure, the potential forces are perpendicoléiné band and the spring forces act parallel to

the band. Thus the NEB force on the imagedivided into two components:

FiNEB — Fi_L +Pf” (2.60)

The force component which is due to the potentapendicular to the band;* is given by:

Fr = =V(Q) + V(Q)tt; (2.61)

The spring force parallel to the baﬁﬁ” IS given by:

F = k(IRiss = Rl = IR = Ria D (2:62)

7, is the unit vector at an imageestimated from two adjacent imaggs; andR;_,, given by

. Riy1—Ri4

= 2.63
" |Riy1— Ril (263)

A modification of the NEB method called the climgirmage nudged elastic band (CI-NEB)[15]
method drives the image with the highest energyouihe saddle point. In this way, this image
does not see the spring forces along the bandabn; the true force at this image along the

tangent is inverted. In this way, the image triesmaximize its energy along the band and
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minimize in all other directions. As such, whenstlinage converges, it will be at the exact

saddle point.

All TS search calculations in this work are perfedrusing the CI-NEB method.

5. Electronic Structure Calculation Implementation Packages

All electronic structure calculations including geetry optimizations are performed using the
Vienna ab-initio simulation package (VASP)[17] bdsen Mermin’s finite temperature
DFT.[18] The core electrons as well as the coré pathe valence electron wavefunction are
kept frozen and replaced by the projector augmewsadfunction (PAW)[19] pseudopotentials.
This implementation is done to reduce the numbeiplahe waves required to effectively
describe the electrons close to the nucleus. Tmergkzed gradient approximation (GGA)
parametrized by Perdew, Burke and Ernzerhof (PBE)[4& used for all calculations. The
Methfessel-Paxton[20] smearing scheme is used ttipg¢he gamma parameter to 0.1 eV. In all
calculations, the Monkhorst-Pack[13] special gridmpling scheme of the k-points for
integration of the Brillouin zone. For resolutiohtbe Kohn-Sham equations, the self-consistent
field procedure is used by setting the energy ckanfpr each cycle to f0eV as the
convergence criterion between successive iteratibnis is convergence criterion is selected to

ensure an accurate description of the electronictstre calculation.

6. Atomistic Thermodynamic Modelling

The total energies calculated from the electrortiticture theories are obtained at 0 K
temperature. This temperature however does noesept technologically important and real
environmental conditions. As such, the microscagectronic calculation needs to be linked
with macroscopic physical properties. The microscapntributions to the macroscopic energy
can however be obtained through traditional staisthermodynamics by using the ideal gas
assumption. The partition function is the fundamakritinction that describes macroscopic
properties. The combination of thermodynamics \thin electronic structure calculation helps to
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take into account the effects of temperature, presand entropic contributions. This becomes
very useful when considering the reactivity of noolles on surfaces as it accounts for the gas

phase properties of the molecules as well as fineperties when adsorbed on a surface.

All the atomistic thermodynamic models presentedthis work are based on an already
established thermodynamic scheme in which an addornolecule is assumed to be in
equilibrium with the gas phase which serves asserveir.[21] This scheme allows for the

definition of the reaction Gibbs free energ@y®) of the adsorption process as follows:

AG = Gmol—surf - Gsurf — Gmot (2.64)

The subscripts in equation 2.64 are definednaai-surfis for the surface with the adsorbed
molecule surfis for the free surface amdolis for the molecule in the gas phase. The Gibds fr
energy terms in equation 2.64 are defined as:

G(T) = H(T) — TS(T) (2.65)

The Gibbs free energy is divided into the enthalpantribution H(T) and the entropic

contributionS(T)with the following definitions:
H(T) = E(0K) + ZPE + Evip (T) + Etrans(T) + Erot(T) (2.66)

S(T) = Svib (T) + Strans(T) + Srot(T) (2.67)

The indices in equations 2.66 and 2.67 vib, traos,provides account for the vibrational,
translational and rotational contributions respadyi. The ZPE in equation 2.66 is the zero point
energy. This arises because even though thereoaramslational and rotational contributions at
0 K temperature, there is a vibrational energyhet temperature. For the entropic contribution,
there is however an electronic entropy contributwanich comes into play for systems with

electronic degeneracies such as doublet, tripfedsother states.

Combination of equations 2.64, 2.65, 2.66 and 2iélds the following sets of equations:
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£,G = | AEy + AEzps — AZ nu(T, p)] (2.68)

KU(T, p)is the chemical potential of the molecules invdive the reaction processE; is the
difference in the DFT energies of the species wemlin the reaction at 0 K temperature and is

defined as:

AE, = Eﬁnlol—surf - Eseérf - Erenlol (2.69)

AE,pE In equation 2.68 is the difference in the ZPEhaf gas phase molecule and the molecule
adsorbed on the surface. The assumption heretighlearanslational and rotational components
of the adsorbed molecule are neglected with ondydhanges in the vibrational contributions

taken into account. The thermal contributions ®d¢hemical potential of the gas phase molecule
consisting of temperature and pressure dependems t&re calculated as:

Au(T,P) = Au°(T) + RTIn (;) (2.70)

R is the molar gas constant. The temperature depétglen of the gas phase moleculgeg (T)

is computed with statistical thermodynamics andwated as:

A.UO(T) = [EZPE + Evib(0—>T) + Erot + Etrans ] + RT — T(Svib + Srot + Strans) (2-71)

The pressure° for all calculations was set to 1latm. The vibnadil rotational, translational and

entropic energies in equation 2.71 are estimatddllasvs:

The translational contributions are

» \3/2 o 5 5
Strans = kg {ln [(ZTZFLZ) N_A] + E} y Etrans(T) = ERT (2-72)
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V° is the molar volume of the gas at standard stdteis the Avogadro’s numbeks is the

Boltzmann constant.

The rotational contributions are as follow: Lineaolecules have energy @&.,.(T) = kgT

while non-linear molecules have eneigyy; (T) = %kBT. The entropy of rotation is given by:

(2.73)

S 2ksTN?T 3
Smtzkg{lnl ;‘“( B) l+ }

h2 2

The rotational symmetric number of the moleculemtpgroup is given by while 4, Is, andlc

are the molecules three principal moments of iaerti

The thermodynamic energy contributions from the euolar vibrations in the gas phase are
calculated per the vibrational frequencies,for the vibrational modes. The vibrational enesgie
are summed over alN86 molecular vibrational modes for non-linear moles and BI-5 modes

for linear molecules. The contributions are giveri@lows:

hay hwy/kgT
v

The vibrational energy contribution is given as:

hvi e—hvi/kT
Evip = Evip(0K) + RTZ <ﬁ>1—e‘w (2.75)
v
E,i» (0 K) is the ZPE and given by
1
ZPE = Ehz v; (2.76)
v
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All entropic, translational, rotational and vibtal contributions of the gas phase molecules are

obtained from statistical thermodynamic tables.
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Chapter IlI: Bulk Properties and Defects
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1. Introduction

In this section, studies on the bulk propertieziofonium carbide (ZrC) is presented alongside

the analysis of structural defects.

In Order to apply all the theories and methods ilesd in chapter I, it is better to gain a best
description of the system. The DFT implementationtge VASP code has to be tested to ensure
it yields accurate and reliable results for subsatjgalculations on the ZrC and other systems of

interest.

As the main purpose of this project is to studyae reactivity and modification of ZrC as well
as the interface formed from ZrC and other mategakh as Zr@and SiC, it is imperative to set
the ball rolling performing detailed testing of tB&T implementation in VASP. This testing is
achieved by studying the properties of the bulkesyisin order to get accurate results that are
comparable to those found in the literature. Sévaaperties of the bulk are calculated for this
purpose. Such properties include the lattice paramef the system, bulk modulus, Young

modulus, pressure derivative of the bulk modulileste constants of the crystal material,

Moreover, studies on defect formation and strucisii@so carried out. This helps provide good

description of the bulk ZrC system.

The chapter starts with development of slab moftelZrC, estimation of the lattice parameter,
calculation of elastic constants and finally stsdi@ defect formation.

2. Bulk Physical and Mechanical Properties of ZrC

Several properties of bulk ZrC are considered andied in this section. Calculation of the
lattice parameter from experimental data is desdrild\dditionally other properties that provides
proper description and characterization of the lsulkh as cohesive energy, bulk modulus, and

elastic constants are presented.
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2.1 ZrC Lattice Parameter

The calculation of the lattice parameter is startesihg data obtained from experimental
determinations.

ZrC having a cubic structure belongs to the octedde@®;) Fm-3m space group and it
crystallizes in a NaCl type structure with four Zu6its per unit cell as shown in figure Ill.1. The
Zr — C bond distance for this octahedral coordovats at least 2.349 A with a theoretical density
of about 6.56 g/crhat 25°C.[1]

Figure IIl.1 Cubic structure of ZrC. Yellow balledote C and big grey balls are Zr

The anions and cations independently form fccdastiand these two interpenetrating lattices are
displaced from each other by (&/2 1/2 1/2). Thus the primitive cell has two special
positions, (0 0 0) and (0.5 0.5 0.5). The expentally determined lattice parameter through
X-ray diffraction (XRD) experiments i4.69764 + 00005 A.[2] This experimental value of the
lattice parameter was used as the starting pomddétermining the lattice parameter based on

DFT studies. Thus a bulk unit cell of ZrC was builth the experimental lattice parameter and a
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series of calculations were performed on this stinec In determining the lattice parameter, the
Energy- Volume approach was use. In this approtehgcrystal structure is subjected to either
volume compression or expansion of about 10% oéxperimental value by applying a stress to
the system. The electronic energy is then caladldedifferent volumes of the system. The set
of calculated electronic energy values/Eare plotted against the corresponding volumefV o
the crystal. The resulting plot is then fitted wah appropriate equation of state (EOS). In this

work, the Murnaghan’s equation[3] of state was Usedhe fitting. This equation is given by:

s 2+ (2)

3.1

)
&) e+

E(V)is the calculated electronic energy at volwWh&, is the fitted equilibrium energy is the
fitted equilibrium volumepB is the bulk modulus anB’ is the pressure derivative of the bulk

modulus.

A fitting of the calculated energies at differentumes is shown in figure Il.2.
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Figure I11.2 Murnghan equation of state fittingedéctronic energ¥(V) at different volume¥
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The calculated equilibrium electronic energy i8.37 eV with an equilibrium volume of 106.25
A3. As ZrC is cubic, the lattice parameter is obtdibg taking the cube root of the equilibrium
volume. This yields a calculated lattice paramedsrof 4.7363 A. This value compares very
well with the experimental values of 4.6976 A[2Pah70 A.[4]. The experimental value is thus
overestimated by approximately 1% which is typhGGA calculations. The calculated value

is also compared with other theoretically determinalues, 4.731 A.[5]

The calculated bulk modulus B of ZrC is 217.9 GPhais value compares well the with the
experimental values of 223.1 GPa for dsecand 222.5 GPa for Ziggs[6] The Value also

compares very well with other theoretical calcuas, 217.7 GPa [7], 220.7 GPa [5]. This also
provides a good description of the ZrC system. Galeulated pressure derivative of the bulk
modulus,B’ is 3.84. A summary of the calculated bulk promsris provided in table 11.1. This

high bulk modulus value explains the covalent rawirthe bonding in ZrC. Even though ZrC
crystallizes in the NaCl structure which is asstdawith ionic bonding, they show properties
associated with covalent bonding.[8] This covaleharacter between Zr and C is achieved

through the charge distribution in the crystal.

Table Ill.1. Calculated bulk properties of ZrC

al A B/ GPa B’
This work 4.7363 217.9 3.84
Other GGA 4.7310[5] 217.7[7], 220.7[5] 3.80[9]
Experiment 4.6976[2], 4.7000[4] 223.1, 222.5[6]

© 2016 Tous droits réservés.

2.2 Density of States (Bulk ZrC)

A density of state (DOS) calculation is made on tpimized ZrC bulk structure to gain

understanding of the type and strength of bondnegenmt in ZrC.
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The DOS plot of ZrC is shown in figure II.3. Figutll.3 shows the bonding structure of bulk
ZrC. The Total DOS (TDOS) shows a broader valerssellof ZrC. This broader band shows the
delocalization of electrons in the bonds of ZrCefkhis a slight dip at the Fermi level. Thus the
Fermi level resides in a pseudo-gap and the deakijectronic states at the Fermi level is very

low.

——TDOS ZrC
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Figure 111.3. Total DOS of ZrC (top) and ProjectB®S onto Zr and C (bottom). The Fermi

level is aligned at the 0 energy and marked widashed line.
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A projection of the DOS onto the individual atomsshown in the lower part of figure 111.3. At
the core bonding regions, the bonding is mainlyg Gtates and less diffuse. The conduction band
is however made up of Zr —d states owing to the faat Zr is a @l element. This huge
conduction band of ZrC shows that it has more rhetahture than being an insulator. In the
bonding region, the valence band is diffuse, spanttie energies between -5 eV to -0.8 eV. The
covalent nature of the bonding in ZrC can be sadhe strong mixing of the Zr —d, Zr —p and C
—p orbitals. This mixing spans all the region dof tralence band. The strong covalent nature of

the bonds explains the high bulk modulus calculated

2.3 Elastic and Mechanical Properties of ZrC

In order to gain more understanding of the bulkpprtes of ZrC, an analysis of the elastic and
mechanical properties is provided here. There a@ methods for calculating the elastic

properties of materials, the energy-strain method the stress-strain method[10], [11]. The
energy-strain approach is based on the computatidonérgies of properly selected strain states
of the crystal. The second order elastic constaptsear via Hooke’s law in the second order

Taylor expansion of the total energy of the systgth respect to a small strain of the system:

v
E(W,€) = EWV,,0) — P(V,)AV + 3"2 Cii€ € + 0[€;] (3.2)
i

Vis any considered volumE,is the total energyCi are the elastic constant, is the volume of
the undistorted lattice?(Vo) is the pressure of the undistorted lattice aunad Vo, AV is the

change in volume of the lattice due to the straid @[€;°] indicates that the neglected terms in

the polynomial expansion are cubic and a highergvafthe& which is the strain.

For the cubic supercell, three independent elastistantsCi1, C12 andCas are to be determined.
Two deformation modes with keeping the unit cellimoe constant[12] are employed and the

bulk modulus is derived from the Birch-Murnagharj[@§uation of state.
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The stress-strain approach is used for calculatiagelastic constants and other elastic properties
of ZrC in this work. In this method, the elastimstants are derived from the generalized Hook’s
law. A set of strain€ = (€1, €2, €3, &4, &s, &€6) IS imposed on a crystal by alternating the unit ce

lattice vectorgR) from the original vectors (R) as follows:

1+¢€ 86/2 85/2
R=R| %/,  1+g, %, (3.3)
€ €
5/2 4/2 1+&;

€1, €2 and€s are the normal strains afig €s and€fe are the shear strains in Voigt's notation[14].
A 6x6 elastic constants matrix, C with componenisG/oigts’ notation relates the strain vector
€ with the stress vectar = (61, 62, 6, 64, 65, 65) ase = €. C. Based on Hooke’s law, the elastic
stiffness constants matrix C is determined as €& Finally, the macroscopic cubic elastic

constants are calculated as follows:

~ Cll + C22 + 633
Cll = 3 (34‘)

Cip = 3.5
12 : (3:5)

Cag = 3.6
i : (3:6)

C,1, C;, andC,, are the three distinct elastic constants of accabyistal andC;;, Cy,, ... Cse are
the elastic constants of the 6x6 matrix. The stséigsn approach is much more efficient as the
six strains are sufficient to obtain a full elastionstants matrix.[11], [15]. Also, the method

allows to obtain single crystal elastic constanitheut using the bulk moduluB from the EOS
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and thus to independently estim8teAt any volume, the bulk modulis related to the elastic

constants by the equation:

B = (Cy1 + 2Cy3)

. (3.7)

Thus, aside calculating the bulk modulus from thergy-volume approach using an EOS as
described in section 2.1, it can as well be catedl&rom elastic constants of the crystal.

For isotropic materials, a calculation of the agerahear modulus G is obtained from the upper

and lower bounds of the shear modulysa@d G [16], [17] respectively as follows:

1
Gy = g (Cn —Cp + 3C44) (3-8)

This upper bound can be derived assuming unifomainsthroughout the sample. The lower

bound is calculated as:

G — 5(Cll - 612)644
R 4C,, +3(Cry — Cr2)

(3.9)

This lower bound can be derived assuming unifomesstthrough the material. From the average
shear modulus G and the bulk moduBisthe average Young's modulus E and the average

Poisson’s rativ are derived as follows:

g =208 3.10
" 3B+G (3.10)
_ 3B-26 11
YT 2BB+06) (31D
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For cubic crystals, the elastic constants musil fillé Born stability criteria[14] which ares¢>
0, Ci1> G2, G1+2C12> 0.

The stress strain calculation is done using théibgum volumeV, and the lattice parametar

obtained in section 2.1.

A summary of the calculated elastic constants dhdranechanical properties that describes the

deformation characteristics of ZrC is providedable I11.2

Table IIl.2. Elastic constants and bulk mechangcaperties of ZrC

Parameter This work Experiment Other GGA
¢,/ GPa 480 470[18], 472[19] 455[9]

C,,! GPa 106 100[18], 99[19] 116[9]

C,./ GPa 149 160[18], 159[19] 152[9]

B/ GPa 231 223, 222[6] 229[9], 232[20]
G,/ GPa 164 170[19]

Ggr/ GPa 170 162[19]

E/ GPa 404 407[19] 408[9], 435[21]
v 0.2 0.19[19] 0.2[9]

The calculated bulk modulus using the stress-sapproach is 231 GPa. This value agrees quite

well with the experimental values of 223 GPa an@ ZzPa[6]. However, it is not in good

agreement with the value calculated from the E@dj in section 2.1. Moreover, it compares

very well with other GGA calculated values of 22P&9] and in excellent agreement with 232

GPa[20]. As the bulk modulus is related to volurharge, the high value calculated for ZrC

indicates that, it is difficult to change the voleraf the solid as it has a high electron density.

The relatively large bulk modulus calculated witle stress-strain method is also consistent with

the strong covalent bond character observed D& plot of figure 111.3. The established good

© 2016 Tous droits réservés.
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agreement of the bulk modulus with other GGA basaldulations provide indication of the

reliability and accuracy of the method use.

Calculation of the three elastic constants involbeth elongations and shear deformations. As
can be seen from table 11l.2, all the calculateabtt constants are in excellent agreement with
experimental data as well as other calculated G@es. The elastic constadf; which
indicates stiffness against uniaxial strain is vieigh (480 GPa). This high stiffness constant of
ZrC contributes to the excellent mechanical propserthat makes it useful for applications in
cutting tools and other harsh environmerds, is determined by pure shear strain. Thg
corresponds to the resistance against {100}<l11Czarskleformations and the somewhat high
value calculated is an indication of the mechanstangth of ZrC. From table 111.2, the average
shear modulu& can be calculated as 167 GPa. This value is iallext agreement calculated in
a different GGA work, 170 GPA[9] as well as withpeximental value of 170 GPa[19]. The
shear modulus as a ratio of shear stress to sheam, St also measures the stiffness of the
material. It is concerned with deformation of aidelhen it experiences a force parallel to one
of its surfaces whiles its opposite face experisrare opposition force such as friction. As such,
this high shear modulus value of ZrC accountst®déeformation resistance when parallel forces
are applied. Considering the Young’'s modulysit describes the materials strain response to
uniaxial stress in the direction of the stress. Tigedness of ZrC is explained by the high
Young's modulus value of 404 GPa calculated. Thatues is in excellent agreement with
experimental value of 407 GPa[19]. The slight uedBmation is however only 1% and the
method employed in this work is considered reliaBle overestimation of the Young's modulus
is however observed in other GGA calculations, &%a[21] but excellent agreement is also
found in another work, 408 GPa[9]

The calculated elastic constants obey the Bornitgyatriteria for cubic materials, i.e, €< B <

C11. The calculated Poisson’s ratio of 0.20 is in #dro¢ agreement with experiments, 0.19[19]
and other theoretical calculations, 020[9]. Thisapaeter is the coefficient of expansion on the
transverse axial, and thus the negative ratioasfsverse to axial strain. The Poisson’s ratio is a
measure of the Poisson effect. This effect explthesfollowing phenomenon: when a material
is compressed in one direction, it usually tendsetgand in the other two directions
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perpendicular to the direction of compression. $heme explanation is used for the situation

when a material is stretched.

In summary, all the above physical, elastic and harical parameters for characterizing
materials are calculated for ZrC. Accurate andabdéi values are obtained for the calculations

performed in this study.

3. Bulk Energetics of ZrC

Several energetic parameters are calculated torsloeel light on the strength of bonds found in
ZrC solids. In this respect, we use the formatioargy and cohesive energy of ZrC to gain more
understanding in the strength of bonds and intemacbetween Zr and C atomic species
combining to form the solid ZrC. A comparison okthalculated values is made with both
experimental and other theoretically calculatedigalto ascertain the accuracy and reliability of

the method used in this work.

3.1 Cohesive (Binding) Energy

An initial assessment is made with the cohesivaggnef ZrC bulk material. The cohesive

energy of a substance is defined as the energyreegio break all the bonds associated with one
of its constituents. It is therefore a measurehefihter-molecular energy of a system. Thus, it is
the energy that must be supplied to the solid pausde its constituents into neutral free atoms at

rest and at infinite separation with the same sbeat configuration.

The cohesive energy can be calculated as the diedjferent between the solid and the
separated atoms. The calculated cohesive erieggyor ZrC directly from VASP is given as -
9.67 eV. This value is in complete agreement inttagrowork, -9.64 eV/atom[5]. However, the
experimental cohesive energy of ZrC is -7.92 e\ffdty). The discrepancy in the calculated
value from the experimental value is that in thec&bnic structure calculation, the non-magnetic
ground state configuration of Zr which i$d$is used instead of the high spifd® (3F)
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configuration of Zr which is used in the experin@mheasurement. Part of this error is also due
to know systematic errors in the DFT energies efitolated atoms. Nevertheless, the cohesive
energy is in excellent agreement with other GGAcudations and hence the method used is
reliable. This high value of the cohesive energyZcC is also an indication of the strength in
the bonds holding the atomic blocks that form th€ Znit together. Thus an essentially high
amount of energy is required to break the bondZrid and hence its high mechanical and

physical properties as corroborated by the elastnstants and bulk modulus calculated earlier.

3.2 Formation Energy of ZrC

The formation energy is calculated for ZrC so chemaze the strength of bonds present in ZrC.
It is the change in energy when a material is falnfr®m its constituent elements in their
reference states. The formation energy is alsch@naheans that reduces the systematic errors in
the DFT energies of atoms in estimating the stgtali compounds. The elements that form the

compound are in their elemental states.

Considering the reaction for the formation of Zrém Zr and C atoms in their elemental states

as:

m(Zrth) + n(Cgraphite) - m+ n(ZrCsolid) (3'12)

The formation energy of ZrC per atom can then beutated as:

g _ (m+n)E(ZrC) — nE(Cgmphite) — ME(ZTcp)

form —

3.13
m+n ( )

The reference elements used in estimating the tiwmanergy of ZrC are hcp Zr and graphite
carbon. The calculated formation energy of ZrCOs89 eV/atom. This is in good agreement
with other GGA calculations, -0.92 eV/atom[5]. Is@ agrees well with the experimental value
of -1.04 eV/atom[22]. It is apparent that the hgstematic error observed in the calculated

cohesive energy of ZrC is somehow reduced.
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In summary, the cohesive and formation energieZr@f has been calculated to gain more

understanding on the types and strength of bonkibigd in this material.

4. Point Defects in ZrC

In order to complement all the other bulk properseudies, an analysis of solid defects is carried
out for bulk ZrC. The defect studies is also carraut to check the precision of the elastic
constant calculations. Defects in the solid card léa imprecise calculation of the elastic
constants. Experiments have shown that ZrC contilasge number of carbon vacancies, and
their properties are related to the broad compostihomogeneity of the ZrC. They sometimes
have C concentrations of 38-50% at 5WC[4], [23], [24]. It is known that the perfectly
stoichiometric cubic NaCl phase in transition metarbides (TMC'’s) is unstable so that
vacancies are always present. Among the diffesgratst of defects found in solids, vacancies and

atomic insertions are considered in this study.

The energies of stoichiometric and defected ZrQicstires are computed with different
supercells. The volume of each supercell is fixath whe lattice parameter calculated for the
stoichiometric ZrC in section 2.1 while the fraci& atomic coordinates are relaxed. It has been
observed that the most common form of defect in &@arbon vacancy formation[25] and
hence this type of defect is considered here. Fbifierent concentrations of carbon were
considered in this study; 75%, 88%, 94% and 97%s&hwere achieved using 1x1x1, 2x1x1,
2x2x1 and 2x2x2 supercells respectively. These @aimnations also leads to the following
formulae; ZrGQ.7s, ZrCogs ZrCo.osand ZrG g7 respectively. The volume of the supercells were

kept fixed while the ions were allowed to relax.

The main parameter used in characterizing the tieterd their stability is the defect formation
energy (DFE). The DFE values were calculated fothboarbon-rich and zirconium rich

environments.

In thecarbon-rich environment, the carbon removed from the stoicleimim structure is placed
in a reservoir of carbon, diamond in this case. Ffi@nond was used as the reference in
calculating the energy of carbon. The lattice pat@mused for FCC diamond was 3.5668 A
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with 8 atoms per unit cell. A k-point mesh testiwgs done for carbon as was performed for

ZrC. The resulting k-point mesh used for diamondboa was 6x6x6.

In case of the Zr-rich environment, the carbon resdofrom the ZrC structure is placed in an
excess of Zr to form ZrC units. In this case, tlegdgonal closed pack (hcp) Zr is used as the
reservoir for Zr. Thus the energy of carbon is catag in both diamond and hcp Zr reservoirs.

A k-point mesh testing resulted in 9x9x5 grid.

The DFE is finally calculated as the differenceeimergy between the un-defected solid and the

defected solid, taking into account the energyhefdlemental specie being vacated as:

ZrCsoig = ZrC—x) + xC (3.14)

The number of carbon vacancies is givenyThe DFE is in different environments is

calculated as:

carbon —rich: DFE = E(ZrC(_y + E[xC{diamond}] — E(ZrCs;iq) (3.15)

Zirconium —rich: DFE = (ZrC_y + E[xC{hcp Zr}] — E(ZrCsp1ia) (3.16)

In the carbon-insertion type of defect, 1x1x1, 2k18x2x1 and 2x2x2 supercells or ZrC were
used and one carbon was inserted into the latticehe structure. These give carbon
concentrations of 125%, 112.5%, 106% and 103% otiséy. The corresponding structures are
ZrC1.25 ZrCpa13 ZrCios and ZrG ozrespectively. Corresponding DFE equations as ircgibon
vacancies exist for the carbon insertion defects thie DFE values are calculated as for the

carbon vacancies.

DOS calculations are performed for the two typeslefect after geometry optimization of the
supercells. The DOS include both total DOS andegatejd DOS to aid in explaining the defect

features in solid ZrC.
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4.1 Carbon Vacancy Defects

As explained earlier, the effects of carbon vacafwynation in sub-stoichiometric levels at
different concentrations of carbon are computearder to obtain understanding of the ease with
which vacancies are formed in the stoichiometriticstire. A summary of the DFE values

calculated for the different concentrations of carlvacancies is given in table I11.3.

Table 1ll.3. DFE at different concentrations oflmam in ZrC at different environments of carbon

and zirconium

Carbon-rich (DFE/ eV) Zr-rich (DFE/ eV)
ZrC Formula calculated Reference Calculated Rebteren
ZrCo.75 2.08 0.33
ZrCo.ss 1.87 0.12
ZrCo.o4 1.47 -0.28
ZrCo.o97 1.04 0.93[26] -0.71 -0.71[26]

© 2016 Tous droits réservés.

According to table 1.3, ZrC is more stable whearlion vacancy is formed at carbon
concentrations of 94% and 97% in Zr-rich environteehe stabilities with which carbon
vacancies are formed increased when large supeiaelused. The vacancies are however not
stable at low carbon concentrations, ie 75% and.88%ictorial view of the stability of the

vacancies at different carbon concentrations isveha figure 111.4.

It is also obvious that the carbon vacancies atstadle in carbon-rich environments as the DFE
values are all above zero, more than the equihibrmalue for stoichiometric ZrC. The computed
DFE values are moreover in excellent agreement avitiilable theoretical values as can be seen
in table 111.3. The negative value for the vacamtyirconium-rich conditions imply that, in the
presence of Zr, ZrC will react to form ZrQx < 1), i.e. the Zr will pull carbon from the
stoichiometric compound to form bulk Zr@x < 1) with carbon vacancies. The difference

between the supercells is significant. In the larggercells, the vacancies can be spread out
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more evenly in the structure, thereby minimizing ttumber of metal atoms with more than one

carbon vacancy neighbor while this is not posdibline smaller supercells.

DFE in C rich/eV/defect DFE in Zr rich/eV/defect
2.5
2
15
1
~
E 0.5
5 0
0
-0.5
-1
ZrC0.75 ZrC0.88 ZrC0.94 1ZrCO0.97 ZrC

Figure 11l.4. DFE in carbon-rich and zirconium-ricknvironments at different carbon

concentrations

In order to understand the electronic changes ef lihlk structure upon carbon vacancy
formation, different DOS plots were made for théedeed structures and compared with those of
the non-defected solid at different concentratiofise DOS for the different carbon vacancy
concentrations can be seen in figures IIL.5, 1lIB,7 and III.8. The DOS will aid in

understanding the bonding nature in the defectedss@®ome characteristic features of the DOS
plots can help to understand the differences anahgds in chemical bonding between

stoichiometric and sub-stoichiometric phases of.ZrC

For ZrGy.75 the total DOS in figure 111.5 for the stoichiomietstructure can be divided into three
regions: the lower core region (I) around -9.5 &¥is band is mainly made up of C —s orbitals.
Region (I) is separated from the upper valence lvagn (Il) by 5 eV in energy. Region (ll)

lies around -3.0 eV and is made up of large coatigms from Zr -4d orbitals as well as
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significant contributions from C -2p orbitals. Tfeet that the low lying C -2s is separated far

from the C -2p orbitals shows no hybridizationtod tarbon s and p orbitals.

ZrCyss ZrCo 75

——TDOS ZrC
——TDOS def ZrC0.75

Density of States
Density of States

-13 -8 -3 2 7 -13 -8 -3 2 7
Energy/ eV Energy/ eV
ZrCq 75 C-s ZrCogg
—C-p
—defC-s ——TDOS zrC
def C-p

Density oif States
Density of States

J " N
-13 -8 -3 2 7 -13 -8 -3 2 7
Energy/ eV Energy

Figure 111.5 TDOS and PDOS plots for Zy&and ZrG sscarbon vacancy structures. Labels with
def means defected structure and without def arthéstoichiometric structures.

The region Il explains the large covalent bond abtar between the C —p and the metal-gd t
orbitals in ZrC. At the Fermi level, there is ngazkro states but a somewhat continuous band
into the conduction band region which suggestsiib&allic nature of ZrC. The conduction band
above the Fermi level is made up of unfilled stéttems the Zr g —d states. The large Zr -d states
immediately after the valence band forms the Zmdds bond. The C —2s states are highly
localized. Only when carbon is removed from theteaysdoes the ddbond begin to have a

more significant influence and hence cannot bergghauring studies of carbon vacancies.

The occupied states at ~ -3.0 eV in the TDOS istdube Zr —d 4g orbitals mixing with C -2p
orbitals to form 4g-pdr orbitals giving a strong covalent bond. Thig-pdr is slightly metallic
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due to the larger contribution by the Zg-d orbitals than the C —p orbital. The conductiamd
is as a result of the meta} and the carbon antibonding p states mixing to fegrpds bond
which is rather weaker. A combination of the ZrCopahd pa bonds favor the octahedral
arrangement and strongly resists shear.

As noted from the DFE values calculated, it is ctbat the energy of formation of ZrC increases
when vacancies are introduced into the structures Tndicates the states which are being
unoccupied by the removal of carbon atoms are lstiglg states. When removing atoms in the
carbon sub-lattice, the symmetry of the systenrakdn and hence there is more than one type

of Zr and C atoms in the system.

Comparing the TDOS of ZrC and Zsg, there is no significant changes in the regioasd II.
The largest difference in the TDOS is found in oegill where the pseudo-gap which separates
region Il from region Il is now pierced by two pea Upon projecting the TDOS onto the
different atoms of Zr and C to see the detailstanges, there is no significant change in the
PDOS of the carbon atoms at the high vacancy cdératemm. At this concentration, all the
remaining C and Zr atoms are close to the vacaitey Bhe C 2s localized state in region | is
shifted slightly in energy by an amount of abo@0d eV whiles the C —p states in the region lI
is shifted slightly to lower energies by about Ogdband the Fermi level is shifted towards lower
energies by about 0.02 eV. The antibonding statesshifted slightly towards lower energies.
The major difference in the DOS is observed in Zne-d states. The two peaks piercing the
pseudo-gap between regions Il and Ill are callethway peaks. This peak is caused by metal-
metal bonds created through the vacancy site. Asé#nbon is removed, the unoccupied Zr —d
states begin to shift to lower energy piercing fleemi level to form an intense new state, which
is now filled and are not hybridized with the Ce#pbitals. Thus the formation of the metal-metal
ddo bond causes an increased in the states at thel Fareh and hence the ZgGs exhibits
metallic properties. Additionally, the metal eg itals in the conduction band above the Fermi
level become sharper and more localized. Thereeisappearance of new states in the region II
of the Zr —d states. The low DFE of 0.33 eV in ighrconditions for this defect concentration

shows the possibility of its formation.

ZrCo.ss As the carbon concentration is increased to 88f#re is still a slight change in the

TDOS (figure 111.5) as compared to the stoichionmestructure. At this concentration, there is
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symmetry breakage and the Zr and C atoms far avgk db the vacancy area are different as
shown in figure IIl.6. The regions | and Il remaimstually unchanged. There is negligible
change in the PDOS of carbon while a substantiahgh is observed in Zr. The Zr atoms far
from the vacancy shows new states appearing dtahmi level which are of metal d character
while there are still intense new metal —d stapgsearing at the Fermi level for the Zr atom close
to the vacancy region. It can be inferred thatiglhér vacancy concentrations such asoZs@nd
ZrCo.gs, there are new metallic —d states introduced atF#rmi level and these states are not

localized but exhibit long range effects.

H 1
PDOS far Zr in ZrC, 4, PDOS near Zr in ZrCy g5 |
n 1
H 1
H 1
g —— fardefZr p ! 2 —— near def Zr -p i
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— ! '
5 P ! 5 —op :
z d ! 2 !
2 ! = d '
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Figure 111.6. TDOS and PDOS of Zs@svacancy. Legend explanation is same as in figure. I

ZrCoosand ZrG.o7z. The TDOS becomes nearly similar to the stoichimme&rC as shown in
figure II.7. It is observed in figure 111.7 that these low vacancy concentration in Zgg only a

slight change in the TDOS is observed and thetigeisntroduction of new —d states at the Fermi
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level for only the Zr close to the vacancy arealevhp significant changes or states appear in the

other atoms. Thus the electronic structure of tliestoichiometric ZrC gets closer to that of the

stoichiometric ZrC as the vacancy concentratios g@ier as can be seen in ddzand ZrG@ g7

in figures 11.7 and 111.8. This explains the mastable nature of this low vacancy concentration

formation as observed in the DFE values above wiéhZrG osand ZrG o7 having DFE’s of

negative values as compared to those obZs&nd ZrG ss
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Figure 111.7. TDOS and PDOS of ZsGs defect. Legend explanation is same as in figurg |l

Thus even though the new d- states appear in theCloracancy solids, they are of very low

intensities as compared to the high vacancy solids.

© 2016 Tous droits réservés.

4.2 Carbon Insertion Defects
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Aside the carbon vacancy defect, the Carbon imserntacation is also studies. In this case,

carbon is inserted into the bulk lattice of ZrC eld¢alculated DFE values for the different defect

concentrations are shown in table Ill.4. Moreowenplot of the DFE’s at different C insertion

concentrations is provided in figure 1.9 to prdeia pictorial view of the trend observed.
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Density of states
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Figure 111.8. TDOS and PDOS of Zs@7 defect. Legend explanation is same as in figurg Il

High DFE values are calculated for both carbon-mcid zirconium rich environments. This

shows the unstable nature of such solid defectsS pIOts are obtained for the Zr and C atoms

close to and far from the inserted carbon.

Table Ill.4. Calculated DFE for carbon insertiorieds in ZrC

ZrC formula C-rich DFE/ eV Zr-rich DFE/ eV
ZrCi.2s0 5.76 7.51
ZrCiazs 5.71 7.46
ZrC1.063 5.36 7.41
ZrC1.031 3.74 5.49

© 2016 Tous droits réservés.
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Even though structures of ZrC1.250, ZrC1.125, Z063. and ZrC1.03lare studied, only
diagrams for the ZrC1.250 and ZrC1.031 are shogurds 111.10 and figure I11.11.

. DFE for carbon insertion
B ——
6
8
2
v 4
e]
>
2, —o—DFE/eV/c rich
w
8 —m—DFE/eV/zr rich
0
-2
ZrC1.250 ZrC1.125 ZrC1.06252rC1.03125 ZrC

Figure I11.9. DFE plot for Carbon insertion defegtZrC at different insertion concentrations
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Figure 111.10. TDOS and PDOS of Zr@sodefect. Legend explanation is same as in figurg Il

There is no significant change in the DOS of carbath only a slight shift in band energies
while there are new d- states of metallic charaettethe Fermi level. There is change in
symmetry for the carbon in the structure and hehees- states split into new ones. The inserted
carbon, having a different symmetry shows splittfi@- states into two bands and new p- states

close to the Fermi level.

ZrC 103z for this concentration of defect, there is norg&in the Zr atom far from the inserted
carbon whiles new d- states with low intensity appeat the Fermi level for the Zr close to the
inserted carbon. There is no change in the DOShircarbon far from the inserted one while
there is shift in p —states to higher energiestlier near carbon and shift in s —states to higher
energies. Similar DOS is observed for the near ararbven though there is a decrease in

intensity for the p —states.

5. Conclusion

As a preliminary study to optimize the methodoldgrythe subsequent parts of this project, bulk
properties ZrC and solid defect studies have beerned out. These properties were studied to

obtain accurate description of the properties fomnsblid ZrC bulk.

The principal and characteristic bulk propertieshsas lattice parameter and other mechanical
properties were characterized to high accuracy.|dtlee parameter was calculated within 1%
of experimental value. The elastic constants, otidulus, shear modulus, Young’s modulus
and Poissons ratio were all calculated to a higkllef accuracy. As such, the mechanical and
physical properties of ZrC have been establishéld agcurate results.

Two different types of defects in solids have bsetried for ZrC. Carbon vacancy defects and
carbon insertion defects were considered. All {ipe$ were considered in both carbon-rich and
zirconium-rich environments. Among the differentncentrations of carbon vacancy defects

studied, only low vacancy concentration structuresZrG.g94and ZrG g7 were observed to be
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stable. The calculated DFE’s are in excellent age# with values found in the literature.

Considering the carbon insertion defects, the ofasen is that such defect structures are

unstable and hence unlikely to form. The effedhef defect is observed to be more local in both

carbon vacancies and insertions.
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Figure 111.11.TDOS and PDOS of ZiGs1 defect. Legend explanation is same as in figurg |
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Chapter IV: Adsorption and Reactivity of O, H2 and
H>0 with ZrC Low Index Surfaces
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1. Introduction

This chapter describes the adsorption and reactiwismall inorganic molecules namely,HD»

and HO with ZrC low index surfaces. The analysis perfednstarts with studies on all three low
index surfaces, (100), (110) and (111) surfacekidireg their structure, stability and all other
properties. The chapter is made up fully publispedr reviewed research articles. The chapter is

divided into three sections covering each of tledhmolecules.

In the first section, the fully published articlentédled “Periodic DFT and Atomistic
Thermodynamic Modeling of Reactivity of, D, and HO molecules on Bare and Oxygen
Modified ZrC(100) SurfaceThis section describes work done on only thedjiurface and it is
published in the American Chemical Society, Jouafdhysical Chemistry C.

In the second section, another fully publishedcckrtentitled ‘Stability, Equilibrium Morphology
and Hydration of ZrC(111) and (110) surfaces withOH A Combined Periodic DFT and
Atomistic Thermodynamic Studyrhe article is published in the Royal Society @fiemistry
journal, Physical Chemistry Chemical Physics. Thpgy describes the stability of ZrC(111) and
(110) surfaces as well as their hydration and thie® equilibrium morphology of the
nanocrystallites at different temperatures uporréyoh.

In the final section of this chapter, a full deption of oxidation on all three ZrC surfaces is
given. The section is also made of a fully publdlaeticle entitled Oxidation and Equilibrium
Morphology of Zirconium Carbide Low Index Surfacesing DFT and Atomistic
Thermodynamic ModelirigThe article is published in the American CheniSaciety, Journal

of Physical Chemistry C.

2. Periodic DFT and atomistic thermodynamic modeling of
reactivity of H,, O, and H,0 on bare and oxygen modified
ZrC(100) surface

A fully published article on the reactivity ofHO, and HO on ZrC(100) surface is given here.
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ABSTRACT: A comprehensive study was carried out using
DFT calculation, together with statistical thermodynamics
study of oxygen, hydrogen, and water sorption on the bare and
ZrO-modified ZrC (100) surface. The bare ZrC (100) surface
is found to be fully covered by oxygen whatever the
temperature and pressure whereas it is free of hydrogen.
Water adsorbs on the bare surface at temperatures below 200
K and dissociates into surface hydroxyl groups, but all water

—
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induced features are lost at room temperature. Oxygen modification further activates the (100) surface, and water adsorbs
strongly as either atomic O with H, release or into surface OH and H groups. Thermodynamic stability plots at 300 K for
different water coverage predict coverage of 0.75 ML at >10~* bar. These findings compare well with experimental photoemission

studies published in the literature.

. INTRODUCTION

Zirconium carbide (ZrC) is a non-oxide ultrahigh temperature
ceramic (UHTC) used as thermostructural materials in
applications and areas such as nuclear, aerospace, and steel. It
belongs to the transition metal carbide (TMC) group of
materials which have special properties such as high melting
points. One of the major tasks for the nuclear and aerospace
industries resides in the making of highly refractory ceramics
whose properties would be compatible with the harsh working
conditions of such processes.' For example the future fourth
generation engines of nuclear plants are required to work at
very high temperatures >1200 °C, and hence they would
require materials whose physicochemical properties are
compatible with such working conditions.” Other applications
include the manufacture of hard materials such as cutting tools.
ZrC among the TMC has very high refractory and excellent
mechanical properties, and hence is suitable for these kinds of
applications. The requirement of these structural materials to
work under severe conditions, for instance, high temperatures
and corrosive oxidizing environments, is not easily achieved.
This is due to the fact that introduction of a small pressure of
oxygen forms zirconium oxide layer on the surface, which leads
to deterioration of the mechanical properties of the ceramic.
Very low refractory oxides are thus formed at temperatures
around 350—400 °C, and the oxidation resistance is very
limited.?

The resistance to oxidation can be achieved by coating the
surfaces with other ceramics such as SiC, which has outstanding
properties at high temperatures.*® In order to achieve such
coating, the ZrC surface needs to be first modified with small
molecules which can aid in the grafting of the SiC. Examples of
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such candidate molecules which can generate functionalization
of the surface include water, ammonia, and azo-radical
initiators.® The reactivity of the different surfaces of the ZrC
material therefore requires extensive investigations to under-
stand, first, the different processes taking place on the surface
and, second, how such processes affect the physicochemical
properties of the material. Several experimental and theoretical
studies have been carried out including processes by which
small molecules such as water, oxygen, and hydrogen among
others interact with the surface. For example, the reactivity of
oxygen on the (100) surface of ZrC has been extensively
studied both experimentally and theoretically. Indeed, the
(100) surface is found to be very reactive to oxygen exposure.
Oxygen is observed to form a ZrO-like layer, after the ZrC
(100) surface is exposed to 50 langmuirs (L) of O, and heated
to about 1000 °C in an angle resolved photoemission
spectroscopy (ARPES) study.” The oxidation process of the
ZrC (100) surface was also studied using UPS and XPS. Upon
exposure of the surface to O, at room temperature, carbon
atoms in the surface get depleted and substrate Zr atoms are
oxidized. ZrO-like layer was proposed to be at coverage of less
than 3 L and to become a ZrOx (1 < x < 2) state with further
exposure of O,.” It was also observed that, upon heating of the
oxidized surface over 1000 °C, the XPS O 1s peak intensity
decreases rapidly while the C 1s peak intensity increases and
becomes equal to the initial value at 1300 °C. Thus, oxygen is
removed from the surface and bulk is recovered at temperatures
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higher than 1300 °C.® Several theoretical studies have been
undertaken on the oxidation process of the ZrC 100 surface.
The preferred adsorption site of oxygen is found to be an mmc
hollow site (bridge between two Zr atoms and one carbon
atom)? thanks to density functional theory (DFT) calculations.
The process involving the exchange of surface carbon atoms
with oxygen using DFT predicts the removal of surface C
atoms as CO gas involving a minimum of two O adatoms.'”

The preparation of the ZrC material is normally difficult to
perform at conditions void of gaseous water molecules, and as
such the interaction of the individual surfaces with water is of
paramount importance. Reactivity with water can lead to the
formation of surface hydroxyl groups which can be used as
precursors for subsequent grafting of other materials onto the
ZrC surface. There is no extensive work both experimentally
and theoretically on the reactivity of water with the ZrC (100)
surface. The only experimental work performed on the
reactivity of water on this surface is rather on an oxygen
modified ZrC (100) surface.”"! According to the authors, water
is inert on the ZrC (100) surface at room temperature but
adsorbs dissociatively as OH and atomic O species on the
oxygen modified surface. The authors observed no water
induced features in XPS and UPS when the ZrC (100) clean
surface is exposed to water at least up to 10 L at room
temperature. As the surface covered with an ordered ZrO-like
layer is exposed to 1 L H,O at room temperature, two O 1Is
peaks grow at 530.4 and 532.3 eV indicating that H,O adsorbs,
forming two types of adsorbed species. There are however no
reported theoretical studies on the reactivity of water on the
ZrC (100) surface to our knowledge.

Not only is the oxidation of the ZrC (100) surface important
but also the reduction process of the surface in reducing
environments needs to be studied. However, there are no
reports on the reactivity of the (100) surface with H, both
experimentally and theoretically. It was suggested that H,
shows no adsorption on the clean (100) surface at room
t(—.\rrq:)erature,u but the working pressure conditions were not
reported.

In the present work, we investigate the reactivity of H,0, O,,
and H, on the bare ZrC (100) surface as well as on a model of
oxygen-modified ZrC (100) surface by means of periodic DFT
calculations. The effects of temperature and pressure on the
adsorption process are compared with experimental findings by
mean of atomistic thermodynamic modeling.

The paper is divided as follows: section II describes the
methods and materials used while section IILA provides the
results for calculated bulk and surface properties. Sections IIL.B
and ITI.C provide results and discussions on the reactivity of the
small molecules on the bare and ZrO-modified (100) surface,
respectively. Section IV finally draws conclusions on the current
study.

Il. CALCULATION SCHEME AND STRUCTURAL
MODELS

All calculations were performed using the Vienna Ab initio
Simulation Package (VASP),'? which is based on Mermin’s
finite temperature DFT.'"* The electronic configurations used
for Zr and C are [Kr]4d*5s* and [He]2s*2p” respectively. PAW
pseudopotentials'® were used to replace the core electrons
which were kept frozen, as well as the core part of the valence
electron wave functions, in order to reduce the number of plane
waves required for electrons close to the nuclei. The GGA
exchange correlation functional parametrized by Perdew, Burke,
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and Ernzerhof (PBE)'® was employed, and the Methfessel—
Paxton'” smearing scheme was used by setting the sigma
parameter to 0.1 eV. The accuracy of the calculation results was
evaluated by changing the energy cutoff from 200 to 600 eV
while the k-point sampling mesh was evaluated from 2 X 2 x 2
to 11 X 11 X 11 using the standard Monkhorst—Pack'® special
grid. From this evaluation, all subsequent bulk and surface
calculations were performed by describing the valence electrons
using the plane wave basis set with a cutoff of 500 eV while the
integration of the Brillouin zone was performed with 9 X 9 X 9
k-points for the bulk and 9 X 9 X 1 for surface calculations. The
Kohn—Sham equations are solved self-consistently until the
energy difference between two successive iterations is lower
than 107" eV.

Cubic ZrC belongs to the Fm3m space group, with two
special positions for Zr and C at (000) and (0.50.50.5)
respectively with no degree of freedom in the bulk owing to the
symmetry of the system. For bulk calculations, the positions of
all ions were relaxed, while for all surface calculations, the
positions of all the ions in the three topmost layers were relaxed
in order to render the net forces acting upon them smaller than
107 eV/A. The theoretical equilibrium lattice parameter for
the ZrC was determined by calculating the energy at different
volumes of the unit cell. The resulting data set was fitted using
Murnaghan’s equation of state (eq 1).

E(V) =E, — [BV,/(B' — 1)] + (BV/B')
[((v,/V)B'/(B' = 1)) + 1] (1)

E(V) is the energy obtained at different volumes, E, is the fitted
equilibrium energy, V' is the volume of unit cell used, V, is the
equilibrium volume, B is the bulk modulus, and B’ is the
pressure derivative of the bulk modulus.

The stable (100) low index surface used in our calculations is
shown in Figure 1. Their starting geometry was obtained by
cleaving the optimized bulk structure along the corresponding
normal direction. A (1 X 1) surface unit cell was used for all
surface calculations except calculations on lower coverage
adsorption structure where a (2 X 2) has been used. No surface
reconstruction is observed.'” In order to avoid surface—surface
interactions, a vacuum of 12 A was set as separation between
two periodically repeated slabs. Eight atomic layers were used
for the surface energy calculation and reactivity. The three
outermost layers of the slab were allowed to relax in order to
render the net forces acting upon them smaller than 1 X 1072
eV/ A while the remaining layers were kept fixed to mimic bulk
properties. Cleaving of the ZrC (100) yields two equivalent
surfaces, and then surface energy for the rigid surface is
computed as y = (Egy — nEpy)/2A where Egy,, denotes the
slab energy, nEy,, is the energy of n ZrC units in the bulk
structure, and A is the surface area exposed by the surface plane.
The surface energy for the relaxed surface is computed by
adding the relaxation energy to that of the rigid surface and
proceeding with the equation above for the unrelaxed surface.
For the ZrO-like layer on the surface, the crystal structure is not
yet determined. The observed thickness of this layer on the
ZrC (100) surface is found experimentally to be 1.2—2.4 A?B
and it also gives a sharp (1 x 1) LEED pattern. Hence, we
modeled this surface by replacing all the C atoms in the first
layer with O atoms to form ZrO-like layer on the ZrC (100)
surface.

The adsorption of small molecules has been investigated in
both an associative and a dissociative way for water, hydrogen,
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| =
Figure 1. ZrC (100) [slab (left) and top view (bottom left)]| and ZrO/

ZrC (100) [slab (right) and top view (bottom right)]; blue (C),
yellow (Zr), red (O).

and oxygen by testing different adsorption modes. While
atomic and molecular oxygen are treated in a spin polarized
way within the gas phase, O and O, adsorption was carried out
without using spin polarization. Indeed, during its interaction
with the surface, there is a dramatic weakening in the open shell
nature of O, molecule and the subsequent dissociation into O
atoms. Moreover, according to Rodriguez et al, during their
first-principles calculations of O and O, adsorption on a ZrC
(100) surface, they observed no need for spin polarized
calculation after testing with several test calculations.'® The
adsorption energies are then computed as in eq 2.

Eads = _[Esurf+molecule - Ecleanisurface - Emolecule] (2)

Eqfimolecule 15 the energy of the surface with the adsorbed
molecule, E .., ufce i the energy of relaxed clean surface, and
E,olecute i the energy of the gaseous small molecules. After
obtaining the preferred adsorption modes on the (100) surface,
the effect of different coverage of the gaseous molecules on the
(100) surface was evaluated using 0.25 monolayer (ML), 0.5
ML, 0.75 ML, and 1 ML coverages with (2 X 2) unit cells.
A. Thermodynamic Model. In order to establish relation-
ship between the calculations performed and experimental

working conditions, we used the already well-established

atomistic thermodynamic scheme,”® where the surface and
the adsorbed molecule are assumed to be in equilibrium with
the gas phase which serves as a reservoir. This then allows for
the definition of the adsorption Gibbs free energy (A,G) as a
function of thermodynamic parameters such as temperature, T,
pressure, p, through the gas phase chemical potential g using
the general equation:

AG = [AE, + AE,, — ) nu(T, p)] 3)

AED = [Eel(surface-v-molecule) . Eel(surfnce) . nEel(molecu]e)] is the
difference of the DFT energies computed at 0 K, and AE,, is
the difference in the zero point energy (ZPE) of the gas phase
molecule and the molecule adsorbed on the surface. The
thermal contributions to the chemical potential of the gas phase
molecule which consist of temperature and pressure dependent
terms are calculated through eq 4.

u(T, p) = u°(T) + RT In[P/P°] )

The temperature dependent term is computed with statistical
thermodynamics as in eq 5.

K°(T) = A[E4(0
= T) + E(T) + En(T)] + RT
. T(wa(T) + Smt(T) + Str:ms(T)) (5)

These thermal contributions introduce the changes in the
vibrational, rotational, and translational degrees of freedom
upon adsorption of the small molecules onto the surface. Part
of the contributions of all such changes was observed to
originate from the hard vibrations which are approximated with
the ZPE as well as the entropic contributions of the gas phase
molecules. The ZPE contributions of the adsorbed molecule on
the surface as well as the gaseous molecule were taken into
consideration. A value of P° of 1 bar was used and a plot of
(A,G) against pressure P was obtained at different constant
temperatures. The lowest of such plots at different coverage is
the most stable system in a given experimental condition.

B. Transition State (TS) Search. Transition state searches
were carried out using the Climbing Image Nudged Elastic
Band (CI-NEB)”' method implemented in VASP. Eight images
were used to connect reactants and products for the H,O TS
search while 16 images were required to observe all the features
of the potential energy surface of the H, dissociation. It
involved an initial calculation by fixing the substrate and
relaxing the small molecule completely. The stationary points
indicating the highest image in the CI-NEB above were
characterized by vibrational frequency analysis obtained from
the Hessian matrix of the energy to yield an imaginary
frequency at the TS point.

The ZPE contribution of the reactant, TS, and product was
taken into consideration, and the energies are corrected
according to eq 6.

MNV 1
Ecorr =E+ _h":
g : (6)

E .. is the corresponding energy of the reactant and TS image
after the ZPE correction, and E is the electronic energy of the
stationary point. The final energy barrier was then calculated as
the difference in the corrected energies between the reactant
and TS image.
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lll. RESULTS AND DISCUSSION

A. Bulk and Surface Structure Properties. Fitting of the
energy against volume with the Murnaghan’s equation of state
yielded an optimized lattice parameter of a, = 4.736 A, which
compares very well with the experimental values of 4.696 A>
and 4.70 A." The lattice parameter is summarized in Table 1, as

Table 1. Fitted Bulk Parameters

fitting parameter fitted value
B 217.9 GPa
B’ 3.84
W 106.25 A®
Ay 4.7363 A

o

well as the other fitted bulk properties such as the bulk
modulus. The distance between the Zr and C atom sites in the
bulk was calculated to be 2.368 A after relaxation (experimental
value: 2.349 A*). The calculated value of the bulk modulus
from the fitting, which is 217.9 GPa, is in also very good
agreement with the experimental values (223 GPa;>* 217.7
GPa™).

For the relaxation of the (100) surface, it was observed that
the Zr atoms relax inward from the first layer, while the C
atoms move upward in the first and second layers. This
movement of the Zr and C atoms is in the form of ripples. The
dic_an, which is the vertical distance between C in first layer
and Zr in second layer, is 2.346 A, wlnch agrees well with the
value of 2.35 A from other calculations.®® The d,y_sc = 2.256 A
and compares well with the experimental value of 2.200 A* an
calculated value of 2.260 A.*® The calculated surface energy for
the ZrC (100) rigid surface is 105.7 meV-A~2 as compared to
the value of 105.0 meV-A=2%" There was a 9.93% relaxation
energy yielding a relaxed surface energy of 95.2 meV-A™?, which
is in excellent agreement with other calculatlons, 99.4 meV-:
A2 101 meV-A2?® and 96.8 meV-A"2%° The calculated
surface energy of the (100) corroborates the fact that it is the
most stable among all the surfaces of ZrC.?” The stability of the
(100) surface was further confirmed by computing the density
of states (DOS) for the bulk structure and comparing with the
projected DOS for the created surface. Figure 2 shows the DOS
plot for the relaxed (100) surface. The DOS shows no
significant change upon cleaving the bulk to obtain the (100)
surface, but it however shows only a slight introduction of
surface states around the Fermi level. Projection of the DOS
revealed presence of Zr d states around the Fermi level. The
near-bulk-like feature of the states around the Fermi level
confirms the stability of this surface.

B. Reactivity of H, O, and H,O on Bare ZrC (100)
Surface. The most stable form of adsorption after testing with
different configurations was used in computing the adsorption
energies E. The adsorption energy was also calculated for
different coverage of the (100) surface.

i. Hy Adsorption. Several adsorption modes were tested for
different configurations to find the most stable form of
adsorption. The only interaction observed for molecular H,
with the (100) surface can be neglected: the hydrogen molecule
interacts weakly with surface Zr atoms with very small
adsorption energy (0.07 eV). In this mode of interaction, the
distance between the hydrogen molecule and the surface Zr
atoms is 2.47 A and the distance between the hydrogen atoms
is very close to the one observed in the gas phase (0.766 A).

12955

135

© 2016 Tous droits réservés.

TDOS bulk (a) TOOS are200_purf (c)
= 100_surf
PDOS zre_zr_lst_lay_100 (dl
—Tr-p
Zrd i
g -
l i
TDOS 2re 100_surf (b) L Lh
] \ A
. e
p— 100_surf
3 PDOS 2rc_c_1st_lay_100
-3
ﬂ —C-p
13 8 3
enargy{eV) IM""I'VJ

Figure 2. TDOS of bulk structure (a), TDOS of (100) surface (b, c),
PDOS of Zr in first layer (d) and C in first layer (e) of ZrC 100
surface.

In the mode where H, dissociates into atomic species, the
atomic hydrogen atoms are adsorbed on the surface carbon
atoms with E 4 = 0.44 eV. The distance between the surface
carbon atoms and the adsorbed H atom is 1.030 A. Another
possibility is the dissociation into H on Zr and the other on one
surface C atom with the C—H bond distance as 1.150 A and the
Zr—H bond distance of 1.974 A. This adsorption mode is
however an endothermic process. The adsorption energies are
summarized in Table 2.

Table 2. Calculated Adsorption Energies at Different
Coverage H, Atomic O, ZrC (100) Surface

E,5/eV
coverage/ML H atom O atom
0.25 0.51 2.60
0.50 0.44 2.70
0.75 0.37 271
1.0 0.26 2.75

In order to determine the effect of parameters such as
temperature, pressure, and chemical potential of the gas phase
hydrogen gas on the (100) surface, we obtained thermody-
namic plots of stability. The Gibbs free energy plot is depicted
in Figure 3 at 400 K. Our analysis revealed that hydrogen
cannot be removed from the (100) surface by manipulation of
temperature and pressure at temperature below 300 K, and
hence we only report the thermodynamic plot at 400 K. No
instance of full surface coverage was observed at any pressure
condition. At extreme pressures above 30 bar, the surface is
easily reduced and covered with three hydrogen atoms yieldm§
0.75 ML. As the pressure is reduced from around 30 to 10~
bar, there is the removal of one hydrogen atom, resulting in 0.5
ML coverage. Going down further between 0.02 and 6 x 107¢
bar another hydrogen atom leaves the surface and results in low
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Figure 3. Gibbs free energy plot for atomic H adsorption on the ZrC
(100) surface.

CoverigE of 0.25 ML, and at extremely low pressures of below 6
% 107° bar, the clean surface is recovered. A two-dimensional
surface plot for the adsorption of H, on the bare (100) surface
is provided in Figure 4. This plot is a function of temperature

W\, coverage

Figure 4. 2D plot of equilibrium hydrogen coverage on bare ZrC
(100) as a function of temperature and partial pressure revealing
desorption characteristics.

and pressure against coverage of hydrogen, and it provides
better aid in observing the desorption characteristics of H,
upon adsorption on the bare surface.

A transition state search was performed for the dissociation
of H, into atomic H on the (100) surface. The reaction
involved only one path, but an intermediate structure was
observed, and hence the path was divided into two steps. The
first reaction step involved the alignment of the H, molecule
close to one C atom, with a bond distance between C and H of
1.362 A and H—H bond distance of 1.186 A at the first
transition state (TS1) point. This later was characterized by
only one imaginary frequency (Figure Sb) and an activation
barrier of 0.58 eV. The intermediate species formed (Figure 5c)
is dissociated H, into atomic H on both Zr and C atoms with a
C—H bond distance of 1.150 A and a Zr—H distance of 1.974
A. This intermediate species was necessary as the two hydrogen
atoms are far apart in the final state. As such, the two hydrogens
first adsorb on one carbon and a closer Zr atom at this
intermediate step before proceeding to the final step of the
process. The reaction then proceeds through a second
transition state (TS2) in which the H on Zr at the intermediate
state is now moved and sits between that Zr and the adjacent C
atom and characterized by one imaginary frequency (Figure
5d) and an activation barrier of 0.16 eV. The C—H bond
distance is 1.143 A while the H atom between Zr and C has

[a] [b] . (3]

Lo 38
g

[d

IR

Figure 5. Dissociation process of H, to atomic H on clean ZrC (100)
surface with their relative energies. Molecular H, on Zr (a, 0.0 eV),
TS1 image (b, 0.58 eV), intermediate structure (c, 0.50 eV), TS2 (d,
0.65 eV), and atomic H on surface C (e, —0.48 eV). Blue (C), yellow
(Zr), light green (H).

bond distances of Zr—H = 1.996 A and C—H = 2.032 A. The
activation energy between the reactant geometry and the
highest TS image point (TS2) is then calculated to be 0.65 eV.
This high energy barrier of the rate-determining step implies
that reduction of the surface with H, is very slow at low
temperature. Increasing the temperature slightly can drive the
process past TS2, which can result in reduction of the ZrC
(100) surface. At high temperature, the hydrogenated surface is
however not stable. This competition between thermodynamic
aspects (low temperature is required to obtain a stable
hydrogenated surface state) and kinetic aspects (high temper-
ature is required to overcome the activation barrier) is at the
origin of our prediction of the absence of observation of H on
the ZrC clean surface, even upon H, treatment. Indeed, there
has been no experimental report on its observation on the clean
(100) surface.

ii. O, Adsorption. There is detailed theoretical work in the
literature concerning the adsorption of molecular and atomic
oxygen,”” as well as transition state search and kinetics'® of the
oxidation process of the ZrC (100) surface. However, there is
no thermodynamic information concerning the working
pressure and temperature regimes for such oxidation processes.
We therefore tried to provide the missing thermodynamic data
to the available information in the literature. Only two
adsorption modes for molecular oxygen were observed with
molecular O, sitting on top of Zr atoms on the (100) surface
with E_4 = 0.52 eV compared to the value of 0.69 eV>° reported
previously. The other mode of adsorption was one in which the
molecular O, bridges two surface Zr atoms with E_ 4 = 0.65 eV
compared to 0.87 eV.*® The slight difference in the adsorption
energies can be attributed to the different GGA functional used
as the PW91 functional was employed in ref 30. The authors in
ref 30 also used spin polarized O, molecule in their calculation,
and that accounts for the difference between their calculated
values and what we obtained in this work. All other
configurations of adsorption led to dissociative adsorption
giving atomic oxygen on the surface with the O atom bridging
two Zr atoms and one C atom on the surface in an mmc mode
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in agreement with what is discussed in ref 9. It was observed
that dissociation of oxygen molecule into atomic oxygen is not
affected by spin polarization, and hence our results involving
atomic oxygen do not include spin polarized calculations. In
this mode of adsorption, the O adatom is significantly closer to
the surface carbon atom than the Zr atoms. The measured
bond distance between the oxygen atom and carbon atom is
1.410 A while the dgy, is 2.24 A. We obtained an adsorption
energy of 5.77 eV for dissociation into atomic species on the
ZrC (100) surface as compared to 5.69 eV, using the RPBE
functional.” A summary of the adsorption energies at different
coverages per oxygen atom is provided in Table 2.

It can be observed from Figure 6 that the surface (100) is
easily covered with the smallest amount of oxygen at even

0.04
gibbs free energy of atomic O at mmc on zrc 100 surface
0.02 L T=1500K
0 = bare surface
_ ] 0.25m;]
-0.02 e =5 :;“'--H_O_,s_Ml
> e
= R -~ ‘n’!ﬂ
log(P,/P°, -~
-0.06 8l nz/ )
-9 -7 -5 = -1 a1

Figure 6. Gibbs free energy plot for atomic O adsorption on clean ZrC
(100) surface at different temperatures.

extremely low pressures and temperatures below 1500 K. The
surface is always covered with a full layer of oxygen at pressures
between 3 X 1077 bar and 100 bar even at 1500 K. Thus, even
at such a high temperature of 1500 K, the surface cannot be
easily cleaned from oxygen at a wide range of pressures through
manipulation of pressure alone. This is in good agreement with
the experimental report of the possibility of cleaning the (100)
surface from oxygen by employing temperatures above 1500 K*
in UHV.

iii. H;O Adsorption. Several modes for water adsorption on
the (100) surface were tested. Two stable modes of adsorption
were observed. One associative mode where molecular H,O sits
directly on top of surface Zr atoms is obtained with an
adsorption energy E, = 0.53 eV. Bonding of the water
molecule to the surface is achieved through its O atom. The
most stable dissociative mode of adsorption observed is the
breaking of the H,0O molecule into surface hydroxyl and
hydrogen atom with the OH group sitting on top of the surface
Zr atom and the H atom on top of the surface C atom. This
process is accompanied by an adsorption energy E 4, = 0.81 eV.
The calculated adsorption energies at different surface coverage
as well as the calculated bond distances of the adsorbed species
onto the (100) surface are summarized in Table 3. Thus, at this
point, it looks possible to functionalize the ZrC (100) surface
with surface hydroxyl groups due to the significant adsorption
energy calculated for the dissociative mode into surface OH
and H groups.

We performed a transition state search for the dissociation of
water into surface hydroxyl groups (Figure 7). The activation
barrier for the above dissociation process is E,,, = 0.13 eV as
shown in Table 3. This low energy barrier shows that water
molecules will readily dissociate into hydroxyl and H species on
the ZrC (100) surface.
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Table 3. Adsorption Energies (E,4,) at Different Coverage
for Associative (H,O on Top of Surface Zr) and Dissociative
Mode (OH on top of Zr, H on top of C)

E,./eV/H,0
coverage/ML H,0 on top of Zr OH on top of Zr, H on top of C
025 0.49 0.85
0.50 0.53 0.81
0.75 0.56 0.98
1.0 0.48 1.00

bond distances and activation barrier”

H,0 on top of Zr/A

OH on top of Zr, H on top of C/A

dom 2.50 2.05
duc 1.12
Eoisivation 0.13 eV

a y s
dUM = O—Zry, distance, dHC = H-Coupice distance. E, tintion =
activation barrier for dissociation of H,O to surface OH and H groups.

Figure 7. Dissociation of H,O on clean ZrC (100) surface. Molecular
H,O on Zr (left), TS of H,0 dissociation (middle), surface hydroxyl
and H groups (right). Blue (C), yellow (Zr), light green (H), red (O).

However, it is reported that no water induced features are
observed on the ZrC (100) surface at room temperature’ and
hence it required the use of thermodynamic arguments to
explain this apparent discrepancy. The adsorption energies
obtained for both molecularly adsorbed water molecule and
dissociatively adsorbed OH and H species on the ZrC (100)
surface were used to obtain Gibbs free energy plots at different
temperatures and pressures (Table 3). The plots of A,G against
different partial pressures of gaseous water molecules are shown
in Figure 8 for the dissociative mode of water adsorption.

Qur analysis shows that the surface can only be covered with
0.75 ML of H,0 molecules at very low temperatures (200 K) at
pressures above 6 X 107 bar. Figure 8 provides details of the
surface coverage at different pressures at 400 K when the
surface is covered with hydroxyl and H groups. The surface is
fully covered with OH at pressures above 7.5 X 10~ bar. Below

0.04 - gibbs free energy plot for H2ZO{OH+H) on zrc 100
P surface
0.25ML " :-‘>:"~"-'l"""'--~~9SML =
001 | Poresurface P o "
T~ 750y
% Se.a
~ 1
g 10g(P,120/P°)
0.06 s
-9 =7 -5 -3 -1 1

Figure 8. Gibbs free energy plot of molecular H,O and dissociative
H,0 to OH and H adsorption on clean ZrC (100).
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7.5 % 107* bar, all surface hydroxyl and H groups are removed
from the surface and the bare surface is recovered. The bare
surface can also be recovered by working at 500 K and at
pressures below 5 X 1072 bar according to our analysis. In ref 7,
the authors mentioned an observation in one of their
experiments concerning water adsorption on the (100) bare
surface and claim no observation of any water induced features
at room temperature. This might however be due to the fact
that the experiment was conducted in UHV so that the bare
surface is always observed as can be seen in Figure 8.

C. Reactivity of H,O on Oxygen Modified ZrC (100)
Surface. The adsorption and energetics of water on the oxygen
modified ZrC (100) surface were finally studied due to the
established fact from the previous sections that there is always
oxidation of the clean (100) surface upon introduction of even
very small amounts of oxygen. The preparation of this surface
requires conditions under which it is very difficult to control
oxygen, and hence the surface is easily oxidized. Our model for
the surface functionalization with water therefore needs to be
modified by taking into account the oxidized layer on the
surface. Details of the electronic structure of the ZrO-like layer
on ZrC (100) have been studied, and a full description is
provided elsewhere.”® We however summarize the changes in
surface properties and structure of the ZrQ layer on the (100)
surface. A summary of the interlayer distances between different
layers in this model is provided in Table 4, and the relaxed

Table 4. E,,, at Different Coverage for Complete
Dissociation of H,O to O + H,, Dissociation to OH + H, and
Interlayer Distances of Relaxed ZrO Layer on ZrC (100)
Surface

E../eV/H,0
coverage/
ML O as Zr—Zr bridge, H, in cell OH on Zr, H on 4 hollow site
0.25 1.93 211
0.50 1.83 1.58
0.75 1.78 1.87
1.0 1.35 1.41
Interlayer Distances of Relaxed ZrO on ZrC (100) Surface/A
dio-am 244 2.48%
dinvi—ac 2.14 2.14%¢
i 227 226
dyc_sm 2.42 2427

structure of the ZrO layer on the ZrC (100) surface is shown in
Figure 9. The calculated DOS after surface relaxation of the

3

Figure 9. Top view (left) and side view (right) of relaxed ZrO layer on
ZrC (100) surface. Blue (C), yellow (Zr), red (O).
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ZrO-like layer on the ZrC (100) surface is shown in Figure 10.
ARPES of the ZrO thin layer on ZrC (100) has been

[b] TDOS arofarc [d)

TDOS zroferc
| )
#ofr
ro/zrc
\ \
8 Ll | _
|} | y °
J‘ i | T A o | W
n LAWY v Ww
£ 8 V i, ” AN ’
[el PDOS Zr in zro/zrc
TDOS zrc 100_surf ' Ird

[a]

:
J\\ WM | Y,

[c] TOOSZrC_bulk i

] Jenergy/ev 2 r | a3 8 enargy/ eV 3

Figure 10. TDOS and PDOS of bulk, clean ZrC (100) and ZrO-like
modified ZrC (100) surface aligned vertically at the E. TDOS panels
a, b, and ¢ show comparison of ZrC (100) clean surface (a), ZrO/ZrC
surface (b), and bulk ZrC DOS (c), respectively. TDOS panels d, e,
and f provide comparison of ZrO/ZrC surface (d) and projected DOS
of Zr (e) and O atoms (f) on this surface, respectively.

studied.>"** This experiment revealed the formation of a band
structure at 4—8 eV below E; which was attributed to O 2p
bands as well as new features at the Fermi level (E;). The O 2p
band was finally assigned at 6.1 eV. These features have been
observed in our calculated DOS as can be seen in Figure 10. A
comparison of the bulk, ZrC (100) surface and the ZrO-
modified ZrC (100) surface TDOS as shown in Figure 10,
panels a, b, and ¢, reveals a new valence band formed at 6 eV
and also substantial amount of new states around the Fermi
level. The TDOS was then projected onto the surface Zr and O
atoms and compared to the TDOS of the ZrO layer. The band
at 6 eV is solely from the O 2p orbitals (Figure 10f), and the
new state formed at the E; is mainly of Zr d character (Figure
10e). In comparison to the bare (100) surface, the ZrO-
modified surface showed a shift of the Zr bands to higher
energies into the unoccupied bands at the Fermi level and
activates the surface for reactivity. The higher ionicity of the
Zr—O bond with respect to the Zr—C bond is responsible for
these changes in the DOS. Indeed the oxygen p state is filled
and located at —6 eV whereas empty zirconium d states are
pushed upward above the Fermi level by the #-donor nature of
the oxygen ligands. The increased density of unoccupied Zr d
states around the E; provides further evidence for increase in
activity of the modified surface.

Different adsorption modes, both associative and dissociative,
for H,O molecules on the ZrQ modified (100) surface have
been carried out. With respect to the observed reactivity on the
clean surface mentioned earlier, there is a substantial increase in
the reactivity of H,O on this surface. Three stable modes of
adsorption were observed: associative H,O adsorption where
H,0 bonds to surface Zr atoms through O of H,O with E 4, =
0.54 eV, dissociative adsorption into O atoms adsorbed as Zr—
Zr bridge on the surface and releasing molecular H, (Figure
11) with E 4 = 1.35 eV, and finally dissociative adsorption into
OH group adsorbed on surface Zr and H sitting at the 4-hollow
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Figure 11. Complete H,O dissociation into atomic O and molecular
H, on ZrO-modified ZrC (100) surface. Side view (left) and top view
(right). E,y, = 1.352 V. Blue (C), yellow (Zr), light green (H), red
(0).

site region between two Zr and two O atoms on the surface
(Figure 12) with E 4 = 1.41 eV. Thus, we can have either
hydroxylation of the surface or further oxidation of the surface
with the liberation of H,.

Figure 12. H,O dissociation into surface hydroxyl and H atom on ZrO
modified ZrC (100) surface. Side view (left) and top view (right). E, 4,
= 1.410 eV. Blue (C), yellow (Zr), light green (H), red (O).

5.1 eV mainly from atomic O 2p in agreement with
experimental observations.” The TDOS comparison of the
dissociation of H,O into OH and H shows completely different
structure to the atomic O adsorption. A new sharp band
appears at 7.5 eV which originates from O 2p orbitals from
surface OH groups (Figure 13c,d) and confirms the
experimentally observed bands at 7.0—7.7 eV.” However, we
did not observe the experimental bands at 9.5—10.0 eV in our
DOS calculation. This can be explained by the fact that the OH
3 o states are lying below the 1 7 OH valence states and hence
are difficult to observe in valence band spectra. As such, the
assignment of these bands to OH 3 o states in ref 7 is
questionable. The surface states introduced at the E; are
reduced substantially in all cases upon the adsorption of H,O as
can be seen in Figure 13a,c.

After obtaining the adsorption energies at different coverage
of H,O on the ZrO/ZrC(100) surface, the stability plots are
calculated for a wide range of pressures and at specified
temperatures (Figure 14). In the stability plot of H,O

0.02
Gibbs free energy plot for H20 dissociation into OH and
0.01 O groups on zro/zrc (100)
0 T=300K bare surface
-0.01 R
o -_:.L__-‘-f_-‘j_' et e 025ML 0
-0.02 Prsss == 05ML OH U-’SML OH
003 RMEor Tl -
-0.04 |
@
-0.05 "g
log(Py,,0/P°
-0.06 8(Py20/P°)
-9 -7 -5 -3 -1 1

Figure 14. Gibbs free energy plot for H,O adsorption on ZrO/ZrC
(100) surface into either surface OH and H groups or O atoms with

Experimentally, H,O, atomic O, and surface OH groups are
observed on the ZrO modified ZrC (100) suface.” According to
ref 7, UPS study of the adsorption of H,O on the ZrO modified
ZrC (100) surface revealed a band at 5.1 eV which was
attributed to O 2p and two others at 7.0—7.7 eV and 9.5—10.0
eV attributed to 1 7 and 3 & states OH groups. Our projected
TDOS in Figure 13a shows a comparison of the ZrO/ZrC
(100) surface DOS to that of the completely dissociated water
into atomic O and H,, and we see completely new features at

TDOS of O + K2 on 2rO/ZrC(100)

t TDOS OH+H on 2ro/are] 100)

[a]

PDOS of O in O+H, zro/1re( 100)

ST -

POOS O in OM (OH+H) on ro/re(100)

5 energy 3

© 2016 Tous droits réservés.

Figure 13. DOS plots for completely dissociated (O + H,) and (OH +
H) on ZrO/ZrC (100) surface.
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dissociation into atomic O and H,, the plot is shown at 300
K in order to compare with the experimental findings in ref 7. It
can be observed that at UHV or around 107 bar at 300 K, the
surface is covered with the 0.75 ML layers of atomic O and OH
groups in excellent agreement with what is observed in ref 7. A
more detailed two-dimensional plot of the surface coverage
against temperature and pressure, O,y (p, T) is provided in
Figure 15. Such a diagram provides detailed understanding of
the desorption process of adsorbed water molecules as
functions of both temperatures (adsorption isobars) and
water partial pressures (adsorption isotherms) in an easily
understandable fashion. It provides more insights into the
adsorbed species and coverage at pressures other than UHV
conditions and different temperatures. For example, at 700 K,
the surface is initially covered with three O atoms and three H,
molecules are liberated at pressures >10"* bar. However,
between 10™* and 107> bar, two O atoms leave the surface to
give 0.25 ML coverage. The bare ZrO/ZrC (100) surface is
recovered at pressures below 107° bar or at working
temperatures above 700 K. A similar observation for atomic
O in Figure 15b shows that, at pressures >107? bar, the surface
is covered with three water molecules (0.75 ML). From 107° to
107 bar, there is desorption of two water molecules leaving
one water molecule on the surface. Below 107° bar, the bare
ZrQO covered ZrC (100) surface is recovered. Thus, at the same
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Figure 15. 2D plot of equilibrium water coverage on ZrO/ZrC (100),
top (H,O as OH + H) and bottom (H,O as O + H,) as a function of
temperature and pressure, revealing a trimodal mode of desorption.

temperature upon water sorption, and in order to clear the
surface, one needs much lower pressure for atomic O and H,
than for OH and H (Figure 16). It reveals the trimodal
desorption process of the hydroxylated and further oxidized
ZrQ/ZrC (100) surface.

IV. SUMMARY AND CONCLUSION

We have combined DFT and atomistic thermodynamic
modeling to study reactivity of oxygen, hydrogen, and water
molecules on bare and ZrO modified ZrC (100) surface. The
calculated adsorption energies at different coverage for each of
the small molecules were used to draw thermodynamic plots
and study the effect of temperature and pressure on the
adsorption of these small molecules on the (100) surface. The
temperature range at which the oxidized (100) surface can be
cleaned was established to be above 1500 K, confirming that
the ZrC (100) surface readily oxidizes in the presence of even a
small amount of oxygen. Studies of reduction of the surface
with hydrogen reveal dissociative mode of adsorption into
surface H atoms as the preferred one. The high activation
barrier for H, dissociation prevents however the surface from
being reduced at room temperature. Water adsorbs dissocia-
tively on the bare (100) surface. The low activation energy
barrier for the dissociation process makes it possible to obtain

0.06
Gibbs free energy plot for H20 dissociation into OH and
Rae 0O groups on zro/zrc (100)
e
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Figure 16. Gibbs free energy plot for H,O adsorption on ZrO/Z:C
(100) surface at 700 K into either OH and H groups or O atoms with
release of H,.

surface hydroxyl groups from molecular water for further
functionalization. The surface is fully covered with hydroxyl and
H groups at a wide pressure range at 400 K, and the bare
surface can be recovered at temperatures above 500 K. This
state is however not observed in XPS/UPS because vacuum
induces water desorption. However, the oxygen modified ZrC
(100) surface is further activated and dissociates water
molecules leading to O atom (with H, release) and surface
OH and H groups. These states are stable even at very low
pressures at 300 K showing the oxidized surface is much easier
to functionalize than the bare ZrC (100) surface.
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ZrC is a non-oxide ultra-high temperature ceramic (UHTC) material with excellent physical and
mechanical properties used in nuclear plants and jet propulsion engines. However, the mechanical
properties can be lost because of the easy oxidation of its grain surfaces. One way of dealing with such
a problem is to coat the surface with inert carbides like SiC which can be grafted onto the ZrC surface
by first modifying the exposed surfaces with reactive molecules. The stability of different terminations of
the (111) facet was studied and the most stable is the termination on both surface layers by Zr atoms as
it has been observed experimentally. A DFT calculation study jointly with atomistic thermodynamic
modelling has been used to study the reactivity of the (111) and (110) facets with H>O. HzO dissociates
into surface hydroxyl groups with the release of H, and the OH groups preferentially adsorb at high
surface coverage (high adsorption energies at 1 ML coverage). The study of adsorption of H;O onto other
low index surfaces allows the determination of the equilibrium morphology of the ZrC nanocrystallites in
different environments. In vacuum, ZrC nanocrystallites reveal a cubic structure with much of the (100)
surface and a small amount of the (111) facets at the corners. Hydration of the (111) surface was a strong
process and hence water can be removed from the surface at temperatures above 1200 K and pressures
lower than 107 bar while higher pressures of H; in the gas phase enhance the removal of water. The Wulff
construction of the nanocrystallites after hydration indicates only the (111) surface at lower temperatures
while revealing the (100) facets at higher temperatures. Thus whatever the experimental conditions be,
the (110) facet does not have to be considered.
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l. Introduction

Zirconium carbide (ZrC) is a high temperature non-oxide material
which exhibits mixed covalent, ionic and metallic bonding
characters. It is widely used in nuclear reactor linings, aero-
space engines and in the manufacturing of hard materials such
as cutting tools. It is among the transition metal carbide (TMC)
group of materials with high melting point (3430 “C). As it is
a requirement for materials used in nuclear and aerospace
industries to work in harsh environments, materials like high
refractory ceramics are well suited.' As an example, nuclear
plants with the future fourth generation engines are supposed
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to work at temperatures above 1200 “C. Hence these engines
require materials with physico-chemical properties that are
compatible with such working conditions.? According to its
abovementioned properties, ZrC is a promising candidate for
such applications. Working under severe conditions such as
high temperatures and oxidizing environments is however not
easily achieved due to the fact that introduction of a small dose
of oxygen forms the zirconium oxide layer on the surface® which
leads to deterioration of the mechanical and other properties of
ceramics. Coating the surfaces with another ceramic material
that is resistant to oxygen and maintains its physical properties
at very high temperatures can help alleviate the oxidation
problem.®” Such coatings can be achieved by first modifying
the ZrC surfaces with small molecules® in order to graft another
material. In this context, the study of ZrC surfaces is of prime
importance.

There are three distinct surfaces to be considered on the cubic
structure of ZrC(100), (110) and (111) surfaces. In addition to
the most stable (100), the (111) surface is also of considerable
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stability” and has been prepared by many research groups.®’
Cleavage of the bulk ZrC crystal to form the (111) surface
generates a surface which is either terminated by the Zr layer
or the C layer. However, a recent Angle Resolved Photoemission
Spectroscopy (ARPES) study has revealed that the electronic
structure of the ZrC(111) surface is very similar to that of TiC,
HfC, NbC and TaC(111) surfaces.” These other TMC(111) surfaces
have been studied by Impact-Collision ion Scattering Spectro-
scopy (ICISS) which revealed that the first surface layer of these
TMC’s is terminated by the metal layer.'* "

Furthermore, the preparation of the ZrC material is normally
difficult to perform under conditions void of gaseous water
molecules and as such the interaction of the individual surfaces
with water is of paramount importance. Reactivity with water can
lead to the formation of surface hydroxyl groups which will
modify the chemical properties of the surfaces but can also be
used as precursors for subsequent grafting of other materials
onto the ZrC surface. There is however no extensive work, neither
experimental nor theoretical, on the reactivity of water with the
ZrC(111) surface. The only experimental work performed on the
reactivity of water on this surface is unpublished though men-
tioned in the paper by Noda et al.® Similarly, there is no report,
neither experimental nor theoretical, on the adsorption of mole-
cules onto the ZrC(110) surface even though a theoretical study
on the surface energy has been carried out.”

In order to be able to determine the surface exposed by the
ZrC crystallites in different environments and construct the
crystal morphology, adsorption of water has been undertaken
on these surfaces in order to obtain a complete picture. The
stability of the surfaces is studied with different terminations
and different water coverages by means of periodic DFT calcu-
lations and atomistic thermodynamic modelling. Adsorption of
water onto the (100) surface which is also needed for construct-
ing the equilibrium morphological shape is provided in a pre-
vious study.'* The reactivity towards oxygen will be exposed in a
subsequent paper.

The paper is divided as follows: Section II describes the
calculation scheme and structural models used for the current
work while Section III A provides the results regarding the
calculated surface properties and description of the stability of
the (111) surface with different terminations and its reactivity
towards H,O. Section III B provides results and description of
the adsorption of H,O onto the (110) surface. Section III C
provides details of charge analysis for hydration of the ZrC
surfaces. In Section III D, results and discussion on the equili-
brium morphology of the bare nano-crystals as well as in
hydrated environments at different temperatures are provided.
Finally, Section IV draws conclusions on the current studies.

Il. Calculation schemes and structural
models

All calculations were performed using the Vienna Ab Initio
Simulation Package (VASP)'® which is based on Mermin’s finite
temperature DFT."'® The electronic configurations used for Zr,
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0, H and C are [Kr]ad’5s”, [He]2p®, 1s' and [He]2s”2p” respectively.
PAW pseudopotentials'” were used to replace the core electrons as
well as the core part of the valence electron wavefunctions in order
to reduce the number of planewaves required to describe the
electrons close to the nuclei. The Generalized Gradient Approxi-
mation (GGA) exchange correlation functional parameterized by
Perdew, Burke and Ernzerhof (PBE)'® was employed and the
Methfessel-Paxton'® smearing scheme was used by setting the
gamma parameter to 0.1 eV. The accuracy of the calculation
results was evaluated by changing the energy cutoff from 200 eV
to 600 eV while the k-point sampling mesh was evaluated from
2 x 2% 2t011 x 11 x 11 using the standard Monkhorst-Pack®’
special grids. For this evaluation, all subsequent bulk and surface
calculations were performed by describing the valence electrons
using the plane wave basis set with the cutoff of 500 eV while the
integration of the Brillouin zone was performed with 9 x 9 x 9
k-points for the bulk and 9 x 9 x 1 k-points for surface
calculations. The self-consistent field (SCF) procedure for reso-
lution of the Kohn-Sham equations is assumed to be converged
when energy changes of 10~ * eV between two successive iterations
are reached. For bulk calculations, the positions of all ions were
relaxed while for all surface calculations, the positions of all the
ions in the three top-most layers were relaxed in order to render
the net forces acting upon them smaller than 1072 eV A=, The
lattice parameter for the ZrC bulk was optimized by fitting the
energy versus volume curve against the Murnaghan’s equation of
state as detailed in our previous work.'*

According to the Fm3m space group of cubic ZrC, the non-
equivalent, low index surfaces are (100), (110) and (111) surfaces
as shown in Fig. 1. Their starting geometries were obtained by
cleaving the optimized bulk structure along the corresponding
normal directions. Unless otherwise stated, (1 x 1) surface unit
cells were used for surface calculations. In order to avoid surface-
surface interactions, a vacuum of 12 A was set as a separator
between two periodically repeated slabs.

For all calculations on the (111) surface, a (1 x 1) supercell
was used with 7 = 60° and a parameter of 6.698 A. This surface
has an exposed area of 38.854 A% The surface exposes four
Zr atoms (Fig. 1). In all (110) calculations, a (1 x 1) supercell with
a and b parameters of 4.736 A and 6.698 A, respectively, was
used. This surface has an exposed area of 31.724 A and consists
of two Zr atoms and two C atoms (Fig. 1). The (110) surface slab
is stoichiometric.

All surface calculations with adsorption of small molecules
onto the (110) surface were performed with at least 8 layer slabs
and the three topmost layers were relaxed while keeping the
remaining layers fixed to mimic bulk conditions. The surface
energy for symmetric slabs with equivalent surfaces on both
sides is computed as:

1

Ysurf = ﬂ{Eﬂab = ”Ebulk] (1]

where E,, denotes the slab energy and nky, is the energy
of n ZrC units in the bulk structure (n being the number of ZrC
units in the slab) while A is the surface area exposed by the
surface planes.

This journal is © the Owner Societies 2015

lilliad.univ-lille.fr



Published on 16 July 2015. Downloaded by Univ Lille 1 on 21/09/2015 08:53:41.

(111)

r (100) (110)
‘ i = ;

‘

|

Fig. 1 Different surfaces of ZrC. Upper left (100), upper middle (110) and
upper right (111) surfaces and the side view respectively. Bottom left, bottom
middle, and bottom right are (100), (110) and (111) top views respectively.
Yellow = Zr, blue = C.

Nine or ten atomic layers were used for the (111) surface stability
calculations for stoichiometric and non-stoichiometric slab energy
calculations and reactivity. The three outermost layers of the slab
were allowed to relax while the remaining layers were kept fixed to
mimic bulk properties. Cleavage of the ZrC(111) surface yields a
stoichiometric slab with two inequivalent but complementary
surfaces, one terminated with the Zr layer and the other with C.

For these two inequivalent surfaces, the cleavage energy is
calculated by computing the surface energies for symmetric
slabs terminating with the same atomic layer on both sides for
each of the complementary surfaces. This enables estimation of the
contributions made by each surface toward the cleavage energy.
The surface energies of the two different surfaces are then added to
obtain the cleavage energy.

The cleavage energy for the ZrC(111) surface with inequivalent
surfaces (terminating with Zr on one surface layer and C on the
other surface layer) is calculated using eqn (2).*'

EERO = O [KE, 4 BS,, ~mEiy] @)
where Eislab is the total energy of the symmetric slab with
i termination, A is the surface area, Ey, is the bulk energy
per unit formula in the ZrC cubic structure and m is the total
number of bulk formula units in the two slabs.

This mode of termination leads to the introduction of electro-
static forces in the slab due to the polar nature of the resulting slab.
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This polarity can be cancelled out by different modifications
either with stoichiometric slabs, in which Zr or C atoms are
displaced from one termination to the other or with non-
stoichiometric slabs in which extra Zr or C atoms are added
to the surfaces. The following nomenclature is used for different
terminations of the (111) surface in order to reduce the polarity
of the surface slab. gA-(111)-rB is used as the notation where a
layer of atom A terminates on one side of the slab and a layer of
atom B terminates on the other side with g and r being the
number of A and B atoms on both sides respectively. As an
example, 2C-(111)-2Zr means 2C atoms are on one surface layer
and 2Zr atoms are on the other surface of the slab. Different
surface terminations are shown in Fig. 2. In order to account for
the extra atoms in the slab, we used slabs which are symmetric
with respect to the center of inversion.

The SOWOS program®” was used for prediction of the Wulff*?
shapes using the calculated surface energies for the (100), (110)
and (111) surfaces in the absence and presence of water.

The adsorption of water has been investigated in both associa-
tive and dissociative ways by systematically testing different adsorp-
tion modes. The adsorption energies are then computed as:

Eads i *[Esurface-mulecule - Lclean surf — Emulecule] (3]

where Egyface-molecute 1S the energy of the surface with the
adsorbed molecule, Egean surface 18 the energy of the relaxed clean
surface and Englecute 18 the energy of the gaseous molecules.
After obtaining the preferred adsorption modes, the effect of
different coverages of the gaseous molecules was evaluated
using 0.25 Monolayer (ML), 0.5 ML, 0.75 ML and 1 ML.

In all cases, the coadsorption of different number of water
molecules was tested but the step by step adsorption process of
one water molecule followed by another was observed to yield the
most stable configurations. The step by step adsorption of water
was finally used. The different coverages were defined by the
number of available Zr sites on the surface. For the (111) surface,

B =TE — |F
acf111)-aze @ | 2zeuazyaze 2011120 el
A
32r-(122)-32¢ = ac(111)-4¢ fo) aze{111)-42r 0
| ¥

Fig. 2 Different polar correction schemes used for the (111) surface.
Stoichiometric structures (a—c) have the same number of Zr and C atoms
while non-stoichiometric structures have excess of either Zr or C atoms in
the structure.
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there are four Zr atoms and each site defines 0.25 ML. More-
over, for the (110) surface only two Zr atoms are present and
easy to define the 0.5 ML and 1 ML coverages. In order to obtain
0.25 ML and 0.75 ML, (2 x 1) super cells were used revealing
four Zr sites which makes it probable to define the 0.25 ML and
0.75 ML coverages.

Atomistic thermodynamic model

A thermodynamic treatment is needed to provide a more
elaborate picture and explanations for the stability of different
surface structures. The appropriate surface property which can be
used to account for the contribution of each surface termination
to the cleavage energy is the surface grand potential, @'.*' This
implies a contact with reservoirs of Zr and C. The surface grand
potential of the ith termination is as follows:

&= ﬁ[ﬂ'—mh — Netic = Naviiz,] (4)
N¢ and Ny, are the number of C and Zr atoms in the surface
slab while . and p,, are the carbon and zirconium chemical
potentials respectively. A is the surface area of the (111) termina-
tion. Since the chemical potentials of C and Zr are not indepen-
dent because they are assumed to be in equilibrium with bulk
ZrC, they are related through the expression: . = pc + fizy fiz
is the chemical potential of the bulk ZrC unit formula and it is
approximated by the total energy of bulk ZrC unit formulae Eows.
Substituting this into eqn (4) yields:

Qi :Q[E:mb7NZJE;?2(+#C(N/J7NC” [5]
Since it has already been established that the synthesis process
of ZrC is accompanied by excess graphitic carbon,® we define
eqn (5) in terms of the chemical potential of carbon. The
chemical potential of C is defined relative to the chemical
potential of C in its standard state and hence Apc = e — pc*,
where pc* is the chemical potential of C in its reference state
and calculated as the bulk energy of graphitic carbon E2UX,
Substituting the expression of Ay into eqn (5) yield the surface
grand potential as:

Q' = —[Eyp — NzcEpi¢ + EQ"™(Nze — Nc) + Ape(Nze — Ne)
(6)

If we make the following definition:

i v i
D= ﬂ[b\'klh i NZTE;T? I Eguu (NZT . N(—)} [7]
Substituting eqn (7) into eqn (6) yields:

Qi =¥t ﬁ[A}[C(NZI = N(.)] (8]

where 3; is the surface energy of the selected (i = gA-(111)-rB)
termination as defined in eqn (1). Thus the surface grand
potential @' is made up of the surface energy contributing part
as well as the dependence and contribution of each atom on the
surface.
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Using eqn (8), a range of accessible Q' can be obtained if we
have the minimum and maximum Ay, and Apc. It is assumed
that the Zr and C forms do not condense on the ZrC(111)
surface. To obtain the maximum Zr and C chemical potentials,
the chemical potential of each of the species must be lower
than the energy of the atom in the stable bulk phase of the
considered species and hence:

{ Ape = pic — EQ < 0

Apy, = g — EBVE <0

(©)

where Auc and Az, are the relative values of different chemical
potentials with respect to EZ*™* and E3¢™ which are the energies
of C in graphite and Zr in hep zirconium bulk metal respectively.
By combining pyc = pc + iz, with the expression for Ay, and
Ape in eqn (9), we obtain the lower boundary for the Zr and

C chemical potentials as:
{ Auc > Ejc

A (10)
A.“Zr > E%r('

where Eerc is the formation energy for bulk ZrC, computed
using the equation Ef, = EBal — pbull _ pbulk and we calculated
it as —1.59 eV. A plot of the surface grand potential Q' against
the range of chemical potential values is then used to explain
the thermodynamic stability of different terminations. Thus the
surface grand potential accounts for both stoichiometric and
non-stoichiometric slabs. It is obvious from eqn (6) that, for
stoichiometric and symmetric surfaces, the third and fourth
terms in the equation become zero and the expression reduces
to surface energy while the cleavage energy is calculated as twice
the surface energy. The surface grand potential is therefore
the equivalent surface energy for both non-stoichiometric and
stoichiometric slabs.

In order to establish the relationship between the calcula-
tions performed and the experimental working conditions, we
used the already well-established atomistic thermodynamic
scheme,** where the surface and the adsorbed molecule are
assumed to be in equilibrium with the gas phase which serves as
a reservoir. This then allows for the definition of the adsorption
Gibbs free energy (A,G) as a function of thermodynamic para-
meters such as temperature T and pressure P using the general
equation:

ArG = [AEO fa EZPE[surface-motecule) = AZH.U[TPD]] (11]

where AS nu(T,P) is the difference in chemical potential of the
reactant and product gas phase molecules. AEg = [Ee (surface-molecule)
Eq (released species) — Eqy (surface) — nEcholcmlIc]] is the difference in
electronic energy of the considered surface and the small molecules
according to the following process:

ZrC surface + n(molecule) < ZrC surface — [r(molecule)]

+ released species (12)

AE, is also the adsorption energy E, 4, in eqn (3).
Adsorption of the gas phase molecules onto the surface
affects the chemical potential of the gaseous molecules due to
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the frustrations of the rotational and translational degrees of
freedom as compared to the gas phase and consists of a tem-
perature dependent term [Ax°(7)] and a pressure dependent term.

Ap(T, P) = Ap°(T) + RTIn(}-)I-J-) (13)
()

The temperature dependent term can however be computed
with statistical thermodynamics as below:

Ap’(T) = [Ezpg + Evibjo—1) T Erot + Etrans] + RT — T(Svib + Srot + Strans)

(14)

These thermal contributions are introduced by the loss of
rotational and translational degrees of freedom upon adsorption
of the small molecules onto the surface as well as the change in
the vibrational contribution. The values of Au°(7) at different
temperatures are obtained using standard statistical thermo-
dynamic formulas with equilibrium geometry and calculated
frequencies. A value of P, of 1 atm was used and a plot of
(A:G) against pressure P was obtained at different constant
temperatures. The lowest of such plots is the most stable system
under the given experimental conditions.

The surface energy, y,u(H,0), as a function of n adsorbed
water molecules at different temperatures can be calculated
using the equation

1
T (H20) = %[??.m + Ot A Gy (P, T, )] (15)

where ArGizk.{[PuT:n] = AEO a EZPE(surl'ace-molecule] = AZHH[TJJ];
Oyrs = 2n/Apy is the surface coverage by water, Ay, is the surface
area of the exposed hkl plane, and 7}, is the surface energy of the
bare surface (0 = 0). The calculated y,(H,0) values were then
used to predict the Wulff morphological structure of the ZrC
nanoparticles at specified temperature and pressure. The Wulff
shapes have been calculated using a water partial pressure
of 0.01 bar.

Ill. Results and discussion
A. ZrC(111) surface

Surface structure properties of ZrC(111). The calculated
surface and cleavage energies for different polar correction
schemes are summarized in Table 1 and compared to the value
of the polar surface (Fig. 2, 4C-(111)-4Zr).

Both relaxed and unrelaxed surface energies are reported.
A comparison of the computed surface energies y; reveals that
the structure in which both surface layers are covered with four
Zr atoms, 4Zr-(111)-4Zr, is by far the most stable with the lowest
surface grand potential within the range of C chemical poten-
tials. It has been observed experimentally that there is always
an excess of carbon in ZrC samples in the form of graphite® and
hence the corrections made for the non-stoichiometric struc-
tures are done with bulk energy of carbon in graphite as in
eqn (7). The calculated surface energy for this stable surface
(Zr terminated on both sides) is 168.9 mev A % Arya and
Carter’ reported a value of 151.5 meV A~ for the ZrC(111) metal
terminated surface. However, for the non-stoichiometric slabs,
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Table 1 Calculated surface energies v; as in eqn (7) with different polar

correction schemes for the ZrC(111) surface (Fig. 2). For symmetrically
equivalent slabs, cleavage energy is calculated as twice the surface energy

Surface energy Cleavage energy

Surface .i'rigid”mev ]'rc]axrd”mev ’frig'ld”mev "J‘rulzu«:d/mev
termination ~ A™* A A2 A2
4C-(111)-4Zr == — 638.6 597.7
221’*(111)“2Z1‘ 287.7 236.6 575.4 473.2
2C-(111)-2C 265.1 233.3 530.3 466.6
3Zr-(111)-3Zr 229.6 190.7 459.2 381.4
4C-(111)-4C 444.0 428.8 888.0 857.6
4Zr-(111)-4Zr 194.6 168.9 389.2 337.8

the authors used a correction that took into account only the
number of atoms and not their chemical nature. As such it is
difficult to compare the two surface energies. The relative stability
of this (111) surface with the (100) and (110) surfaces is however
consistent with the conclusions drawn by the authors. Comparing
the cleavage energy of this termination with the as-cleaved (111)
surface 4C-(111)-4Zr there is a high gain in stability. The thermo-
dynamic stability plot of the surface grand potential against the
chemical potential of carbon showing the stability regions of
different surface terminations is shown in Fig. 3. Thus at all
carbon chemical potentials Ay only the structure with 4Zr atoms
terminated on both sides is thermodynamically stable. We also
provide in Fig. 3, the surface grand potentials for the (100) and
(110) surfaces for comparison.

For stoichiometric surfaces, the surface grand potential expres-
sion reduces to the surface energy. We predict that at low C
chemical potentials Ape < —1.32 eV, the 4Zr-(111)}4Zr surface
termination is even more stable than the (100) surface. It can also
be observed from Table 1 that all surface structures with carbon
layer terminations yield extremely high surface energies and
hence are not stable. The experimentally observed layer of Zr
termination® is therefore corroborated by our stability studies.

Stability of ZrC(111)-terminations

0.6
05 [===4 _43(113;::: ;
04
= i
%0_3 _._.__._._._.._,__,L“l.”_';h_' —
~
c 22r-(111)-2z2r
0.2 2c-{111)-2¢ (110)-surf
e — ——— —
o b ——
" Bar-(111)-32r azr-(1111-42¢
0.1 - -
(100)-surf
rich | poof
o}
-16 -14 -12 -1 -08 -0.6 -0.4 -0.2 1]

Bpc=pc - uc* [ eV
Fig. 3 Surface grand potential of (111) surface terminations at different
Zr chemical potentials.
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Table 2 Calculated surface energies (in meV A2} for ZrC surface planes.
Vrigia 15 surface energy for the rigid slab and yrq. is surface energy for the
relaxed slab. Ref. is reference

Surface Vrigid Trel Ref-h'rigid Ref./7rel
(100) 105.7 99.6 105.07 99.47
101.0°°

96.8%7
(110) 218.4 200.4 213.07 199.77
47r-(111)-4Zr 194.6 168.9 174.77 151.57

We selected the most stable structure 4Zr-(111)-4Zr for our
subsequent calculations.

The calculated surface energies for the ZrC(111) polar sur-
faces are summarized in Table 2 in comparison with the values
for the (110) and (100) surfaces.

This structure, which has four Zr atoms terminating both
surface layers, was then further optimized and used for the
calculation of the density of states (DOS). The total DOS (TDOS)
and the projected DOS (PDOS) on the atoms are shown in Fig. 4.
A comparison of the TDOS with that of the bulk structure shows
a significant introduction of new surface states at the Fermi
level (E), arising from Zr-d and Zr-p states. The metallic nature
of the surface is evidenced and mostly due to the Zr-d occupied
surface states at the Fermi level. The Zr d-C p mixing region
arises at lower energies. Thus the very high electronic states
observed for the (111) surface suggest a high reactivity of this
surface compared to the (100) surface.”

There is no surface reconstruction of the relaxed ZrC bare
(111) surface. It was observed that the interlayer spacing between
the first and second layers is reduced while the second interlayer
spacing increases substantially. The bond distance between the
first and second layers, diz:»c, which is the distance between
Zr in the first layer and C in the second layer is 2.24 A and

TDOS ZrC (111) Surf

— bulk

——{111) Surf

PDOS Zr (111)

-5 2nd layer
=—(C-p 2nd layer
=—7r- p 1st layer
—7r -d 1st layer

-13 -8 energy/eV .3 2

Fig. 4 TDOS and PDOS of the ZrC(111) surface.
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agrees well with values calculated by other groups, 2.22 A,*” and
the second interlayer spacing between C in the second layer and
Zr in the third layer dac_3zr = 2.45 A. The other interlayer spacing
and bond distances approach that of bulk.

Reactivity of H,O on the bare ZrC(111) surface. After testing
with different configurations, the most stable form of adsorption
was used to compute the adsorption energies E,q,. The adsorp-
tion process was carried out in a stepwise manner, starting with
one H,0 molecule, then two H,0O molecules, and so on. Both
associative and dissociative modes of adsorption were tested.
The adsorption energy was then calculated for successive water
addition and as averages for different coverages of the (111)
surface. All adsorption processes on the (111) surface are
observed to favor complete dissociation into atomic species at
fee three-fold hollow sites just above Zr atoms in the third or
fifth layers.

1 H,0 molecule adsorption. The observed reaction of a single
H,O molecule is a complete dissociation process where H,O
dissociates into atomic O and H species which adsorb very
strongly at fec three-fold hollow sites between three surface
Zr atoms. This is accompanied by a very strong energy of adsorp-
tion, E,q5 = 4.58 eV. Moreover, a calculation was made to ascertain
the subsequent combination of the two adsorbed H atoms to form
H, and released into the gas phase. This reaction was found to be
endothermic.

O-(111)-2H «> O-(111) + Hy(gas), AEyn = 1.33 €V. The complete
dissociation mode of adsorption is shown in Fig. 5al and aZ2.

The calculated bond distances between the O and surface
Zr atoms were 2.36 A, 2.15 A and 2.15 A while those of H and
surface Zr atoms are between 2.15 A and 2.20 A.

2 H,0 molecule adsorption. In the presence of two H,0 mole-
cules, there is a mixed mode of adsorption. There is a combination
of complete and partial dissociation of H,O molecules. This can be
viewed as a process where the first H,O molecule dissociates
completely into O and H atoms, occupying three of the available
four fee hollow sites while the second water molecule dissociates
partially into surface OH groups adsorbing at the remaining fec
hollow site and the H atom adsorbs at an fcc hollow site above the
Zr atom in the fifth layer. The consecutive adsorption of the
second H,0 molecule is accompanied by a high adsorption energy,
E.gs = 3.25 eV. Thus even though the complete dissociation into
atomic species has a very high adsorption energy, the partial
dissociation also has a high energy. Fig. 5b1 and b2 shows the
complete and partial dissociation of 2 H,O molecules on ZrC(111)
surfaces. The calculated bond distances between the surface O and
Zr atoms are 2.170 A, 2.21 A and 2.10 A, between O of the OH
group and surface Zr atoms are 2.37 A, 2.22 A and 2.42 A, while
those between the H atoms and surface Zr atoms are between
2.003 A and 2.663 A.

3 H,0 molecule adsorption. Adsorption of three H,0 molecules
resulted in partial dissociation into surface hydroxyl groups with
the release of H, molecules. In the subsequent addition of the
third H,0 molecule, there is the formation of three surface OH
groups and H species all adsorbing at fcc three-fold hollow sites

This journal is © the Owner Societies 2015
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Fig. 5 Side view (left) and top view (right) for dissociation of water onto

the ZrC(111) surface with 1, 2, 3 and 4 H>O molecules. Blue (C), yellow (Zr),
red (O), and light green (H).

with the release of the H, molecule. The successive adsorption
of the third H,O molecule is associated with adsorption energy,
E,4s = 1.22 eV. This somehow low adsorption energy as com-
pared to adsorption of one and two H>O molecules may be due
to the lateral repulsion between the three adsorbed OH species
on the surface. Fig. 5¢1 and ¢2 shows the adsorption of three
molecules on the (111) surface with the release of H, into the
gas phase. The measured bond distances between O of the OH
group and the surface Zr atoms are in the range of 2.00 A and
2.36 A. The bond distances between the adsorbed H atom and
the surface Zr atoms were 2.24 A, 2.24 A and 2.24 A.

4 H,0 molecule adsorption. The adsorption of four H,O
molecules on the (111) surface leads to adsorption at all possible
fee three-fold hollow sites on the surface plane. There is the partial
dissociation of H,O molecules to form four OH groups adsorbing
at the four available fcc sites with the release of two H, molecules
into the gas phase. This adsorption process is governed by the
equation: ZrC(111) + 4H,0 « ZrC(111)-4(OH) + 2H,. The final
geometry of adsorbed surface species is shown in Fig. 5d1 and d2.
The adsorption energy for the successive addition of the fourth
H,0 molecule, E,4; = 1.14 eV. This value is lower than that for
adsorption of three H,0 molecules as part of the reaction energy
is used in releasing two H, molecules into the gas phase.

This journal is © the Owner Societies 2015
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The calculated average bond distance between the surface
Zr atoms and the O atom of the OH group is 2.37 A. At this
point, the surface is saturated with the maximum number of
H,0 molecules as all the possible adsorption sites are occupied.

A complete picture of the potential energy surface showing all
the adsorption process of water and the release of H, is shown in
Fig. 6. This aids in easy visualization of the reaction process.

The calculated TDOS and PDOS of the fully hydroxylated (111)
surface are shown in Fig. 7. A comparison of the TDOS (Fig. 7 top
panel) of the clean and hydrated surfaces shows attenuation of
the surface states around the Fermi level as well as introduction
of a new band at around —5.5 to —7.0 eV due to the surface
OH groups.

Since H, is a released gas, it has no effect on surface DOS and
hence it is not shown. A projection of the DOS (Fig. 7 bottom)
onto the O atom of the hydroxyl group shows attribution of the
new state to the OH group. This is in good agreement with what
is observed experimentally where the OH band is observed at
~—7.0 eV.” This band is attributed to the 1r state of the OH
group. Moreover, the unoccupied bands are shifted to higher
energies as they interact with O-p electrons. The PDOS (Fig. 7
bottom panel) of the surface Zr atoms shows a considerable
decrease in the surface d states and the newly observed band has
a high contribution from the surface Zr d states. This shows a
significant mixing of the metal-d and O-p from the OH group,
yielding stable surface hydroxyl groups accompanied by high
adsorption energy.

A summary of the successive adsorption energies of different
amounts of H,0 molecules added to the surface as well as the
calculated average adsorption energies per H,O molecule at
different water coverages on the (111) surface is provided in
Table 3. These values show a decrease in the adsorption energies
towards higher coverages as a result of the release of H, into the
gas phase.

These calculated adsorption energies were then used to
obtain thermodynamic stability plots using calculated Gibbs
free energy of adsorption values at low and high temperatures.
Due to hydrogen released by the hydration process, the stability
plots are obtained as functions of both H,O and H, pressures at

number of Hy0 moleciles

on ZrC (111) surface

1H,0, E,,, = -4.58¢

By =0.05eV

2H;0, E= 7.830V
Hyrel

3 IH0, E,y = 805 e;r\:%““ -
‘g ) 4H,0,E,, = -10.19eV|
[l A
.

AM
Ena/ &V L L

Fig. 6 Potential energy surface of H,C adsorption on ZrC(111) surface.
Blue (C), yellow (Zr), red (O), light green (H).

8E,,, = 0.04eV
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Fig. 7 TDOS and PDOS plots for dissociation of four water molecules on
the ZrC(111) surface into OH and release of H, (full coverage). Blue legend:
the clean (111) surface.

different temperatures. This type of plot is very useful when
there is the need to remove surface hydroxyl groups to achieve
the bare surface as hydrogen can be introduced into the system
to drive the equilibrium to the left side of the reaction to
produce water.

Plots of six different temperature regimes are provided (Fig. 8).
This phase diagram is obtained as follows: at each temperature,
the A,G value is calculated for different pressures of both H, and
H,O gases at different coverages. The surface coverage which has
the lowest A,G value at a selected partial pressure of H, and
H,0 is the most stable. Different coverages at different pressure
combinations are then used to obtain the stability plots for
different temperatures.

At lower temperatures between 200 and 400 K, the surface is
fully covered with OH groups at all H,O and H, pressures
considered. As the temperature is increased to 500 K, small
regions of the 0.5 ML begin to appear. This region is character-
istic at H, pressures above 10" bar and H,O pressures below
10 % bar. The 0.5 ML is a mixture of partial and complete

Table 3 Adsorption energies E,q4s for different coverages of H.O on the
(111) surface

Coverage 0.25 ML 0.50 ML  0.75 ML 1.0 ML
Eaas/per H,O/eV 4.58 3.81 2,95 2.50
Successive adsorption energies of H,0O

Number of H,O molecules 1 2 3 4
EqasleV 4.58 3.25 1.22 1.14

21408 | Phys. Chem. Chem. Phys., 2015, 17, 21401-21413
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dissociation of H,O molecules into surface O atoms and OH
species. At 700 K, there is desorption of two H,0 groups at 107
to 10~ *? bar of H,0 at H, pressures of 10 to 1 bar while three
H,0 groups are desorbed from the surface at all H, pressures at
10 bar of H,0. At 1000 K, a small region of 0.5 ML coverage
still appears while there is a significant increase in the 0.25 ML
region. The bare surface is recovered at higher temperatures
above 1200 K at very low pressures of H,O. At 1500 K, the bare
surface is still recovered at H,O pressures below 10" bar at
all H, pressures while the 0.5 ML phase is totally lost. If only
water molecules are introduced in the feed (without external
addition of H,), only the lower region of the diagram below the
diagonal line Fig. 8 can be reached. This shows that partial
or total surface dehydration can only be achieved at very high
temperature.

It has to be noted that the 0.75 ML coverage is not stable at
all studied temperatures for all the combinations of H, and
H,0 partial pressures considered as the adsorption energies of
the third and fourth water molecules are similar.

B. ZrC(110) surface

Surface structure of ZrC(110). The ZrC(110) surface structure
was studied after full relaxation of the three topmost surface
atom layers. There is no surface reconstruction after relaxation.
The relaxation energy for the rigid surface is very small as
compared to the (111) surface. Zr atoms of the first and second
layers relaxed inwards while C atoms of the first and second
layers relaxed upwards. Both the Zr-Zr and C-C bond distances
of the surface layer remain the same as that of the bulk (3.35 A).
The first layer relaxes inwards while the second layer relaxes
outward. The vertical distance between the C of the first layer
and the C of the third layer decreases from 3.35 A to 3.27 A
(dicsc = 3.27 A) and dyc 3¢ = 2.33 A. The vertical distance
between Zr of the second layer and Zr of the fourth layer
increases from 3.35 A to 3.36 A (dyzy4z: = 3.36 A). Thus surface
relaxation causes an elongation of the Zr-C bonds between the
second and third layers with the distance between Zr of the
second layer and C of the third layer being d,z, sc = 2.39 A while
the distance between C of the second layer and Zr of the third
layer is dyc_azr = 2.45 A (the value in bulk ZrC is 2.37 A). There is
however a decrease in these inter-layer distances as one moves
from the second layer to the first layer. The resulting dizy-2¢ =
2.21 A and d,¢_oz = 2.30 A.

The high surface energy of the (110) surface is reflected in
the TDOS as compared to that of the bulk (Fig. 9). Formation
of the (110) surface from the bulk structure introduces a
significant amount of new surface states just above the Fermi
level. These new states are made of Zr d and C p orbitals. These
new surface states are accounted for by the reduction in the
coordination numbers of the surface Zr and C atoms to 3 as
compared to coordination of 6 in the third and subsequent
lower layers.

H,0 adsorption onto the ZrC(110) surface. Hydration of the
(110) surface was also carried out in a successive fashion of H,O
molecule addition to the surface. The most stable form of
adsorption of H,O onto this surface is adsorption of O containing
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Fig. 8 2D-stability plot for H;O adsorption onto the ZrC(111) surface at different temperatures. The 0.75 ML coverage is not stable at all studied partial

pressures of H, and H>O at all temperatures.

species as a bridge between two surface Zr atoms and on top of
the C atom in the third layer whereas H atoms adsorbed on the
top of surface C atoms.

1 H,0 molecule. The first H,O molecule led to complete
dissociation of water into atomic oxygen as a bridge between
two Zr atoms and the resulting H atoms adsorbing on top of the
two surface C atoms. This mode of adsorption yielded an
adsorption energy, E.qs = 4.22 eV. The adsorption mode is shown
in Fig. 10al and a2. The calculated bond distances between the
O atom and the surface Zr atoms is 2.028 A while the distances
between the H atoms and the surface C atoms is 1.113 A.

2 H,O molecules. Adsorption of a second H,O molecule led
to partial dissociation of H,O molecules into surface hydroxyl
groups and H atoms. Thus two surface OH groups are formed
as bridges between two surface Zr atoms and on top of the two
available C atoms in the third layer as shown in Fig. 10b1 and b2.
This adsorption of the second H,O molecule was accompanied
by a lower adsorption energy, E,qs = 3.13 €V, as compared to the
adsorption energy of one H,O molecule. At this point, the full
surface coverage is achieved as all the stable adsorption sites are
occupied. The calculated bond distances between the O atoms of
the surface OH groups and the surface Zr atoms are within the
range of 2.23 A and 2.25 A while those between the adsorbed
H atoms and the surface C atoms is 1.12 A. A (2 x 1) supercell

This journal is © the Owner Societies 2015

was used to further obtain the adsorption energies for the 0.25 ML
and 0.75 ML coverages which were calculated to be 4.21 eV and
3.44 eV per water molecule respectively.

The TDOS and PDOS of the partial dissociation of H,0 into
surface hydroxyl groups are shown in Fig. 11. The TDOS
shows the OH features appearing at about —7.5 eV which falls
within the experimentally observed position range for the
OH group.®

There is a slight attenuation in the surface states around the
Fermi level upon adsorption of the OH groups and the PDOS
shows a mixing of the Zr d orbitals with the O p orbitals during
the adsorption of the OH groups onto the surface. There is also
a large increase of the Zr d band above the Fermi level as the
surface is hydrated.

Examination of the adsorption energies at different coverages
of water (Table 4) shows strong adsorption at lower coverages.

The adsorption energies at different coverages were then
used to obtain the thermodynamic stability plot in Fig. 12. This
stability plot was obtained in a similar manner as that of Fig. 8.
A 2D diagram is provided to aid easy viewing and interpreta-
tion. The full coverage of the surface with hydroxyl groups is
achieved at low temperatures between 200 and 500 K at all
H,0O partial pressures considered whereas the 0.5 ML phase
which is made up of atomic O and H species on the surface is
stable between 500 and 1000 K at low partial pressures of H,0O
below 107 bar.

Phys. Chem. Chem. Phys., 2015, 17, 21401-21413 | 21409
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Fig. 9 TDOS and PDOS of the ZrC(110) surface.

Fig. 10 Adsorption of H,O onto the ZrC(110) surface. Left (side view),
right (top view), blue (C), yellow (Zr), red (O), and light green (H).

It is also stable at higher temperatures up to 1800 K but at
higher pressures of H,O above 10 * bar. The bare surface is
recovered at temperatures above 1000 K in a wide range of H,O
partial pressures. It can be easily noted that both the 0.25 ML
and 0.75 ML phases are not stable.

C. Characterization of surface oxidation

An analysis of oxidation of surface Zr and C atoms was carried
out using the Bader code developed for VASP.?® This was carried
out for both the clean Zr(C(110) and (111) surfaces. In order to

21410 | Phys. Chem. Chem. Phys., 2015, 17, 21401-21413

Fig. 11 TDOS and PDOS of H,O adsorption onto the ZrC(110) surface;
green legend: Zr on the surface layer.

Table 4 Adsorption energies E,q. for different coverages of HO on the
(110) surface

Coverage 0.25 ML 0.50 ML 0.75 ML 1.0 ML

Eaas/per H,0/eV 4.21 4.22 3.44 3.13

provide a more complete picture of comparison, the same
analysis was carried out for the adsorption of molecular water
on the (100) surface.' Table 5 provides a summary of the Bader
charge analysis.

In the case of hydration of the (100) surface with molecular
water, there is clearly no change in the electron density of the
surface Zr atoms as can be seen in Table 5. Moreover, upon
hydration of the (110) surface, there is small charge transfer
from the surface Zr atoms to O atoms and from surface C atoms
to the attached H atoms. In the case of the (111) surface, upon
hydration with the release of gaseous H,, a clear redox process is
evidenced and with a significant oxidation of surface Zr atoms
(AQz, = 0.68 electron) Table 5.

D. Equilibrium morphology of nanocrystallites

The equilibrium morphological shape of the ZrC nanocrystallites
are predicted for the bare surface as well as for the hydrated
surfaces at a range of selected temperatures.

Bare surface: the computed surface energies of the (100)
and (110) surfaces, and the (111) surface (Zr-terminated) were
used to predict the equilibrium Wulff morphology of the ZrC

This journal is © the Owner Sccieties 2015

lilliad.univ-lille.fr



Published on 16 July 2015. Downloaded by Univ Lille I on 21/09/2015 08:53:41.

© 2016 Tous droits réservés.

PCCP

bare surface,

log P(H,0)P°
&

200 400 €00 800 1000 1200 1400 1600 1800 2000
T K

Fig. 12 2D surface stability plot for H,O adsorption onto the ZrC(110)
bare surface at different partial pressures of H;O. 0.75 ML coverage is not
stable at all studied temperatures and partial pressures of H,O.

Table 5 Bader charge analysis of Zr and C atoms for clean and hydrated
ZrC surfaces®

Clean surface

Parameter ZrC-(100) ZrC-(110) Zrc-(111)
Net Q. —1.62 —2.27 —1.84
Net Qy, 1.65 2.47 1.09
Hydrated surface
Parameter H,0-(100) HO-(110) HO-(111)
AQ,, 0.06 0.27 0.68
AQ 0.05 0.51 0.05
AQo —0.11 —0.22 —0.15

? The variation of the net charges (AQz and AQg) is defined with
respect to the charges on Zr and C on the clean ZrC surfaces, while AQq,
is defined with respect to the charge of O in H,0. The charge analysis
was carried out using 1 ML coverage for both the (110) and (111)
surfaces while 0.5 ML coverage was used for the (100) surface.

nanocrystallites in the absence of reactive molecules. The
predicted Wulff structure is depicted in Fig. 13. The predicted
morphology shows only the presence of (100) and (111) surfaces
and the (110) surface does not appear. The crystallite structure
is that of a cube with the small (111) facets at the corners which
represents less than 1% of the exposed total surface area of the
ZrC nanocrystallites. This is in excellent agreement with what
has been observed experimentally as only the (100) surface is
normally easily observed.*”

H,0 adsorption: adsorption of water onto the (100) surface
resulted in dissociative mode into surface OH groups on Zr atoms
and H on surface C atoms with an adsorption energy of 1.0 eV.
Details of H,O adsorption on the (100) surface is provided in
our previous paper.'* A complete list of the surface energies of
the individual facets of ZrC with their relative abundances upon
hydration at different temperatures is compiled in Table 6.

This journal is © the Owner Societies 2015
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Fig. 13 Predicted Wullf solid for bare ZrC nanocrystallites.

For the (111) surface, there is a very strong interaction with
water which provides much stability that overcompensates the
surface energy of the bare facets at low temperatures and hence
negative surface energies upon adsorption of water are reported.
Thus (111) is highly stabilized relative to the other surfaces upon
hydration in the range of 200 K to 500 K temperatures as shown
in Table 6. This also reveals that the (110) surface is not present
as compared to the other facets upon hydration of the nano-
crystallites. The calculated surface energies at different tem-
peratures after hydration were then used to obtain the Wulff
construction of the equilibrium morphology of the nanocrystallites
as shown in Fig. 14,

This construction was done at 0.01 bar H,O pressure and
0.005 bar H, pressure. From 200 to 700 K, only the (111) facets
are observed. This is due to the high stability of the (111) facets
by four OH groups and subsequently stabilized further by the
release of H, gas molecules. At 1000 K, 12 percent of the (100)
surface is revealed as a result of removal of some OH groups
from the (111) surface and the subsequent comparison of the
resulting surface energies of the already bare (100) surface and
the partially hydroxylated (111) facets. The surface energy for
the (100) surface increases from 200 K to 500 K and remains
fairly constant thereafter because at lower temperatures the
surface is stabilized by the weakly adsorbed OH groups upon
hydration, characterized by the low adsorption energy of the
OH groups.** Thus at lower temperatures of 200 K to 700 K the
extremely low surface free energy (negative values for surface
energies) of the (111) surface results in smaller sized crystals.
Moreover, at higher temperatures, the stabilizing OH groups
are removed and the bare surface is exposed, resulting in an
increased surface energy.

At 1200 K, more OH groups are removed from the (111)
surface and the bare (100) surface increases in abundance to
35 percent with the (111) surface being 65 percent. As the
temperature is increased further to 1500 K, the (111) facets
decrease significantly in abundance while 76% of the surfaces
is now made of the (100) facets. At all these temperatures, the
full coverage with OH on the (111) surfaces is the most stable at
0.01 bar H,O pressure and 0.005 bar H, pressure used while all
(100) facets which appear are the bare surfaces. It can be clearly
seen that at all temperatures, the (110) facets are not revealed.
In order to functionalize the ZrC surfaces with hydroxyl groups

Phys. Chem. Chem. Phys., 2015, 17, 21401-21413 | 21411
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Table 6 Surface free energies of the exposed hydrated surface planes of ZrC at various temperatures with their relative abundance (in bracket) for
P(H,0)/Pg = 0.01 bar and P(H;)/Py = 0.005 bar
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Surface energy/meVv A > 200 K 300 K 400 K 500 K
?':1(M»J[Hzo) 43.0 (0%) 63.4 [0"/(») 84.5 (0%) 99.6 (0%)
Taro)(H20) 27.6 (0%) 42.1 (0%) 57.3 (0%) 73.0 (0%)
Pa11)(H20) —73.3 (100%) —58.7 (100%) —43.5 (100%) —27.7 (100%)
Surface free energies at higher temperatures 700 K 1000 K 1200 K 1500 K
Tuuo;[HzO] 99.6 (0%) 99.6 (12.3%) 99.6 (35.1%) 99.6 (76.4%)
a10)(H20) 105.8 (0%) 144.6 (0%) 162.5 (0%) 190.3 (0%)
Y11 (H20) 5.1 (100%) 56.9 (87.7%) 92.9 (64.9%) 147.0 (23.6%)

[1000 K]

Fig. 14 Equilibrium Wulff shapes of hydrated ZrC at different tempera-
tures. The (100) facets shown are bare surfaces while (111) are all shown for
1 ML full coverage which is the most stable at the chosen temperatures.

which can be obtained on the (100) facets or (111) facets, one
can work in a wide range of temperatures and pressures and
still achieve this aim. Thus there appear some changes in the
morphology of the ZrC nanocrystallites when the surfaces are
hydrated at different temperatures.

IV. Summary and conclusion

DFT and atomistic thermodynamic modelling have been com-
bined to study the stability of ZrC(111) surfaces with different
terminations of carbon atoms and zirconium atoms in an
attempt to get rid of polarity in the slab. All cases tested yielded
the most stable surface as the one with four Zr atoms in con-
firmation with experimental observations. The calculated surface
energies of different facets were then used to obtain the equili-
brium morphology of the ZrC nanocrystallites in a clean environ-
ment in vacuum. The equilibrium morphology at 0 K revealed the
nanocrystallites as cubes exposing much of the (100) surface with
truncations at the corners due to the appearance of small
amounts of (111) facets and no (110) facets.

21412 | Phys. Chem. Chem. Phys., 2015, 17, 21401-21413

We have also studied the adsorption and reactivity processes
of water on the (110) and (111) surfaces. A study of the adsorp-
tion of H,O onto the (111) and (110) surfaces was carried out and
we observed a complete dissociation into hydroxyl groups and
the release of hydrogen molecules for the (111) surface. There is
however a complete dissociation into oxygen as a bridge between
two surface zirconium atoms with the dissociated hydrogens
sitting on top of surface carbon atoms at low coverage for the
(110) surface while a higher coverage results in surface hydroxyl
groups. A thermodynamic stability plot shows the monolayer
coverage with surface OH species as the most stable in a wide
range of pressures until about 10~ bar at 1200 K before the bare
(111) surface is recovered. However, on the (110) surface the full
coverage with OH and H atoms is stable at lower temperatures
while the 0.5 ML coverage is stable between 700 K and 1000 K.
The bare (110) surface is achieved at temperatures above 1000 K
and lower H,O partial pressures. Construction of the equili-
brium morphology shows that from 200 to 1500 K temperature,
the ZrC surfaces can be functionalized with surface hydroxyl
groups, specifically on the (111) surface.
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ABSTRACT: ZrC is a nonoxide high-temperature ceramic
used for applications in harsh environments with corrosive and
oxidizing conditions like nuclear reactor and nozzle flaps of jet
propulsion engines. Moreover, easy oxidation of the crystal
surfaces affects the excellent mechanical and physical proper-
ties. It is however imperative to study the oxidation processes
on the different low index surfaces. DFT studies in conjunction
with atomistic thermodynamic modeling have been used for

[200. 1500k |

TDOS Zr in ZrO, layer on Zrc(110)
——(110) Zr TDOS

~——TDOS 2r atem (110+-0

——TDOS 2 atom (110140
~——TDOS 2r atem (11080

this purpose. The (100) surface completely dissociates molecular oxygen into atomic species, and the surface is fully covered with
oxygen atoms at a wide range of temperatures and pressures, recovering the bare surface at temperatures in excess of 1500 K. The
(111) surface interacts strongly with O, by completely dissociating it into atomic species which adsorb at 3-fold fcc hollow sites.
This surface is extremely diflicult to clean of oxygen by manipulation of temperature and pressure alone. The bare surface cannot
be recovered even at temperatures above 1800 K. The (110) surface on the other hand has a complex oxidation process,
accumulating eight O atoms leading to the formation of surface ZrO, units with the release of CO,. This ZrO,-covered surface is
highly stable and cannot be removed at temperatures below 2000 K by manipulating temperature and pressure alone. Wulff
construction of the equilibrium morphology of the nanocrystallites upon oxidation reveals only the ZrO,-covered (110) surface.

I. INTRODUCTION

Thermo-structural materials are often used in the aerospace
industry (turbine components and flaps of nozzles) as well as
the nuclear industry (as waterproof fuel jackets) and in the iron
and steel industries (as refractory ceramics for the production
of molten metals). Transition metal carbides (TMCs) meet
these requirements due to their thermo-mechanical and
chemical inertness properties.' Mostly in these areas of
applications, the stakes are to make these structural materials
lightweight while improving performance, to reduce the
manufacturing cycles of the industrial processes by reducing
the assembly operations, and finally to improve the shelf life of
such materials. As such, these structural materials are required
to work at extreme conditions of temperature and pressure as
well as in oxidizing environments. These extreme requirements
are met because of their high melting points of more than 3400
°C leading to their classification as ultrahigh temperature
ceramics (UHTC).

ZrC has a cubic structure with three distinct low index
surfaces (Figure 1) with stabilities in the following order: (100)
> (111) > (110).> Details of surface energies of the different
facets are provided elsewhere.’

The (111) surface is polar, terminated on one side by a
carbon layer and a zirconium layer on the other side. However,
the Zr-terminated side has been observed experimentally* and
has been corroborated by our previous studies.” Aside from the
excellent properties of the TMCs, they have not been widely
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utilized for extreme condition applications as compared to the
ceramic-based borides such as zirconium diboride (ZrBr,).

ZrC has the same mechanical properties as those of other
TMCs at ambient conditions (SiC, TiC, etc.)” but forms weak
refractory oxides at temperatures around 500—600 °C, and
hence the oxidation resistance is limited.®

This eventually leads to a deterioration of the excellent
mechanical properties. Different research groups have per-
formed studies on the oxidation processes of surfaces of ZrC.
There is an extensive amount of research carried out on the
oxidation of the ZrC(100) surface.” ' In ref 8, the ZrC(100)
surface is found to be very reactive to oxygen leading to the
formation of a ZrO-like layer. Further exposure to oxygen leads
to the formation of ZrO, (1 < x < 2) layers on the surface.”
Theoretical studies using DFT calculations revealed very high
adsorption energies for oxygen on the (100) surface at a site
between two surface Zr atoms and one carbon atom.”'' The
oxidation mechanism on the (100) surface has been extensively
studied by theoretical and experimental means.'”'* The stable
mode of adsorption is dissociative O, adsorption into atomic
species bridging two surface Zr and one C atom. The authors
observed an exothermic exchange of the adsorbed O atom and
surface C atoms, and a subsequent second O atom adsorption
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(110) (111)

(100)

Figure 1. Different surfaces of ZrC. Upper Left (100), Upper middle
(110), and Upper right (111) surfaces side view, respectively. Bottom
left, bottom middle, and bottom right are (100), (110), and (111) top
views, respectively. Yellow = Zr, Blue = C.

lead to a spontaneous formation and release of CO from the
ZrC(100) surface. In a previous study, we reported details of
the oxidation process on the (100) surfaces with the
appropriate thermodynamic stability plots at different partial
pressures of O,.'' All the adsorption energies and oxygen
adsorption geometries concerning the (100) surface can be
found therein.

Other experimental studies have revealed the dissociation of
O, into atomic oxygen with very high adsorption energies on
the ZrC(111) surface.”'*'* Some theoretical studies on the
reactivity of oxygen on the (111) facets have been carried out."”
All these studies have confirmed the very strong interaction of
oxygen with the ZrC low index surfaces. Moreover, even
though there is extensive experimental work on the oxidation of
the surface, the reported theoretical studies do not provide
information about oxidation at different coverage of oxygen and
thermodynamic data concerning such processes.

In light of the above-mentioned studies of oxidation on the
ZrC(100) and (111) surfaces, there is no extensive work done
on the oxidation process of the (110) facets as well as
information on oxidation at different coverage of oxygen and
thermodynamic data. This is however needed in order to
predict the equilibrium morphology of the nanocrystallites in
oxidizing environments.

In this work, we have studied the reactivity of oxygen on
ZrC(110) and (111) surfaces by means of periodic DFT.

The paper is structured as follows: in section II, we describe
the methods and procedures used for the studies. Section IITA
presents the results and discussions of the oxidation on the
(100) surface, while section ITIB discusses oxidation reaction on
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the (111) surface. Section ITIC provides detailed description of
all reactions during oxidation of the (110) surface. Section ITID
discusses the equilibrium morphology of the nanocrystallites
upon oxidation. Section IV draws conclusions on the current
work and provides future perspectives.

Il. CALCULATION SCHEME AND STRUCTURAL
MODELS

ILA. Calculation Methods and Parameters. We
performed all calculations using the Vienna ab initio Simulation
Package (VASP)'® based on Mermin’s finite temperature
DFT. " The Zr, C, and O atoms were represented with the
electronic configurations [Kr]4d*Ss®, [He]2s*2p? and [He]-
2s%2p*, respectively. The core electrons as well as the core part
of the valence electron wave functions were kept frozen and
replaced with projector-augmented wave function (PAW)
pseudopotentials.'” This is done in order to reduce the number
of planewaves required to effectively describe the electrons
close to the nuclei. The generalized gradient approximation
(GGA) exchange correlation functional as parametrized by
Perdew, Burke, and Ernzerhof (PBE)'® was used while
employing the Methfessel—Paxton” smearing scheme by
setting the gamma parameter to 0.1 eV. Testing of the energy
cutoff for the accuracy of the calculations finally settled on 500
eV, while a Monkhorst—Pack™ special grid sampling of the k-
points for integration of the Brillouin zone yielded 9 X 9 X 9 k-
points representing 365 irreducible numbers of sampling points
for all bulk calculations and 9 X 9 X 1 k-points for surface
calculations. Resolution of the Kohn—Sham equations using the
self-consistent field procedure was performed by setting energy
changes for each cycle at 10" €V as the convergence criterion
between two successive iterations. Details of }‘)rocedures used
for all bulk calculations are provided elsewhere.'' For all surface
calculations, the positions of all the ions in the three topmost
layers were relaxed until the net forces acting on them were
smaller than 1072 eV/A.

(1 X 1) surface unit cells were used for all surface calculations
with the exception of calculations involving lower coverage of
O,. A vacuum of 12 A was used as separation between two
periodically repeated slabs to avoid surface—surface inter-
actions. For calculations on adsorption of oxygen on both
(111) and (110) surfaces, 9 atomic layers were used. The
topmost three layers of the surface slabs were relaxed, while the
remaining layers were kept fixed to mimic bulk properties.

The (1 % 1) supercell used for the oxygen adsorption on the
(111) surface has a lattice parameter of 6.698 A and y = 60°
with an exposed surface area of 38.854 A”. Four Zr atoms are
exposed on this surface as shown in Figure 1. The (1 X 1)
supercell used for oxygen adsorption on the (110) surface has a
and b parameters of 4.736 and 6.698 A, respectively, with an
exposed surface area of 31.724 A%

Oxygen was adsorbed on the surfaces in both associative and
dissociative modes, and the adsorption energies are computed
as in eq 1.
= Esurtice — Eonl ()
Eo/sur is the energy of the oxidized surface; Eg,,.. is the energy
of the clean surface; and E, is the energy of the gas-phase O,
molecule.

The binding energy calculated for O, in our model is —6.04
eV compared to —6.08 eV in other studies.”” In comparison to
the experimental value of —5.17 €V,” the binding energy is

Eads e _[ED/Surf

Surface
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overestimated by an amount of 0.87 eV. This is typical of GGA
DFT calculations. It is therefore necessary to consider this
overbinding issue. We therefore correct the adsorption energies
by adding half of this overbinding energy (0.44 eV) for each O
atom adsorbed.

After identifying the preferred mode of adsorption for O,, we
calculated the effect of different coverage of oxygen by using
appropriate unit cells and increasing the number of oxygen
atoms or molecules at the preferred adsorption sites. We
evaluated 0.25 monolayer (ML), 0.5 ML, 0.75 ML, and 1 ML
for the (100) and (111) surfaces, while up to 4 ML coverage
was used for the (110) surface. The number of available Zr sites
on the surfaces was used to define the different coverages. Each
of the Zr atoms on the (111) surface defines 0.25 ML. For the
(100) surface which has two surface Zr atoms, each Zr atom
defines 0.50 ML, while for the (110) surface, each surface Zr
atom defines 0.50 ML. Non-spin-polarized calculations were
performed for O, adsorption on the surfaces as spin-polarized
calculations have negligible contributions to the adsorption
energies.

1.B. Atomistic Thermodynamic Model. The already
well-established thermodynamic model®” is used to provide a
relationship between the calculated parameters and exper-
imental working conditions. In this model, there is an
assumption that the adsorbed molecules on the surfaces are
in thermodynamic equilibrium with the gas phase which serves
as a reservoir for the gas molecules. This then allows for a
definition of the Gibbs free energy of adsorption (A,G) as a
function of thermodynamic parameters like temperature,
pressure. and chemical potential using the general eq 2.

ArG a [AEO + EZPE(surf/mulecule) - A Z "y(T' p)] (2)

E7pE(surface/molecule) 18 the zero point energy (ZPE) contribution
of the gas molecule upon adsorption on the surface. AE, is the
difference in the electronic energies of the oxidized surface and
the gaseous O, molecule as well as any released species, while
Ap(T,p) is the difference in chemical potential of the gas-phase
O, molecules and all other released species of the reaction.
Thus, the AE; can be calculated according to the reaction in eq
3

ZtCgupace + 1(05) < ZrCoia surface + released specie

(3)
From this surface reaction process, we can define AE; as
[Eeioxid Surface) + Ereleased specie — Belfsurhced) — nE02)] which
gives the corresponding reaction energies of the small
molecules on the oxidized surface. The thermal contributions
of the gas-phase molecules bring about changes in the chemical
potential which are comprised of the temperature-dependent
terms Au’(T) and RT as in eq 4.

P
Au(T, P) = Au°(T +RTln(—)
u(T, P) = Ap’(T) 0 @
Statistical thermodynamics can be used to compute the change
in chemical potential of the gas-phase molecules as in eq 5

A.MO(T) = [EZPE + Evib(O—-T) =}z ‘Emt o= ‘Etrans] + RT

—T(Syp + Sie + S (s)

The changes in the vibrational, rotational, and translational
degrees of freedom provide the thermal contributions of the
small molecules upon adsorption on the surfaces. Standard

trans)
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statistical thermodynamic formulas combined with equilibrium
geometry and calculated frequencies are used to compute the
values of Au®(T) at different temperatures. The total pressure
P’ in eq 4 was set at 1 atm. Finally, the thermodynamic stability
plots are obtained by plotting the calculated Gibbs free energies
(A,G) against pressure p at different constant temperatures
with the different coverages of O, molecules on the surface.
The lowest-lying line of such plots is the most stable system at a
given equilibrium condition.

In order to predict the equilibrium shape of the nanocrystals
when small molecules are adsorbed on the surface, we calculate
the surface energy y,,(O,) as a function of the O, reacted with
the surface at different temperatures and a partial pressure
P(0,)/P° = 0.01 bar as described in eq 6.

1

1 O2) = E[yh(:d + 0,48, Gy (P, T, n0,)] )
7w O,) is the corresponding surface energy after oxidation on
the surface. 7}, is the surface energy of the clean or bare surface
with no oxygen adsorbed (6, = 0). 8, = 2n/A;; provides a
description for the surface coverage of the O,, while A Gy(p,
T, n0,) = [AE; + Ezpp(sutacesoz) — 21 #(T,p)]. The resulting
7i(O,) values at different temperatures are used to predict the
equilibrium morphology of the nanocrystals using Wulff
reconstruction.”® The SOWQOS”® software package developed
by Daniele Scopece is used for the Wulff construction.

The Bader code optimized for”'VASP was used in analyzing
the charged densities obtained for both the clean (100), (110),
and (111) surfaces as well as for the oxidized surfaces

Ill. RESULTS AND DISCUSSION

Details about the bulk structural properties, lattice parameters,
bulk modulus, surface energies, and surface relaxation of the
ZrC low index surfaces are provided elsewhere.”'' The detailed
oxidation processes on the ZrC(110) and (111) surfaces are
provided here with a recount of the oxidation on the (100).

LA Reactivity of O, with the ZrC(100) Surface. Details
of the reactivity of O, with the (100) surface are provided in a
previous paper,'’ and hence we give a brief description of the
oxidation process here.

One O Atom Adsorption. Molecular oxygen is found to
adsorb in a dissociative mode on the ZrC(100) surface. The
first O atom adsorbs at a 3-fold hollow site between two surface
metal (Zr atoms) and one C atom in a configuration termed
here as mmc configuration (Figure 2). The calculated
adsorption energy for this process is 3.19 eV. The adsorbed
O atom sits closer to the surface C atom than the two Zr atoms.

b .

Figure 2. Side view (left) and top view (right) dissociated O atoms on
the ZrC(100) surface. Blue (C), yellow (Zr), and red (O).

DOI: 10.1021/acs. jpec.6b01460
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A Bader charge analysis was carried out for this adsorption
process. The two Zr atoms in the mmc mode donate a charge
of 0.04e”. The C atom in the mmc donates 0.96e~ which is
understandable given that the adsorbed O atom sits closer to
the C atom than the Zr atoms. The adsorbed O atom gains
1.06e". There is complete oxidation of the surface C atom with
the Zr atoms being less affected.

Two O Atoms Adsorption. The second O atom also adsorbs
in an mmc mode with high adsorption energy of 3.29 eV. At
this stage the overall oxidation reaction on the surface is
ZrC(100) + O, — O—ZrC(110)—0, A,G = —6.48 eV.

In the charge analysis, each of the Zr atoms donates a charge
of 0.04e”, while the C atoms transfer charge of 0.98¢™ to O
atoms which receive a total charge of 1.05e™. The surface C
atoms are oxidized with little effect on the Zr atoms.

Three O Atoms Adsorption. The third O atom also
adsorbed at an mmc site. However, the resulting 3 O atoms
are now in alternating mmc modes. The calculated adsorption
energy is 2.60 eV, and the A,G = —9.08 eV for the reaction.

The surface Zr atoms transfer a charge of 0.12e™ each, while
the O atoms receive an average charge of 1.03e". Due to the
alternating nature of the mmec O atoms, one of the surface C
atoms protrudes from the surface and transfers a charge of
1.86e7, while the other C atom transfers a charge of 1.07e™.

Four O Atoms Adsorption. In the addition of a fourth O
atom the last possible mmc site on the surface is now adsorbed
by an O atom with successive adsorption energy of 1.77 eV, and
the overall change in Gibbs free energy at this stage is —10.85
eV,

Upon adding a fourth O atom, each of the two surface C
atoms transfers a charge of 1.93e” to the O atoms, while the Zr
atoms transfer charge of 0.16e” each. The four adsorbed O
atoms receive a charge of 1.0e™ each.

On this surface, the surface C atoms are easily oxidized.

A summary of all the successive adsorption energies and the
average adsorption energy for each coverage of oxygen is
provided in Table 1.

Table 1. Average Adsorption Energy, E 4 per O Atom at
Different Coverages and Successive O Addition Adsorption
Energies on ZrC(100) and (111) Surfaces

(100) Surface

coverage 0.25 ML 0.50 ML 0.75 ML 1.0 ML

E,4/eV/O 3.19 324 3.03 271
Successive Adsorption Energies

O number Ist 2nd 3rd 4th

E,a/eV 319 3.29 2.60 177

(111) Surface

coverage 0.25 ML 0.5 ML 0.75 ML 1.0 ML

E/eV/O 6.24 6.20 6.08 5.83
Successive Adsorption Energies

O number Lst 2nd 3rd 4th

E, /eV 6.24 6.15 5.84 5.08

A fifth O atom was adsorbed on the surface, and the
successive E 4, = —1.47 eV which is highly endothermic. The
surface is therefore considered to be fully covered, and there is
no further diffusion of oxygen into the bulk. Thus, the adsorbed
O atoms passivate the surface.

In another work, the exchange between the surface C atoms
with the adsorbed O atom was studied and found to proceed
spontaneously. Subsequent addition of an O atom to form a
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surface CO moiety was also an exothermic process, but the final
removal of CO from the surface was endothermic.'’ As such,
we do not provide the details of such O < C exchange process
on the (100) surface here. We however present the
thermodynamic stability plot of the oxidation process here
(Figure 3). The surface is fully covered with O atoms at all

(-]
[
o' 5
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-10
200 400 600 800 1000 1200 1400 1600 1800
T K

Figure 3. Thermodynamic stability plot for O, adsorption on the
ZrC(100) surface (© is the surface coverage of oxygen).

pressures considered between 200 and 900 K temperature. At
1000 K, there is desorption of one O atom between pressures
of 107! and 107'° bar. Between 1100 and 1300 K, desorption
of one O atom proceeds from 107! to 107" bar pressure. At
higher temperatures of 1400 to 1500 K, the 0.50 ML coverage
layer is recovered with the removal of two O atoms at pressures
between 107" and 107* bar. At 1600 K, the bare surface is
recovered at extremely low pressures of 107! bar, but between
1700 and 1800 K, the bare surface is fully recovered at
pressures as high as 107* bar.

lIl.LB. Reactivity of O, with the ZrC(111) Surface. Both
dissociative and associative modes of O, adsorption were tested
for this surface. The ZrC(111) surface terminates with Zr and
C layers at the two terminating surfaces. It has been observed
experimentally to terminate with Zr layers, and a previous
theoretical work® confirmed this observation. We therefore
selected a (111) slab terminating on both sides with Zr layers
comprised of four Zr atoms as described elsewhere.” Oxygen
was found to adsorb dissociatively into atomic species on the
(111) surface. This mode of adsorption was always
accompanied by high adsorption energy. As such, we carried
out the adsorption of O atoms in a successive fashion, adding
one atom to the surface at a time.

One O Atom Adsorption. The first O atom added to the
surface adsorbed at an fcc 3-fold hollow site between three
surface Zr atoms and atop Zr atoms in the third layer (Figure
4). This was accompanied by a strong adsorption energy, E, 4, =
6.24 eV. This is in excellent agreement with experimental
observation for O adsorption.” The bond distances between the
adsorbed O atom and surface Zr atoms are 2.110, 2.179, and
2.180 A.

Using Bader charge analysis, the three Zr atoms forming the
3-fold hollow bond with the adsorbed O atom relax outward
and transfer 0.34e” each to the oxygen atom, while the

DOI: 10.1021/acs jpcc.6b01460
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Figure 4. Side view (left) and top view (right) dissociated O atoms on
the ZrC(111) surface. Blue (C), yellow (Zr), red (O).

remaining Zr atom receives 0.04e” from the transfer. Three of
the second layer C atoms relax inward and donate 0.09¢™ each,
while the remaining C atom moves upward receiving a charge
of 0.05¢”. The adsorbed O atom receives a net charge of
1.17e".

Two O Atoms Adsorption. The second O atom adsorbed at
a similar site to that of the first O atom adsorption. It is
however accompanied by a slightly lower successive adsorption
energy as compared to the first O atom, E_ 4, = 6.15 eV. At this
point there are two out of the four possible adsorption sites
occupied by the two O atoms. The calculated bond distances
between the second O adatom and the surface Zr atoms are the
same as those for the first O atom adsorption.

A Bader charge analysis was performed to provide a clear
picture of the transfer of electrons at this stage of the oxidation
process. Two of the four surface Zr atoms relax upward and
donate 0.61e” to the adsorbed O atoms, while the other two Zr
atoms relax inward and transfer 0.35e” to the oxygen during
optimization. The second adsorbed O atom gains 1.16e™. Two
of the C atoms beneath the topmost Zr surface layer relax
upward with no charge transfer, while the remaining two C
atoms relax inward and transfer 0.14e” to the surface O atoms.
Thus, in all, the two O atoms receive 2.32e” with 1.92e™ from
surface Zr atoms and 0.28¢” from the second layer C atoms.

Three O Atoms Adsorption. Upon addition of the third O
atom which adsorbs in a similar fashion as the first and second
O atoms at the third of the four available adsorption sites, the
successive adsorption energy is decreased further with E 4 =
5.84 eV. The bond distances between the adsorbed O atoms
and the surface Zr atoms are 2.137, 2.136, and 2.189 A.

During the optimization, one Zr atom moves outward and
transfers a charge of 0.90e”, while three Zr atoms move inward
with a charge transfer of 0.67e” for a total of 2.91e”. The O
atom receives a net charge of 1.15¢" for a total of 3.45¢™ for the
three O atoms. Three of the second layer C atoms relax upward
with charge transfer of 0.04e”, while the remaining C atom
relaxes inward with and transfers 0.19¢” for a total of 0.31e™.
Thus, the Zr and C atoms transfer a total of 3.22e”, and hence
the remaining charge on the O atoms is from the third layer Zr
atoms. It suddenly becomes apparent that the upward relaxing
Zr atoms transfer more charge than the inward relaxing atoms.
This is understandable as the protruding Zr atoms are readily
accessible by the O atoms. This trend is however opposite for
the C atoms in the second layer.

Four O Atoms Adsorption. Addition of a fourth O atom
provides a full coverage of the available adsorption sites with
atomic O species. This process is still accompanied by a strong
successive adsorption energy, E_; = 5.08 eV. This adsorption
energy is lower than the adsorption energies of the first, second,
and third O atoms. This reduction can be attributed to the
lateral repulsion of the O atoms as the coverage on the (111)

© 2016 Tous droits réservés.
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surface is increased. At this point, a fifth O atom was added, and
the adsorption energy of —0.65 eV indicated a strong
endothermic reaction. Hence we considered the full coverage
up to four O atoms. The fully covered (111) surface with four
O atoms is shown in Figure 4. The calculated bond distances
between the adsorbed O atoms and the surface Zr atoms are
2.144 and 2.145 A. The addition of four O atoms onto the
ZrC(111) was a highly exothermic reaction yielding a
combined adsorption energy of 23.31 eV.

With addition of the fourth O atom leading to full coverage
on the surface, all four surface Zr atoms relax in the same
direction, and each transfers a charge of 0.91e” to the adsorbed
O atoms. Oxygen receives a charge of 1.14e” for a total of
4.56e”. The second layer C atoms transfer 0.10e™ for a total of
0.40e” to the O atoms.

From the charge transfer analysis, the oxidation process of
this surface takes place on Zr atoms.

The average adsorption energy per O atom for different
coverages was computed and summarized in Table 1. This table
also includes the successive adsorption energy of each O atom
added to the (111) surface. These adsorption energies at
different coverages were used to obtain Gibbs free energies and
used in the stability plot. It can be observed from Table 1 that
the average adsorption energies per O atom remain nearly the
same at different coverage, and thus the adsorption is not
affected by the amount of oxygen on the surface. The
thermodynamic stability plot for the different coverage at
2000 K is provided in Figure 5. At 2000 K, pressures as low as

___________ bare surface
S TozsmL
= P 0.5Mm1
% i Tl s
§ 030 = m Oy
< e -
-0.40 Ime
-0.50
-9.0 -7.0 -5.0 -3.0 -1.0 1.0
log P(0,)/P°

Figure 5. Gibbs free energy plot for dissociative O, adsorption on the
ZrC(111) surface.

1077 bar are not enough to recover the bare surface. This is
however not different from what has been reported
experimentally as different groups used temperatures of above
1800 K at UHV pressures to clean the (111) surface during any
experimental measurements.'**® The calculated PDOS and
TDOS for the adsorbed oxygen on the (111) surface is shown
in Figure 6(top). The TDOS shows a considerable attenuation
of the surface states at the Fermi level upon adsorption of
oxygen onto the surface. The unoccupied metal d-bands are
shifted toward higher energies. The surface states are further
examined by projecting the DOS of the Zr atoms on the
oxidized surface as shown in Figure 6(bottom). There is a
significant decrease in the intensity of the surface metal d states
due to the mixing with O p bands resulting from the charge
transfer from Zr.

1I.C. Oxidation of the ZrC(110) Surface. The oxidation
process on the ZrC(110) surface was carried out for both
associative and dissociative modes of adsorption. The observed
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——(111)—40 2r d
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-13 .8 energy/eV 3 2 7

Figure 6. TDOS and PDOS of clean and oxygen-adsorbed ZrC(111)
surface (top) and PDOS of Zr on clean and oxygen-adsorbed
ZrC(111) surface (below) aligned vertically at the E. DOS in the
vertical axis refers to density of states shown as bands.

stable mode of adsorption was always dissociative O,
adsorption into atomic species. The reactivity study was
thereafter carried out in a stepwise manner, starting from one
O atom adsorption, then two O atoms, and so on. The different
adsorption and chemical processes occurring on the (110)
surface with different amounts of O atoms are as follows.

i. Initial Oxidation Phase. One O Atom Adsorption. Upon
the addition of one O atom to the surface, there was a strong
interaction with surface Zr and C atoms. The stable adsorption
mode at this point was a bridge between one Zr and one C
atom on the surface (Figure 7a).

This process was accompanied by a high adsorption energy,
E.q = 4.36 ¢V. Oxidation of the surface Zr atoms starts at this
stage. The calculated bond distance between the adsorbed O
atom and the surface Zr and C atoms is 1.31 and 1.12 A,

(a)

«

4j°\:)\:

“
| -1—.

Figure 7. Oxidation of Zr atoms on the (110) surface showing side
view (top) and top view (bottom). (a), (b), (c) are adsorption of 1, 2,
and 3 O atoms, respectively. Blue = C, yellow = Zr, red = O.

respectively. The C atom, which is bonded to the adsorbed O
atom, is slightly displaced upward from its equilibrium position.

ZrC(110) + %oz — ZrC(110)—0, A.G = —4.36 eV

@)
A,G is the change in Gibbs free energy of the considered
process.

There is the transfer of 1.52e~ from the C atom bonding to
the adsorbed O atom, while the free C atom transfers a charge
of 0.26e”. The Zr atom bonding with the O atom receives a
charge of 0.19¢”, and the free Zr atom receives a charge of
0.49e™. The adsorbed O atom receives a net charge of 1.11e".
Upon O adsorption, the electronic reorganization leads to the
Zr atoms receiving net charge as the Zr d states in the
conduction band lie very close to the Fermi level (Figure 8)
and the C p states from the valence band of the (110) surface
occupy the Fermi level.

DOS Zr,C (110) surface

—(110)Cp

——(110) Zr TDOS

ALY

PDOS Zr,C 30-(110)
——¢, 30-(110)
zr, 30-(110)

Density of States

]
PDOS O, 30-(110) :
:
-~ 2rzr-bridge 0, 30-(110)
1
-—CZr-bridge O, 30-(110)

-13 -8 Energy/eV -3 2 7

Figure 8. TDOS and PDOS for three O atoms adsorption on the
(110) surface. The dashed vertical line is aligned at the Fermi level.

Two O Atoms Adsorption. When two O atoms are adsorbed
on the surface, the second O atom adsorbs as a bridge between
two surface Zr atoms (Figure 7b). This process is also
characterized by a high successive adsorption energy of the
second O atom, E 4 = 3.95 eV. Thus, the second Zr atom is
oxidized at this point. The calculated bond distances between
the adsorbed O atom and the surface C is 1.26 A, while those
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between the adsorbed O and the surface Zr atoms are 2.26,
2.02, and 2.00 A.

ZrC(110) + O, — ZrC(110)—0, A,G = —8.31 eV
(8)

From this second oxygen addition to the last one, the Bader
charge density analysis compares the oxidized surface with the
bare surface. The C atom bonded to the first O atom transfers a
net charge of 1.72e7, and the other C atom transfers a charge of
0.48e”. The two Zr atoms receive net charges of 0.19e” and
0.25¢7, while the adsorbed second O atom receives a charge of
1.25¢". The charge on the first O atom is now 0.94e".

Three O Atoms Adsorption. Subsequent addition of a third
O atom to the oxidized surface follows a similar pattern of
adsorption mode as the ones for one and two O atoms (Figure
7c). The third O atom adsorbs as a bridge between the
remaining surface C atom and a surface Zr atom with a
successive adsorption energy, Eg4, = 3.84 eV. This high
adsorption energy shows strong interaction between the
adsorbed O atom and the surface metal atoms. The bond
distance between the surface C atoms and the adsorbed O
atoms are 1.279 and 1.265 A. The calculated bond distance
between the adsorbed O atoms and the surface Zr units are
1.993 A, 2.012 A, 2.256 A, and 2.270 A. The adsorption process
at this stage is governed by eq 9

ZrC(110) + %oz — ZrC(110)—20, A.G = —12.15 eV
9

The two surface Zr atoms receive charges of 0.13e™ and 0.37e7,
respectively. The O atom adsorbed as a bridge between two Zr
atoms receives a charge of 1.20e”, while the two O atoms
adsorbing as a bridge between Zr and C atoms receive charges
of 0.88e” each. The two C atoms transfer charges of 1.61e”
each to the O atoms. Thus, carbon atoms are oxidized at the
end of this oxidation phase instead of Zr atoms.

The TDOS and PDOS are shown in Figure 8. A spin-
polarized plot is shown to confirm that the adsorption energies
are not affected by spin polarization as can be seen in the
complete equivalence of the alpha and beta states. This
provides information about changes in the surface states of the
(110) surface and the introduction of new features by the
adsorbed O atoms and their modifications of the (110) surface.
The TDOS show Zr d unoccupied bands and C p valence
bands close to the Fermi level reduced in intensity as they are
being filled by the O electrons. The O introduced bands are
found in the region between —5 and —7 eV. This region is
typical of O bands as seen for the (111) surface. A projection of
the DOS onto the surface Zr and C atoms shows a rigorous
mixing of the O p orbitals with the C p and Zr d and p orbitals.
This accounts for the observed high adsorption energy of the O
atoms on the surface. The strong interaction also includes
contributions from Zr s, Zr p, and C s orbitals.

ii. Further Oxidation of Surface C Atoms. After initial
oxidation of one surface C atom, addition of extra O atoms
further oxidizes the remaining surface C atoms.

Four O Atoms Adsorption. The fourth O atom commences
the complete oxidation of the surface C atoms. At this point,
there is an exchange between one of the surface C atoms and an
O atom. This leads to the formation of a CO group which is
strongly attached to the surface Zr atoms (Figure 9a). Thus, at
this point, there are two Zr atoms, one C atom, and one O
atom on the (110) surface plane as compared to two C atoms
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Figure 9. Oxidation of surface C atoms on the (110) surface showing
side view (top) and top view (bottom). (a), (b), (¢) are adsorption of
4 (with CO formed), $, and 6 O atoms, respectively. Blue = C, yellow
=Zr, red = O.

on the bare (110) surface. The successive adsorption energy at
this stage is estimated to be 4.48 V. The CO formation process
is governed by eq 10.

ZrC(110) + 20, — 30—ZrC(110)—CO,

A G = —16.63 eV (10)
It was necessary to check the spontaneity at which the CO can
be removed from the surface (eq 11). Desorption of CO from
the surface was however found to be an endothermic process.

30-2rC(110)—CO — 30-ZrC(110) + CO,,,

A.G = 048eV (11)
Thus, the CO unit is adsorbed to the surface Zr atom with
adsorption energy of 0.48 eV. Figure 9a does not however show
this strong interaction, and a look at the charge density (Figure
10) provides a visualization of the strong adsorption of the CO
group with surface Zr atoms.

In the Bader charge analysis, the Zr atom directly attached to
the surface-incorporated O receives a charge of 0.11e”, while
the other Zr atom receives a net charge of 1.08¢". The C atom
in the CO group formed is highly oxidized and loses a charge of
3.14e” with the O atom in the CO group receiving a net charge
of 0.92e™. The surface incorporatered O atom gains a charge of
1.40e".

The bond distance between the incorporated surface O atom
and the surface C atom is 3.257 A, while that between the O
and the attached surface Zr atom is 2.129 A. The distance
between C of the adsorbed CO and the surface Zr atom is
2.542 A compared to 2.342 A between the C atom in the
second layer and Zr atom in the first layer. The surface is thus
characterized by an O atom bridging two surface Zr atoms, an
O atom bridging surface Zr and C atoms, one O atom
incorporated into the surface plane, and an attached CO
moiety.

Five O Atoms Adsorption. Addition of a fifth O atom further
oxidizes the CO moiety which was formed in the previous step.
This leads to the formation of CO, gas which is strongly
attached to the surface (Figure 9b). The successive adsorption
energy at this step is 3.59 eV. There is thus a complete
oxidation of the first C atom on the surface at this point. The
reaction process is shown in eq 12.
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Figure 10. Electronic charge density for CO (top left and down left)
and CO, (top right and down right) with 40 and 50 on (110),
respectively, at different view angles. Positive charge density difference
(light blue) and negative charge density difference (light yellow).
Electronic charges near edges of the cell appear to be truncated and
are a result of repetition in supercells due to periodic boundary
contions. An isosurface level of 8.88 X 107 was used.

ZrC(110) + %02 — 40—ZrC(110)—CO,,

AG = —2022 eV (12)
The surface does not however release the attached CO,
spontaneously as this process is endothermic with A.G =
0.38 eV. As such, there is a strong interaction of the CO, with
two surface Zr atoms through an O of CO, (Figure 10). The
bond distance between O of CO, and the surface Zr atoms are
2.564 and 2.927 A.

The O atom in CO, attached to the surface Zr atom gains a
charge of 1.06e™~ and the other O in CO, gains a total charge of
0.85¢7, while the C of CO, 4.11e”. The Zr atom attached to
the CO, receives a net charge of 0.10e™.

Six O Atoms Adsorption. There is a completion of the
removal of all surface C atoms and a subsequent replacement
with O atoms at this stage. Thus, the remaining surface C atom
is now replaced by an O atom, while the O atom adsorbed as a
bridge between the surface C and Zr atoms combines with the
exchanged C atom to form an adsorbed CO moiety (Figure
9c). The already formed CO, is considered to be released into
the gas phase though it has a slight interaction with surface Zr
atoms (0.11 eV). This somewhat weak interaction is shown in
the 2D charge density distribution plot of Figure 11. The
successive adsorption energy of the sixth O atom is somehow
lower than all previous O adsorptions (E, = 3.31 eV).
Equation 13 depicts the chemical process on the surface at this
stage.

ZrC(110) + 30, — 40-ZrC(110) + CO,, A, G

—23.53 eV (13)
The adsorbed CO bridges a surface Zr and an O atom through
its C atom. The bond distance between the C of the CO moiety

and surface Zr and O atoms are 2.346 and 1.435 A, respectively.
There is also a strong interaction between O of CO and surface

8766

(7/2)0,

Figure 11. Electronic charge density difference for CO, in 60
adsorption (top left and bottom left), released CO, in 7O adsorption
(top right and bottom right) at different view angles (positive charge
density difference = light blue, negative charge density difference
light yellow). Electronic charges near edges of the cell appear to be
truncated and are as a result of repetition in supercells due to periodic
boundary conditions. An isosurface level of 8.88 x 10~ was used to
obtain the charge density plots.

Zr atom with bond distance of 2.457 A. The incorporated O
atoms into the surface have bond distances of 2.157 and 2.362
A. At this stage, there is still an O atom serving as a bridge
between two Zr atoms on the surface.

The two surface Zr atoms receive net charges of 0.17e” and
0.27e”, respectively, with the one attached to the CO group
receiving the highest charge. C of CO transfers a charge of
3.01e7, and the two O atoms farthest from the surface receive
charges of 1.23e™ and 1.06e™, respectively.

Figure 12 provides the TDOS and PDOS for the new surface
formed. This surface lacks two C atoms replaced by two O
atoms and hence looks like a ZrO layer. The Zr TDOS shows
significant changes from the ideal (110) surface TDOS. The
new surface shows sharp bands at the core level states. These
sharp bands are attributed to the surface incorporated O p
states with little contribution from the Zr d states. Thus, the O
atoms on the surface show ionic bonding nature with the
surface Zr atoms at this stage. The valence band structure is
also altered by the O atoms on the surface. The PDOS for the
adsorbed CO moiety shows an ionic bonding character as can
be seen from the sharply isolated peaks at —11.18 eV and is
strongly bonded to surface Zr d and O p orbitals. Also the
interaction of the O atom in CO with the surface Zr atom can
be seen in the PDOS at —8 eV. This surface is moreover
slightly activated by the presence of unoccupied Zr d states
around the Fermi level. The weakly bonded CO, appear as
sharp peaks at —8.5 and —10 eV.

iii. Formation of Surface ZrQO,. As all the surface carbon
atoms are replaced by O atoms, formation of ZrO, on the
(110) surface commences.

Seven O Atoms Adsorption. This stage marks the complete
conversion of the adsorbed CO group into CO, (Figure 13a).
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Figure 12. TDOS and PDOS for 60 atoms adsorption on the (110)
surface, aligned vertically at the Fermi level.

Thus, the added oxygen oxidizes further the adsorbed CO and
the resulting successive adsorption energy, E 4, = 4.25 eV. The
formed CO, moiety interacts very strongly with surface O
atoms through its C atom, while surface Zr atoms bond with O
atoms of the CO,. The surface reaction at this stage is governed
by eq 14.

ZrC(110) + %02 — 30-ZrC(110)—CO, + CO,,
AG=-2778¢eV (14)

Moreover, we estimated the reaction energy for desorbing the
attached CO, from the surface, and this process is endothermic
at this stage with A.G = 042 eV. Thus, the Zr atoms in an
attempt to form stable ZrO, units form additional bonds with
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(a)
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%

Figure 13. Formation of ZrO, on the (110) surface showing side view
(top) and top view (bottom) and the released CO, molecule. (a), (b)
are adsorption of 7 and 8 O atoms, respectively. Blue = C, yellow = Zr,
red = O.

O atoms of CO,. The free CO, group is shown in Figure 11
with virtually no interaction with the surface atoms. The
calculated bond distance between C of CO, and surface O
atoms is 1.409 A, while the distances between O of CO, and
surface Zr atoms are 2.277 and 3.007 A.

The calculated charge transferred by the protruding surface
Zr atom is 0.08¢”, while the inward relaxed Zr atom gains a
charge of 0.08e”. The C atom of the attached CO, transfers a
charge of 4.16e”, and the two O atoms of CO, gain charge of
1.16e” and 1.11e".

Eight O Atoms Adsorption. The adsorption of the eighth O
atom marks completion of the total oxidation of the (110)
surface. In order to form ZrO, on the surface, the added O
atom adsorbs strongly on surface Zr atoms with a successive
adsorption energy, E,4 = 3.51 eV. Figure 13b shows the
geometry of the surface structure. The reaction process is
shown in eq 15.

ZrC(110) + 40, — 40—-ZrC(110)—CO, + CO,,

AG=—-3129eV (15)

There is still a CO, group attached to the surface, and we
estimated the reaction energy for the release of this CO, into
the gas phase as in eq 16.

40-ZrC(110)-CO, — 40—ZrC(110) + CO,,

AG=-043eV (16)

This process is found to be exothermic, and hence there is a
spontaneous release of CO, into the gas phase. This
exothermicity is related to the fact that the surface CO,
group is not strongly bonded to the surface and has no
interaction with the surface incorporated O atoms as is the case
for 70 adsorption.

The overall change in Gibbs free energy for the eight O atom
adsorption at this point is —31.29 eV. The final structure
formed is a modified ZrC(110) surface with two ZrQ, units on
the surface. Two O atoms are in the surface plane of the Zr
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Figure 14. Reaction scheme for oxidation of the ZrC(110) surface. Red = O, Yellow = Zr, Blue = C.

atoms, while two O atoms form bridges between two adjacent
Zr atoms. The Zr—O bond distances in the surface plane are
2.161 and 2.642 A, while the distance between the two surface
O atoms is 3.355 A. The bridging O atoms have a distance of
2.008 A from the surface Zr atoms. Figure 14 provides a
complete picture for the oxidation process on the ZrC(110)
surface.

A Bader analysis of the ZrO, layer formed on the ZrC(110)
surface shows the two O atoms positioned at the surface plane
gained charge of 1.54e”, while the bridging O atoms gained a
charge of 1.31e”. The two surface Zr atoms donate charges of
0.24e™ and 0.13e”, respectively.

The overall conclusion from the charge transfer analysis at
this final step is that the oxidation process of this surface will
proceed with complete oxidation of all surface carbon atoms
with subsequent removal of CO, before starting oxidation of
zirconium atoms.

After forming the ZrO, layer on the (110) surface, it is worth
mentioning here that there is further oxidation of the ZrO,
layer formed. Thus, subsequent addition of O atoms to the
ZrO, layer yielded reactions with negative A,G values. We
however talk about oxidation up to the formed ZrO, layer in
this paper. A subsequent paper will discuss the oxidation
process of the ZrO, layer formed.

Figure 15 shows the TDOS and PDOS for the ZrO, formed
on the ZrC(110) surface. It can be easily noticed from the
TDOS that the surface states around the Fermi level for the
ZrC(110) surface are substantially decreased in both the
occupied valence band and the unoccupied band by the
formation of the ZrO, layer on the surface. This stabilizes the
highly reactive (110) surface. Projection of the DOS to the
surface Zr atoms which are typical of surface states for ZrC
shows a gap at the Fermi level and virtually no d states at the
surface. Thus, the metallic (110) surface is now transformed
into a nonmetallic ZrO,-covered (110) surface. The core band

TDOS 20,/2¢C(110) PDOS Zr, O Zr0,/2rC(110)

Py
a8 .genergy .3 2 7 g
k]
Zr a-d, Zr02/(110) £
=
o
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2rZr bridged O -p, 2r02/(110)
PDOS of Zr evolution
“
4 ——(110) 2r TOOS
s = PDOS Zr -d, 30-(110)
hoid ~——PDOS Zr -d, 60-(110)
'E_ ——PDOS Zr -d, Zr02/(110)
&
2
@
o
13 -8 energy 3 2 7

Figure 15. TDOS and PDOS for ZrO, formed on the ZrC(110)
surface and evolution of the Zr atom DOS during oxidation of the
ZrC(110) surface.

remains similar to that of the ZrC(110), while the new features
introduced by the ZrO, layer in the valence band appear at
around —4.0 eV. There is significant mixing of the surface Zr d
and O p as well as the bridging O p orbitals. Moreover, the
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Table 2. Successive Adsorption Energy E_;, for Each Added O Atom and the Average Adsorption Energies at Different
Coverages Defined As the Reaction Energy Divided by the Number of Adsorbed O Atoms for the ZrC(110) Surface

O atom number 1st 2nd 3rd 4th Sth 6th 7th 8th

E,/eV 4.36 3.95 3.84 4.48 3.59 3.31 425 3.51
Average Adsorption Energies at Different Coverages

coverage/ML 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

E4/eV 4.36 3.98 3.93 4.07 3.97 3.86 392 3.87

unoccupied Zr d states around the Fermi level are decreased as
compared to the ideal ZrC(110) surface.

It has been observed experimentally that the (110)
orientation of t-ZrO, grows preferentially on ZrC(110)
surfaces.””? According to the authors, oxidation of ZrC(100)
and (110) was carried out at temperatures of 600—1500 °C and
O, partial pressures of 0.02—2 kPa for 1-20 h. Even at 1300
and 1500 °C, (110) orientations of t-ZrO, were found
preferentially on the ZrC(110) surface. Thus, our ZrO,
formation on the (110) surface is confirmed experimentally.

Figure 15 also contains the TDOS for the evolution of the Zr
atom at three different stages of oxidation. For addition of only
one O atom, the surface is further activated by Zr d states, and
the noticeable changes in the DOS appear at —6.4 eV for the Zr
d states in bonding with the O atom. At the beginning of
oxidation of surface C atoms (addition of 4 O atoms), the
surface d states of Zr are considerably decreased, and the
appearance of new Zr d bands at —5.5 and —6.6 eV for the
bonding of surface incorporated O atoms and formed CO
groups, respectively. At the end of ZrO, surface layer formation,
the changes in the Zr bands are due to those at —5.2 eV, —4.4
eV, and —3.9 eV, as well as —2.7 eV for mixing with surface
incorporated and bridged O atoms, respectively.

Table 2 contains the calculated successive adsorption
energies of each O atom added as well as the average
adsorption energy per O atom at different coverages of O, on
the ZrC(110) surface. The full coverage is defined for 1 O atom
per surface Zr atom. These adsorption energies at different
coverages were then used to obtain thermodynamic stability
plots for the entire reaction process. The adsorption energy per
O atom remains fairly constant at all coverages considered. The
Gibbs free energy plot (Figure 16) at 2000 K and CO, partial
pressure of 107> bar shows the ZrO, surface as the most stable.
This explains the high stability of the ZrO, surface formed. A
similar 2D plot (not shown) at all temperatures and partial
pressures of O, and CO, shows only the fully oxidized (110)

0.2
- T=2000K
:_-_:_:_:-__-:'__5_ P(CO;)/P°=107% bar
0.0 -A-.:_--d-_v__u;-i-_
= - —_
02 =
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-
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Figure 16. Gibbs free energy plot for ZrC(110) surface oxidation at
2000 K and CO, partial pressure of 107> bar.
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with a ZrO, surface layer being stable. Thus, manipulation of
temperature and pressure alone cannot regain the bare
ZrC(110) surface.

It is worth mentioning here the difference in oxidation
processes on the three different low index surfaces. The main
difference in oxidation is due to the differential stability of the
three surfaces. The lower surface energy of the (100) makes it
more stable and less reactive to oxygen compared to the (110)
and (111) surfaces. The very high reactivity of the (110)
surface toward oxygen is due to the fact that this surface is
highly unstable. It has a high surface energy, under saturation of
surface atoms, and more dangling bonds and hence reacts
vigorously with oxygen as compared to the (111) surface.

II1.D. Equilibrium Morphology of Oxidized Nano-
crystallites. The calculated Gibbs free energies of the different
surfaces upon oxidation were then used to predict the
equilibrium morphological shapes of the ZrC nanocrystallites.
Table 3 provides the surface energies of the low index ZrC
surfaces at different temperatures used for the Wulff
construction. Figure 17 shows the equilibrium shape of the
crystallites upon oxidation at temperatures of 200—1500 K.
Only the (110) surfaces are revealed. This is due to the high
stabilization of the surface by the formation of ZrO, layers on
the surface. The (110) ZrC surfaces are not revealed for the
bare crystallites as a result of the high surface energy associated
with them and the subsequent significant surface states present
at the Fermi level. However, these surfaces are completely
transformed from the unstable ZrC(110) surface to a more
stable ZrO, layer which drastically reduces the Zr d and C p
states around the Fermi level that are responsible for the low
stability of the surfaces. We therefore predict that, upon
complete oxidation of all the surfaces of ZrC, the (110) surfaces
are substantially increased in abundance and hence have to be
considered.

IV. SUMMARY AND CONCLUSION

The oxidation process of low index ZrC surfaces was studied at
different temperatures and oxygen partial pressures.

Oxidation of the (100) surface was reported in our previous
studies'' and has also been extensively studied by other
groups.'” We however report the thermodynamic stability plot
here, and we observed the surface as completely oxidized over a
wide range of temperatures and pressures. The bare surface is
recovered at high temperatures above 1500 K and low O,
partial pressures below 10™* bar.

Oxidation of the (111) surface is a highly exothermic process
of complete dissociation of oxygen into atomic species leading
to the adsorption of one O atom per surface Zr atom. The O
atoms adsorb at fcc 3-fold hollow sites between three surface Zr
atoms. Manipulation of temperature and pressure alone cannot
be used to clean the surface from oxygen even at temperatures
as high as 1500 K.

DOI: 10.1021/acs.jpcc.6b01460
J. Phys. Chem. C 2016, 120, 8759—-8771
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Table 3. Surface Free Energies of the Exposed Oxidized Surface Planes of ZrC at Various Temperatures with Their Relative

Abundances (In Bracket) for P(O,)/P° = 0.01

surface energy/meV/A” 200 K 300 K 400 K 500 K
7(100)(02) —0.33 (0%) —0.31 (0%) —0.29 (0%) —0.27 (0%)
Yeioy(02) —0.76 (100%) —0.74 (100%) —0.73 (100%) —0.71 (100%)
Yain(Os) —0.42 (0%) —0.40 (0%) —0.39 (0%) —0.38 (0%)

Surface Free Energies at Higher Temperatures
700 K 1000 K 1200 K 1500 K
7a100)(02) —0.22 (0%) —0.14 (0%) —0.09 (0%) —0.02 (0%)
Y0y (02) —0.68 (100%) —0.63 (100%) —0.60 (100%) —0.54 (100%)
Zn(0s) —0.35 (0%) —0.31 (0%) —0.28 (0%) —0.23 (0%)

[200- 1500K |

Figure 17. Equilibrium Wulff morphology for ZrC nanocrystallites
upon oxidation (all (110) surfaces are covered by the ZrO, layer).

The (110) surface is highly reactive to oxygen and
completely dissociates O, into atomic species. This surface
incorporates high amounts of oxygen (8 O atoms) for its full
oxidation process where we have followed the necessary steps.
The surface is finally completely oxidized and forms ZrO, units
on the surface layer with the release of CO, into the gas phase.
This ZrO, layer formed is found to be highly stable and cannot
be removed by temperature and pressure manipulations alone
(even at 2000 K).

Waulff reconstruction of the equilibrium morphology of the
ZrC nanocrystallites upon oxidation reveals only the (110)
facets as a result of its enormous stabilization by the ZrO, layer
formed on the surface.
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5. Conclusion

The chapter provided full account on studies orogit®n and reactivity of H O, and HBO on
ZrC low index surfaces. Initial analysis was donestability of all three low index ZrC surfaces.
The established stability criteria is (110) < (1XLYX100) surface. The as-cleaved ZrC (111)
surface is a polar surface terminating with Zr tage one side and C layer on the other side of
the slab. Several correction schemes were apphddlte most stable surface is Zr termination
on both sides as confirmed by experiments.

Studies were carried out on the adsorption andtivegcof H> with ZrC (100) surface and
hydrogen is observed to adsorb in a dissociativen®ia The adsorption is however weak with a
higher activation barrier from the moleculas td atomic H species and hence the surface can be
concluded to be free of hydrogen reactions. Onhiyaration of the (100) surface, molecular
water is observed to adsorb on the surface at tenyes below 200 K but dissociates into
hydroxyl groups at higher temperatures with a lativation barrier. Oxygen modification of the
surface provides further activation of this surfemed water dissociates further into both

hydroxyl groups and atomic O withplielease.

Oxidation of all three surfaces were studied. Batic (100) and (111) surfaces react very
strongly with oxygen and after full coverage of theface with a monolayer of oxygen, there is
no further diffusion of oxygen into the bulk ancttbxide layer passivates the surface. However,
oxidation of the (110) surface leads to formatiéZi®- layer on the surface with the release of
CQO: into the gas phase. There is further diffusiomafgen into the bulk and hence oxidation on
this surface is not a passive process. Equilibrimorphology of the nano crystallites after
oxidation shows appearance of only the (110) sartae to the irreversible formation of a stable

ZrO2 layer on the surface and the crystals are pratlictexhibit very small sized particles.

Hydration of the (110) and (111) surfaces showes fdrmation of hydroxyl groups on the
surfaces with the process being much stronger @i(lthl) surface. There is the release pfék
upon hydration of the (111) surface with the bangfaxe only recovered at temperatures in
excess of 1200 K. From a Wulff reconstruction ot thanocrystallites, the equilibrium

morphology after hydration shows the presence of @rill) surface at lower temperatures with
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the (100) surface appearing at higher temperatédésurfaces can be functionalized with OH

groups for grafting.
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1. Introduction

In this chapter a complete account is given onnatire, structure and properties of the oxide layer
formed on surfaces of the ZrC nano crystallitesduise our investigations. The determination of the
structure and properties of this oxide layer obsgéren the ZrC surfaces is very crucial as different
studies in the literature has identified differforims of the oxide layer on ZrC surfaces. The reanfrthe
oxide layer will also determine the properties atrdcture of the final compounds used to functizeal
the exposed surface. After determination of theingabf the oxide layer, it is very crucial to stualyd
characterize the interface between ZrC and theeobdgler in order to build proper models for further

studies.

The chapter is divided into two parts. The firsttpaombines several experimental techniques in
identifying the nature of the oxide layer and cboxated by molecular dynamics simulations. The
structure and properties of the oxide layer forrmadhe ZrC(100) layer and the corresponding interfa
is characterized in this section. The section islenap of fully written article which has been sutted

for publication and is reviewed. The article ish published in the American Chemical Society, dalur

of Applied Materials and Interfaces and is presgmtethis chapter in the form submitted for pubtica.

In the second section of this chapter, the properind structure of the oxide layer formed on ZtT)1
surface as well as the interface is characterizéeé. section is also made up of a fully written cheti
which has been submitted for publication and iseurrdview. The manuscript is to be published in the
American Chemical Society, Journal of Applied Matksrand Interfaces. It is presented here in tlaeex

format as submitted for publication.

2. Structure and Energetics of ZrC(100)||c-Zr3(001)
interface: A Combination of Experiments, Finite
Temperature Molecular Dynamics, Periodic DFT and
Atomistic Thermodynamic Modeling

A fully written research article submitted for pidaltion is presented in this section.
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Structure and Energetics of ZrC(100)||c-ZrO,(001) interface: A

Combination of Experiments, F
Dynamics, Periodic DFT and
Modeling

inite Temperature Molecular
Atomistic Thermodynamic

Eric Osei-Agyemany Jean-Frangois PatiRomain Lucas,Sylvie Foucaud,Sylvain Cristot*,
Anne-Sophie MamedegNicolas Nun§ Ahmed Addad
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ABSTRACT: The oxidation process of ZrC is very importanttaaffects the excellent mechanical and Physicaperties. ZrC,
being a high temperature ceramic, forms low refracoxides at lower temperatures of 500-8D0In order to develop core/shell
materials by coating the ZrC surface with anothetemal that forms protective layers on ZrC andvpres it from oxidation (such
as SiC), there is the need to study and charaetérez oxidized layer. We have used XPS, ToF-SIMSWIED and EDX analysis

to study the oxidized layer and polycrystalline Zr@ainly cubic
observed to be present as shells around the Zrlparwith a

phase) was identified. Some tracetheftetragonal phase are
thickness of about 4 nm on the averaderiodic DFT was

subsequently used to characterize the interfagaddrbetween ZrC(100) ar®ZrO,(001) phases. A strong interface is formed
mainly with charge transfer from Zr (c-ZrO2 sidé)tlae interface to O and C (ZrC side) atoms atitherface. The interfacial

properties are local to only the first and seccagkts of ZrQ an

d not on the third and fourth layers of Zr&» Bader charge

analysis revealed substantial charge transferaifriterface region with no charge redistributiontlie second Zr@layer and
subsequent bulk layers. The main physical quaritisal work of adhesion (M used to characterize the interface remains fairly
constant for all Zr@layers and converges at three layers of.Zif@e interfacial bonds formed are observed tottmmger than the

free surfaces in the corresponding ZrC

andc-ZrO; used to generate the interface.

1 Introduction

One important transition metal carbide (TMC) knofen its

excellent physico-chemical and structural propsrties

Zirconium Carbide (ZrC). Being an Ultra High Temgpierre

Ceramic (UHTC) with extremely high melting points3#30

°C, itis used in applications involving harsh cdiudis such as
coatings of the inside walls of nuclear plants,dharaterials
like cutting tools and in the aerospace industassnozzle
flaps12

ZrC belongs to the Fm3m space group, is a faceemhtubic
crystal and crystallizes in a NaCl crystal struettype? It has

three distinguishable low index surfaces with diids in the

order of (100) > (111) > (110}

Despite its excellent mechanical and physical pitg® its

use in extreme corrosive and oxidizing environmeigs
limited. This is due to the fact that ZrC forms loefractory

oxides at temperatures of around 500-806 Several studies
have been carried out on the different oxidatiomcpsses on
the ZrC low index surfaces. A considerable amouht
research has been done on the oxidation of the 1Z4J(
surface, both experimental and theoreticl(our oxidation

paper under review). All these studies have shosary strong

interaction of oxygen with the ZrC(111) surface.y@ean is

found to adsorb disscociatively as atomic oxyged sits at
three-fold hollow fcc sites between three surfaceams.
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This adsorption process is found to be accompaigd
extremely high reaction energies. (our oxidatiopgvaunder
review).

In an experimental study on the oxidation of Zr@Qgs
crystals, ZrC crystals were oxidized isothermallyt a
temperatures of 600-150C in a mixed atmosphere of.@nd
again with Q partial pressures of 0.02-2 kPa for 1-20 hours.
Preferred orientation of tetragonal or monoclinicDZ were
occasionally observed on the ZrC surfate3he authors
further analyzed XRD patterns on the crystal oxdiat 600
°C for one hour and PG= 2 kPa showed the presence of cubic
ZrO, together with the substrate ZrC. Subsequent XRD
analysis showed a preferred (110) or (200) orienatof t-
ZrO; or a preferred (200) or (220) orientation of m-Zm@h
oxidation of the (200) or (220) planes of a ZrC stay
respectively. In another work, a crystallograptetationship
such as the (200) and (220) planes of ZrC beingllgato the
(200) and (220) c-Zr@ is established at the ZrC/zsO
interface!?

Even though there is not much work done on the aiiid
process on the ZrC (110) surface, both experimeatal
theoretical, in a recent paper, a complete disonssin the
adsorption process and mechanism of oxidationadsiged?!®
The (110) surface is observed to adsorb oxygerociastvely
and leads to subsequent formation of a layer of,Zn®the

lilliad.univ-lille.fr
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surface with the release of ¢to the gas phase. (Oxidation with a 25keV bismuth primary ion source. Chargiffge due
paper under review). This work complements the rothe to the primary ion beam was compensated with pulsed
oxidation studies done on the ZrC(100) and (11ifpses. energy electrons (20 eV). Static and dynamic asitijoms

Several studies have been reported on the adsorptio were performed in negative mode withy'Bprimary ions. For
oxidation of ZrC(100) surfack:1® (our oxidation paper under ~Static mode, a tableted powder was used to giveerbetass
review). Different accounts on a variety of oxidatiprocesses ~ resolution and secondary ion yield. Negative angitpe

are reported for the ZrC(100) surface. Theoretitatlies have ~ 10F-SIMS spectra were compared with a referenc&rok.

shown dissociative adsorption of oxygen into atospecies ~ Dual beam mode was used for depth profiling.” (Cs5kV

sitting at mmc sites (between two surface Zr atamg one  and 1KV) were used for sputtering in the non-ietegti mode
carbon atom}®!#1°|n some of these reports, not only did the and also to obtain low energy depth profiling oe #rC to
mode of oxygen adsorption alone studied but alse th characterize the Zrurface layer.

mechanism for subsequent exchange of adsorbedns atod TEM-ED experiments were performed on the ZrC pkasido

surface C atoms with final removal of G€3/:1° obtain the crystalline nature. A dry powder deposiion Cu

In another report, the oxidation of ZrC(100) suefded to the ~ 9rid with carbon film was used.
formation of a ZrO-like layer in the form of Zx@1 < x < 2)°
Details of the electronic structure of this oxidizayer (ZrO-
like layer) are also reported in another pafer.

In a separate work, oxidation of the ZrC(100) acef led to . .
the formation of c-Zr@(200) on the ZrC faceté. 3.1 General Interface Computational Details

We have however carried out experimental measuresmam ) )
ZrC nanocrystallites. We observed the presencenothar All parameters used for the interface calculatiaresbased on
phase coating the ZrC particles and TEM-ED measen¢sn  Optimized parameters for the ZrC substrate.

3 Calculation Scheme and Structural Models

showed the presence of Z@nainly cubic ZrQ. Thec-ZrO; We performed all theoretical calculations with ¥ienna ab
facets identified were (111), (002), (022) and (1diile t- initio  Simulation Package (VASP) which is based on
ZrO; (101), (103) and (112) facets were also identified Mermin’s finite temperature DF. For the Zr, O, H and C
Moreover, subsequentnd indexation showed the-ZrO, atoms, the electronic configurations used are [HH€,
facets as predominant on the substrate ZrC. [Hel2p?, 18 and [He]282p? respectively. The Projected
In light of the above stated observations on thenétion of ~ Augmented Wavefunction (PAW) pseudopotentfalsiere
ZrO, on the ZrC surfaces, it is necessary to studgtheture, ~ Used for representing the core electrons and the joart of
stability and energetics of the ZrC(1a0YrO; interface. the valence electrons wavefunctions. This helpsetiuce the

number of planewaves required to describe therelestclose

to the nuclei. For the exchange correlation fumalp the
generalized gradient approximation (GGA) paramegeriby
Perdew, Burke and Ernzerhof (PBEwas used and the
results of the experiments carried out while secti6.2 Methfessel-Paxtoff, smearing scheme_was used by setting the
discusses the results from molecular dynamics sitiaunl of gg:)nma parame‘ga; to r?'l FV' An optlljmlged en.er.gyoduﬁf
ZrO, growth on the ZrC(100) surface. Section 4.3 to 4.5 500 eV was use or the plane wave basis set mnt_kmgt €
discusses the bulk, surface, interfacial strength, valence electrong while the integration of the IBuIr) zone
thermodynamic and electronic properties at the rfate. was performed with a standard Monkhorst-Paskecial grid

: : : of 9 x 9 x 9 k-points for the bulk and 9 x 9 x Ip&ints for
51\:3823;2;%’ V:\‘;g;:lilon 5 provides summary and conehssion surface and interface calculations. The self-comstsfield

(SCF) procedure for resolution of the Kohn-Shamatigus is
assumed to be converged when energy changes 401 av

The paper is organized as follows: Section 2 dessri
experimental conditions and setup for analyzing €
particles. Section 3 describes the theories, methadd
procedures used in this study. In section 4.1, aexdbe the

2 XPS, ToF-SIMS and TEM-ED Experimental Analysis between two successive iterations are reached.
A combination of XPS, ToF-SIMS and TEM-ED experirten
were performed on the ZrC nanocrystallites to aeiee the 3.2 Finite Temperature Molecular Dynamics

nature and content of the oxidized layer. -
y We performed finite temperature molecular dynamios

The XPS analyses were performed using a Kratosyioal confirm the ZrQ phase formed on the ZrC surfaces as
AXIS Ultra®P spectrometer. A monochromatic aluminium ayidenced by the XPS, TOF-SIMMS and TEM-ED
source (Al Kk = 1486.(_5 eV) was used for excitation_. The experiments. A (2 x 2) supercell was used for alD M
analyser was operated in constant pass energy eVAf5ing  simulations. This simulation was started with akhiayer of

an analysis area of approximately 70@ x 300um. Charge  zc (100) surface slab while enough Zr and O atovese
compensation was applied to compensate for thegtiar  geposited on the exposed ZrC surface to form avetayers
effect occurring during the analysis. The Zrphase O 1s  f 7y0,. Within the micro canonical ensemble, the ionsewer
(530.0 eV) binding energy (BE) was used as internal jpitially kept at T = 100 K and the velocities sedlupwards at

reference. Quantification and simulation of the exipental different steps until a final temperature of 1000 was
photopeaks were carried out using CasaXPS softwarereached. This temperature was selected to allow ther
Quantification took into account a non-linear Syt possibility of forming of then-ZrO, phase which is stable at
background subtraction. low temperatures below 1450 K. A time step of Wés used.

ToF-SIMS analyses were performed on a TOF.SIMS The resulting equilibrium structure was then quenckrom
instrument (IONTOF GmbhH, Munster, Germany) equippe
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1000 K to 500 K and the final resulting structureasw
optimized at higher precision of calculation.

3.3 Bulk Phases of ZrC and zrO

In order to facilitate discussions of the electoorand
mechanical properties of the interfacial structomedel used,
we provide a brief discussion of the major chamdsties of
bulk electronic structure of ZrC and zrO

Cubic ZrC belongs to them3mspace group, crystallizes in an
fce structure and has two special atomic positfonZr and C

at (0 0 0) and (0.5 0.5 0.5) respectively as shiowfigure 1. It
has an experimental lattice parameter of 4.685 Betails on
calculation of optimized bulk parameters are found
elsewheré® In optimizing the geometrical structure, the
positions of all ions were relaxed in order to renthe net
forces acting upon them smaller than 1 x?1&v/A. The
lattice parameter for the ZrC bulk was optimizedfittjng the
energy vs volume curve against the Murnaghan’s tequaf
state as detailed in our previous wétkThus the optimized
lattice parameter was calculated as 4.736 A arsl ithiess
than 1% of the experimental value, typical of GGA
functionalst®

All ZrC and ZrQ bulk calculations involved cells with 4
formula units (Figure 1).

The ¢c-ZrQ has aFm3m crystal structure. Starting from the
experimental crystallographic positions, the volushehe cell
was decreased and increased by about 10% and shkirrg
total energy calculated. The pairwise calculatetues of
volume and energy were fitted using the Murnaghan’s
equation of state.

The tetragonal Zr© (t-ZrO,) has the tetragonal symmetry
P4, /nmc and only differs from the cubic phase in the small
alternating distortion of the O atom columns aldimg 4 axes
in the [001] direction. Compared to theZrO,, there is also a
small elongation of the lattice parameter along the [001]
direction. Since optimizing the-ZrO, structure along the ¢
axis results in distortion of the O atoms in thepeadicular
direction and subsequently yielding a tetragonalcstire, we
calculate lattice parameters fZrO, as well. Optimization of
the lattice parameter was started from the experiahecell
with a = 3.596 A andt = 5.187 &® and the energy vs volume
data fitted with the Murnaghan’s equation of state.
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(B)

[o01)

=

(100

Figure 1. Bulk structures of ZrC(Ag;ZrOz(B), t-ZrO2(C) andm-
ZrO2(D). Yellow(Zr), light blue(C) and red(O).

The monoclinic Zr@ m-ZrO, belongs to the space group
P21/c. This phase is also defined by another parameter, t
angel B with an experimental value of 9923tarting from
experimental lattice parameters determined by Yaatt.af°
we calculated energies at different volumes anddithe data
with the Murnaghan’s equation of state.

3.4 Construction of Interface Model

In developing an interface from two different bylkases, a
step by step approach is taken. An initial deteatiim of the

stacking direction at the interface needs to becsed and
from this identified interface plane, the two difat bulk

phases should have a proper commensurability f&cfbine

two bulk phases are then cleaved to reveal thectsele
surfaces for the interfacial structure. These sedawill have
different terminations of different atomic layershe two

surfaces are then brought together in contact @atth other to
form the interfacial structure which is then fullglaxed to

obtain the final optimized configuration at theeiritice.

3.4.1 Surface structures and commensurate phases

The different low index surfaces of ZrC have begtemsively
studied. The (100) surface is found to be the nstable
compared to the other surfaces due to it beinglsitmnetric
and non-polaf:>!8 With its lattice parameter of 4.736 A, this
surface has an exposed surface area of 22.468The
ZrC(100) bulk phase is used as the substrate ohtohwthe
ZrO, is grown. Different studies have been made on the
stability of the different surfaces of c-z#€$% The c-ZrQ
(111) surface is the most stable followed by thEOfland then
the (100) surface for both relaxed and unrelaxethses. In
this work, we calculate the surface energies flaygr up to 6-
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layers of ZrC. The surface energies are calculaiitd the
expressionEg,, r = (1/24) [ Eqqp — nEpyy ] Where Egap is
the total energy of the surface sldhyk is the energy per
formula unit of ZrC or Zr@in the corresponding bulk, A is

the surface area amdis the number of formula units in the

surface slab.
Surface energies are calculated for the (001) teatiins ofc-

Zr0;, t-ZrO, and m-ZrO,. The surface energies were

calculated for different layers of Zs@tarting from 1 layer up

to 6 layers of Zr@ These surface energies are needed t

calculate the interface tension defined in sec3ign3.

The c-ZrQ (001) surface can have different sequence 0

layering at the terminated surface. As can be geéigure 1,
it can be considered terminating as Zr|OO|Zr|OOfdt|...
and in this case half of the oxygen atoms are éatdehind
the front oxygen atoms on the same plane. The tetion
can be flipped to get another one. Another ternonahat can
be built is 0O|Zr|O0|Zr|O0|Zr|O.... termination. Withis
configuration, oxygen layers terminate both exposadaces.
Thus three different surface terminations can bedufor
building an interface with the ZrC(100) surface. Z-
terminated, O- terminated or OO- terminated surfate c-
ZrO, (001) can be used for the interface structure.

A problem which arises in interfacial studies isking two

different phases commensurate with each other. ifitesface
coherence requirement is as a result of the peribdiundary
conditions used in the calculations at the intexfathus a unit
cell for the interface structure has to be select€ae
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Figure 2. Bulk structures of ZrC(Ag;ZrOz(B), t-ZrO2(C) andm-
ZrOz(D)

Table 1. Surface mismatch parametery calculated for
different combinations of ZrC and c-ZrO: surface

ZrC c-Zr&» Overlap area(&)/A2 Misfit ()
L

(100) (001) 22.434 0.082
¢ (100) (110) 22.434 0.250

(100) (111) 22.400 0.279

This mismatch parameter which is a geometrical mreas
cannot be used alone in building the interfacecttine. Other
models and factors need to be considered. Two rdiffe
methods for ensuring commensurability of two difer
phases can be found in the literature. In the fugbroach,
sufficiently large unit cells of both phases aredisThus the
basic unit cells of each of the two different plrasae
increased in size in a subsequent manner untitlvtbephases
are commensurate with each other. This approaatts [éa
interfacial structures with very small mismatchgraeters and
still some incoherent areas at the interfc&he interface
models formed in this approach are however too fangkenot

geometrical principal measure used in ensuring this Suitable for ab initio methods.

commensurability is the surface mismatch paramefénwith In the second approach which is used in many iaterf
this measure, a surface unit cell®EZrO, with area of $is calculation studie€?2 a single unit cell is used at the
coherently forced onto a substrate ZrC (100) serfaith a interface plane and it is generally termed as the 1) model.
surface unit cell of area $Figure 2). The mismatch parameter One phase is considered as the substrate, itsel@tirameters
is then calculated as: are used, the lattice parameters of the other pagsecaled
until a perfect matching of the two lattice phasesbtained.
25, This method is suitable for interface quels witiryv little
Y=1- ST e e eneq. (1) mismatch parameter and we adopt this approach Her t
1 2

current study.

Si-2 is the overlapping area between the two commetesura

surfaces (Figure 1). This misfit parameter doesnmedisure an

area mismatch but rather an average length scasgitmi S-4-2 Interface Model Geometry

between the two unit celfS.Table 1 shows the calculated A slab geometry model was used to study the int&fa
mismatch parameters for the differeazrO, surfaces on  structure and properties. The ZrC phase was sdlegethe
ZrC(100) surface using ZrC lattice parameter of38.A and substrate with a thickness of 10.945 A thick which
c-ZrQ; lattice parameter of 5.143 A. It is obvious thaet corresponds to 9 layers of ZrC. The selected safestr
lattice mismatch for all c-ZrQsurfaces on the ZrC(100) thickness is considered enough to form the requirefaces
surface is less than 40%. Thus from this tablesuiidenly and also mimic electronic structure with ionic kelions in
becomes apparent that the ZrC(100)||c-#001) interface  the bulk ceramié® The c-ZrQ units were then pinned onto the
combination choice with a misfit paramet¥r of 8.2% is ZrC (100) exposed surface, layer by layer. Cohergntfaces
acceptable. This interface unit cell which is definby the were thus ensured by straining the c-Z{@1) units to match
substrate ZrC(100) phase is cubic, small, 4.736 4786 A the dimensions of the ZrC(100) surface. Thus thdk bu
and can be easily managed. parameter and surface area of the ZrC(100) unitdefines
the interface structure model unit cell. In doirg the c-ZrQ
(001) unit cell lattice parameter is shrunk by ab8u6%
relative to the equilibrium lattice of 5.143 A. fixing the
orientation of the geometries of the two lattices the
interface, the remaining degrees of freedom in fihal
interface geometry after optimization is the perbenlar
direction to the interface as well as the chemimathposition
of the interfacé?® Up to 5 layers of the-ZrO, (001) units were
built on the ZrC(100) surface.

ZrC c-Zr0, Interface
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Figure 3 shows side views of the different inteefanodels
used.

Zr|00|zr| 00| Zr--zrC(40) :

T

66—

S

00|zr|00|2r|00|Zr--ZrC

Figure 3. Interface structure models. Vertical @akslines pass
through bonds formed at the interface. Yellow(Zight blue(C),
red(O)

Each c-ZrO; bilayer unit is approximately 3.5 A thick. We
ensured that all the models used are symmetric neghect to
the center of the interface structure. This is dionerder to
ensure no long range dipole-dipole interaction leetw
exposed surfaces of the interface slab. Thus eaetace slab
contains two identical interfaces. A vacuum of mibran 13 A
was applied between two subsequent interface slatrsler to
avoid any physical interactions between the sldlmis the
interface slab configuration has a sequence of ¢c—-
Zr0,(001)]|ZrC(100)}+ZrO,(001)|vacuum]| c
Zr0,(001)]|ZrC(100)+ZrO,(001)|vacuum]| c
ZrO,(001)||ZrC(100)+ZrO,(001)|vacuum¢-ZrO,(001) --

The ZrC(100) surface has a single layer terminatitty the
same number of Zr and C atoms. This surface is sanypact
and hence the interface chemical composition i;défby the
terminating layer of the-ZrO,(001) phase. Along the [001]
direction of bulk c-ZrO,, three different terminations,
Zr|00|Zr|00|Zr|00-, 0|Zr|00|zr|00|Zr|O-
00|Zr|00|zr|00|Zr- and hence three different iaieef
models can be built from these as shown in figure 3
Moreover, in a previous stutfy the oxidation of ZrC(100)
surface led to the adsorption of 4 oxygen atomthersurface,
resulting in a full layer coverage. The synthesisZeC is
mostly carried out in an oxidizing environmentislttherefore
necessary to build another model with an oxidize@(Z00)
surface. Thus the fourth interface model consistsco
Zr0O,(001) terminating on both sides with Zr atoms on an
oxidized ZrC(100) surface as shown in figure 3.
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3.4.3 Interface Cohesion and Mechanics

An important parameter used in defining interfacéesion
and stability is the interface tensiop., defined as the
reversible work needed to separate the interfaimetimo free
surfaces With this definition, both plastic and diffusional
degrees of freedom are assumed to suppressed ama he
negligible. From this definition, the greater the value, the
higher the energy needed to separate the two ssrfacthe
interface.

According to the Dupre equation, the interface itmmgan be
defined in terms of the interface and free surfacergies
aghse

Yint = Ozrc + Oc—zro, — Ozrc|jc—zr0,- - €4-(2)

0zrc @nda,_z0, are the relaxed surface energies of the ZrC
and ¢-ZrO, surfaces respectively whilez.cic_zr0, iS the
interface energy which is also defined as the adialwork of
adhesionW,q > 0. Thus the relative strength of the interface
versus the bulk bonds decides the preference éoimtierface
formation or the open surfac¥s.The adiabatic work of
adhesion is defined as:

tot tot tot
Ezrc + EC—ZTOZ_ EZrCllc—ZrOZ 3
w..eq.(3)

Ww., =
ad 24

WhereEZ¢ and E(°%,,, refers to the total energies of the full
relaxed isolated ZrC andZrO; slabs EZ)¢)_zr0, IS the total
energy of the fully relaxed interface slab and Ahis interface
area. The calculate@,y value is usually a lower bound of
values obtained by cleavage experiments due tdpdisse
processes in physically separating the interface.
Characterization of the interfacial strength isalated to the
bulk strain in the deposited-ZrO, and hence the(%%,,,
value used is the total energy of the straio&dO, in order to
commensurate with the ZrC surface. Thus the steaiergy
component is cancelled betweéi®;,,, and EZ¢|._zro,
since the c-Zr@is in the strained stafé.

Another important parameter is the rigid work ofhesion,
W19 which provides maximum cancellation of the strain
energy from the interface energy obtaifiédlhis can be
achieved by ensuring the same strain state exisboth the
free surfaces and the interface. This quantityeis/ wseful in
comparing the stability of the various interfaceithwespect
to cleaving from the two different phases. Thismiig is the
only measure which holds information purely on Hoading

at the interface irrespective of the free surfddds, 1’ is
calculated by rigidly cleaving the relaxed intedastructure to
produce the free surfaces and not allowing the dteéaces to
fully relax.

The interface tension can be used to provide a umeasf
whether the interface formation or the formationtieé free
individual surfaces are preferred. The sign and mitade of
yint iN equation 2 also provides a measure for whether t
interface bonds are stronger than the internal $andeach
separate phadé. In this case, 0 <ymn < Ogzc+
0c_zro, COrresponds to weakly coupled interface gk 0 to
strongly coupled interfaces. The calculated valueks
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0zrc and o._z-, are obtained from their respective relaxed
equilibrium bulk phases (strain freezrO, (001) surface).

3.5 Interfacial Thermodynamic Stability

An assessment of the thermodynamic stabilities loé t
different interface models are carried out. In tmanner, the
thermodynamic stability of the three different misdef c-
ZrO2 on ZrC are assessed using the excess integiarel

potential Qf,//t of an overlayej on a substrate with respect to
the ZrC and c-ZrO2 bulks as reference instead efstrface
slabs. The excess interface grand potential isutzted as
follows:

i/j

o1
‘er/ljt = 2 [‘Qslab — Nzrellzrc — NZroz-eroz]

- .Q;%’; .eq.(4)

0;vel is the surface grand potential of the exposed Zsid2

of the interface slab which is in contact with thrternal
environment. Assuming no
contributions to the grand potentials, the remajrbalk grand
potentials can be defined as:

i _ l/]
'Qslab slab Z Nk#k
wr..eq.(5)
Dz = Eg;lcl — HUzrc
Qzr0, = EZTOZ Hzro,

N is the number of each chemical specie in the atatu is

the corresponding chemical potential of that specie
Epr and EZYSE are the total bulk energies of ZrC and ZrO

respectively. When the systems are
equilibrium, the chemical potentials of ZrC and Zr&n be
written asi  fzrc = Pzr + U and Uzro, = Pzr + 2po.

Substituting these with equation 5 into equatiomith further
rearrangements, we obtain the following equation:

temperature and pressure

in thermodynamic
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R N
Qir/ljt = a Esll/ib - NZrCEggcl‘k - NZr02 Eg;tgz{
- Eg;dk(NZr = N¢ — NZTOZ)
Gas
(No - 2NZroz) V;:ng eq.(8)
Yaro! is the surface energy of the exposed ZsDrface to

vacuum. The interface grand potential is dependenthe
chemical potential of oxygen and zirconium. The emplimit
of the chemical potentials are defined with respedhe total
energy of bulk Zr and molecular,@hile the lower limit is
with respect to the formation energy of ZrQhe limits are
defined in equations 9 and 10 as:

BApg = po — 022 <0
Ef eq.(9)
A,Ll Zr0,
°7 2
{ Auzr = pzr — Hzr <0 (10)
f e €4
Apgz, > /2( zrc T EZTOZ)

Egro is the formation energy of ZrO2, calculated as84¥

and Egrc is the formation energy of ZrC. Thus the chemical

potential ranges are5.78 ¢V < Auz. <0 and —4.98 <
Apy < 0. A plot ofyl‘,{i againstAu, and\u;, is obtained and

the stabilities of the different interface models analyzed.
4  Results and Discussion

4.1 XPS, ToF-SIMS and TEM-ED Experiments

The XPS analysis of Zifs¢O00s4 summarised in Table 2,
reveals that the surface is contaminated by adu@usi carbon
(C 1s Binding Energy, BE = 284.5 eV) and Zr oxide 8d

0= [Eéz’éb NGEZME — Ny, ERAE BE = 182.3 eV).
.UZr(NZr - N¢ — NZ‘rOZ)
— tto(No = 2Nzy0,)] Table 2. XPS characterization of ZrG .e¢0o.04
2
- 07% . eq.(6) _— )
f
o Binding FWHM | Proportion Atomic .
Element | energy ev) %) concentration
If we define a change in chemical potential relatedthe (eVv) (%)
reference stable bulk ZrAg,. = pz — p with uz,. =

Ez*) and Q gas (Aup = uo — (E§¥/2)) and substitute Z(rzf((;b)/z 178.8 1.1 57

these in equation 6, we obtain the following edprati 25 3
Zr 3612
182.3 1.3 43
” !21/] i 1 (ZFOZ)
] _ lnf L/]
= = +—[A N: + N. —N.

Yine = =4 = Oine + 57 [ Mttze (Ne + Navo, = Nov) 01s(zZr@) | 5300 1.7 46
+ A.“O(ZNZTOZ - NO] eq(7) 45.2

O 1s 531.7 1.7 54

Where the interface dependent tepff), is defined as: Ciszc)| 2811 0.9 44
26.9

Cl1ls 284.5 1.6 56
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S2p 162.1 2.1 37
(elemental)
2.6
S2p
(sulfates) | 1689 2.1 64

© 2016 Tous droits réservés.

The XPS analysis of ZisOo0s Clearly evidences the
presence of two different chemical environments for
zirconium with the observation of two doublets ire tZr 3d
spectral region that are attributed to ZrC (Zg3BE = 178.8
eV)®4 and ZrQ (Zr 3d, BE = 182.3 eV) (Figures 4 and 5).
The decomposition of Zr 3d spectrum is performedgifine
shapes derived from d&taf bulk reference materials of ZsO
and ZrC. The methodology consists in, on one hapd b
exposing ZrGe¢0o.04 to OXygen at 500°C for 1 h in a dedicated
cell coupled to the XPS spectrometer then trarsfleimto the
XPS analysis chamber avoiding contamination.

18000
Zr 3dsy, (2rC)
16000 A

9000 Zr 3dsy, [2rO;)

\
Vs
12000 § 3

Intensity (a.u.)
@ S
g 8

3
8

8
8

2000

189 187 185 183 181 175

Binding energy (eV)

179 177

Figure 4. Decomposition of Zr 3d XPS spectrum fo€¢00.04
using line shapes defined from Zr@nd ZrC phases

25000 000

a) b) C1s(2rC)
015 (2r0,)
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C1s(C-CH)

Intonsity (a.u)
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5000 0w

% s % w4 om0

3 m 529 2
Binding energy (oV) Binding enorgy (oV)

Figure 5. O 1s (a) and C 1s (b) XPS spectra foi.g¢0s.04

The oxidative treatment leads to the complete dixideaof the
material into Zr@ (atomic Zr/O ratio of 0.5). On the other
hand, the initial Zr@s¢O0.04 material was pressed into a pellet
in order to operate an Adepth profile (2 keV, 3 mm x 3
mm). An extended (30 min) ion depth profile leadsthe
disappearance of the Zf@ontribution in Zr 3d region and to
the appearance of asymmetric Zr 3d and C 1s phakspe
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characteristic of the metallic character of ZrCofaic Zr/C
ratio of 1.2). The atomic Zr / C ratio, calculafedm the Zr 3d
(ZrC) and C 1s (ZrC) contributions, is equal to, lirl good
agreement with the expected ratio in ZrC phasethEtmore,
the atomic Zr / O ratio, calculated from the Zr(ZdO,) and O
1s (ZrQ) components, is 0.6, close to the theoretical &r /
ratio in ZrQ phase.

On the other hand, the ZsQayer thicknessd;,,,) can be

evaluated using a homogenous and continuous lageiefh
Izr3d (zr05)

of intensity attenuation in which the ratio is
Izr3d (zrc
expressed as:
o _dZTO
Iy 34 zro, (1 — exp(= )

IZT 3d (Zr0;) _ Zr 3d (—Zr03)

)

Izr34 (zrc) I - dZTOz

exp(—
Zr 3d (ZrC) p( 7\’21' 3d (o2rC)

wherel,, ;4 zro,) aNdl,, 34 zr¢) are the intensities of the two

respective components of the XPS Zr 3d signal af fo

ZrCo9éQ0.04 1, 4, @roy) andI? ., ) are the intensities of

the XPS Zr 3d signal of ZeDand ZrC reference samples
(homogeneous material with infinite thickness),pexgively,
and Az, 34 (5zro,) @Nd Az, 34 (zrc) @r€ the inelastic mean free

paths of the electrons calculated from the TPP2Nhine.
Their values are 2.2 nm. Then the Zt@yer thicknessd,.,)
is estimated to 3.2 nm.

In the static ToOF-SIMS analysis, isotopic pattedetected at
ZrC surface in positive mode match with Zr@eference.
During the dynamic SIMS depth profiling, an initidwer
energy profiling showed ZrO peaks when the sputtering
starts but the intensities of the zr@nd O peaks decrease
with time. A similar pattern is observed at higheryy
sputtering (1kV) as shown in figure 6.
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Figure 6. ToF-SIMS depth profiling with low energg) Cs" :
0.5kV — 30 nA — rastered over an area of 500pum Gu5® and
high energy depth profiling (B) Cs1kV — 60 nA — rasterd over
an area of 300pm

Moreover, even though the dynamic SIMS depth profil
experiment was conducted under vacuum, there lisrsti
oxidation of the ZrC surface after some few minitge the
experiment. This is shown in figure 7 and thesespeshows
that even under vacuum (1xi0nbar) there is a quick re-
oxidation of ZrC after Csetching. Thus the ZrC surfaces are
highly reactive to oxygen as shown in several expental-1°
and theoretical worké
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and B) is a spectra acquired about 5 minutes &terenergy
depth profiling.

The TEM-ED experiment revealed the presence of asgh
different from the bulk ZrC at the particle surfadeDX
elemental analysis showed this phase to be zirooranide
(Figure 8). This oxide layer thickness was estimatie be
around 5 nm. According to high resolution imaging,
orientations are clearly observed. This reflect the oxide
layer is crystalline. Two different areas were ohed to show
different crystal orientations (Figure 9A). Thustbxide is
polycrystalline. Rings were observed from the diffion
pattern obtained from the oxide layer and this ctord the
surface thin layer of oxide to be polycrystallinA. dng
indexation shows no possible correlation of theralifion
pattern with ZrC phase (Figure 9B). According te thttice
parameters calculated, there is no presence of diniwZrO;
but predominant amounts of cubic Zr@nd some traces of
tetragonal Zr@

EDX anlysis
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Figure 8. TEM and EDX identification of Zirconiumx{@e on A summary of the bulk lattice parameters for Zi®©provided
ZrC particles in table S.1 (see supporting information).

The calculated surface energies for different lsydrZrC and
all phases of Zr@are summarized in table 3. For ZrC (100)
surface, the surface energy quickly converges fibtayers
upwards and computed surface energy is in very good
agreement with previous calculatiché plot of the surface
energies at different layers is shown in figure L8 obvious
from table 3 that the surface energy converges dftayers
for both c-ZrO, (001) and mZrO, (001) surfaces. The
unrelaxed surface energy of 0.252 eVt shown in table
3) is in very good agreement with other values .a&#? eVv/
A2 The surface energy of the relaxed structure iwever
0.130 eV/ &, about half of the unrelaxed structure. It is \wort
mentioning however that we only used stoichiomettidaces
) ) ) ) ) ) with O terminations on both surfaces as this iswtbto be the
Figure 9. ED pattern andwdindexation of Zirconium Oxide layer predominantly exposed terminatiéh.Relaxation in the ¢
on ZrC particle surface direction of thec-ZrO, surface resulted in distortion of the O
atom positions along the axis.

The unrelaxed surface energy of the monoclinic J09D.150
eV/ A?and is in excellent agreement with the LDA calcedit
o ) ) . o value of 0.152 eV/ A? and the GGA value of 0.1Z%V/A2

A brief discussion of the results obtained durihg finite Upon relaxation, the surface energy quickly congergp a
temperature MD simulations is provided here. At thgher  yaiue of 0.100 eV/ Aafter 4 layers. This is also in very good

temperature of 1000 K, there is a haphazard foomaif ZrG, agreement with the LDA calculated value of 0318v/ A2
on the ZrC surface. Different coordinated O anchims are and the GGA value of 0.084 e\ZA

observed. Both 4- fold and 3- fold coordination detected
for O atoms while 5- fold and 6- fold coordinatiobserved
for Zr atoms. At the interface, all ZrO2 Zr atomis directly

atop surface C atoms of ZrC and O atoms from,Zi®m

mixed type of bonding at the interface. Some O atdmond
directly on top surface Zr atoms of ZrC while so@etoms
forms a three- fold bond between two surface Zmatand a
C atom of ZrC, as previously observed in otherwations on

the oxidation of ZrC(100) surfa¢éThe under coordinated O may be related to the fact that odd-layered crijséat-ZrO,

and Zr atoms at this stage are typic rOz. (001) surface slabs havB4m2 symmetry while even-layered

Upon quenching the structure at 500 K tempera@areiore  cystallinet-ZrO, (001) surface slabs ha®mmnsymmetry®
ordered structure was obtained. 8- fold Zr andofd © atoms In another study, 4- layers and 12- layerst@rO, (001)

are observed in the ZgGQtructure formed, typical of t- and ¢- g rface energies were calculated to be 0.069 @\#hAl 0.070

2 nm (A)

Crystalline
oxide

s, 0

4.2 Finite Temperature MD

An oscillating feature is observed for the surfecergies for
different layers of-ZrO; as seen in figure 10. This feature has
been observed by other groups in their calculatibeurface
energy for different-ZrO, layers®. This oscillating feature is
a function of the odd/even nature of the numbdayérs used.
Thus even numbered layers give very stable surfadeke
odd numbered layers give high energy surfaces. $hime
feature was observed by Christensen and Carfenis effect

Zr0, as confirmed by the experimental results above. eV/ A?respectively’* Thus the surface energy for these even-
layered slabs is the same and lower than our eatuivalues
4.3 Bulk and surface properties of ZrC and ZrO for the odd- layered slabs. However, our calculatadace

energy for the 4- layered slab is 0.072 eV/aAd in excellent

Details of the optimized lattice parameter, bulkdulos and agreement with the value calculated by Eichler Kiressé®

the pressure derivative of the bulk modulus for Zv@k
phases are provided elsewh&rélere, we consider optimized
parameters for all three phases of ZrO

Thus all characteristic bulk parameters neededefine all
three ZrQ phases are well reproduced. Details on the lattice
and bulk parameters are found in supporting infoionaS.1.
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Table 3. Calculated surface energies el for different layers of ZrC (001), c-, t and m-ZrO 2 (001) surfaces

© 2016 Tous droits réservés.

Number of ZrC (001) c-ZrQ(001) t-ZrCG(001) m-ZrQ(001)
Layers
unrelaxed relaxed unrelaxed relaxed unrelaxed xedla unrelaxed relaxed
1 layer 0.135 0.135 0.229 0.144 0.231 0.20% 0.257 .06
2 layers 0.111 0.098 0.249 0.108 0.081 0.068 0.143| 0.097
3 layers 0.108 0.098 0.252 0.109 0.205 0.175 0.149| 0.090
4 layers 0.108 0.102 0.254 0.129 0.082 0.072 0.153| 0.097
5 layers 0.107 0.100 0.255 0.130 0.203 0.198 0.158| 0.102
6 layers 0.107 0.100 0.244 0.130 0.082 0.073 0.163| 0.107
surface energies for different layers ) iaid
0.23 —4—cbuic Table 4. The rigid work of adhesionW, 7, and the relaxed
0-21 =i=tctragona work of adhesion Wrelexed for different layers of ¢-ZrO»
500 monoclinic (001) on ZrC (100). Interface model 1 is
3 0.17 ——2rC(100) Zr|00|Zr|00||ZrC(100), model 2 is
» 015 0|Zr|00|ZrP||ZrC(100), model 3 isO|Zr|OOEr||ZrC(100)
& 013 and model 4 isZr|OO|Zr|OOkr||oxidized ZrC(100)
& 0.11
€ X
& 0.00 \/ \. c-Zr0z Model 1 Model 2 | Model 3 | Model 4
0.07 v layers
0.05 . . rigid 22
0 1 2 3 4 5 6 7 Rigid Work of AdhesionW ;,")/ eV A
U L 1 0.170 0.103 0.149 0.822
Figure 10. Calculated surface energies for diffetayers of ZrC 2 0.286 0.160 0.196 0.827
(100) andc-, t-, mZrO (001) surfaces 3 0.583 0.073 0.206 0.816
4 0.581 0.081 0.209 0.803
4.4 Structure and cohesion at the Interface 5 0.586 0.070 0.211 0.809
Relaxed Work of Adhesio(7¢'exed)/ eV A2
4.4.1 Rigid Work of Adhesion 0.079 0.042 0.140 0.413
In this section we give results for the rigid wardkadhesion to 2 0.148 0.315 0.187 0.439
provide understanding of the stability and mechanic
behavior of the interface. As mentioned earlieis thork of 3 0.406 0.030 0.199 0.432
adhesion is calculated by first obtaining the futlslaxed 4 0.425 0.405 0.206 0.501
interface structure, then separating the two phsesing the 5 0.447 0.028 0.205 0.432
interface and calculating their total energies withallowing : i : i

them to relax. In this case, bulk properties ohhotC andc-
ZrO, are effectively cancelled out and the result ddpen
purely on the interfacial properties. Table 4 pded a
summary for the calculated rigid work of adhesiam the
different interface models created. It is appafenin table 4
and figure 11(inset) that the Zr|OO|Zr|OO|Zr||wed
ZrC(100) interface has the strongest interaction tla
interfacial region indicating this model as morabé with
respect to cleavage. The calculated rigid work difiesion
(0.81 eV/&) values are almost twice the values obtained for
the other three interface structures. There isreve&@ence of
the calculated values from 3 layerscafrO; units.

4.4.2 Relaxed Work of Adhesion

The work of adhesion is calculated for the fulllaxed system
in which the separated ZrC andZrO, slabs are allowed to
relax fully.

184

In table 4, the relaxed work of adhesion calculdtedhe four
different interface structures are provided. It drees
immediately evident that the Zr|OO|Zr|OO|Zr||oxdiz
ZrC(100) model is the most stable interface congbacethe
other three. Thus the relaxed work of adhesionioosfthe
most stable interface model obtained by the rigiorkwof
adhesion. The relaxation process however resulisdiecrease
of the work of adhesion as compared to the rigidiehoThe
average difference between the rigid and relaxedk vwod
adhesion is 0.40 eV/Afor the Zr|OO|Zr|OO|Zr||oxidized-
ZrC(100) system and this value is a result of fater slab
relaxations. Thus after full relaxation, the reisgt stable
interface model is still Zr|OO|Zr|OO|Zr||oxidized=Z100)
and hence the relaxations do not affect the hibyaof the
works of separation.
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Relaxed Work of Adhesion L | Rigid Work of Adhesion ZrC(100). In figure 12, the relaxed stable struesuof the
0.6 interface formed with 1, 2, 3, 4 and 5 layers oDZmare
HeH e ———X
o8 shown.

I3
EY

0.5

W,gn/ eV.A2

14
»

o
w

3
¢-Zr0, layers

0.2 el
~3¢=27r|0|Zr--ZrCc(40)--relaxed
w7 ~4—7r|0|Zr|O-- relaxed
0.1
7

~8—0|2Zr|0|Zr-- relaxed

W,/ eV.A2

0]zr|0|zr|O- relaxed
0.0
3 2 3 4 5 6

c-Zro, layers

Figure 11. Calculated Work of Adhession 40/ of different
number ofc-ZrO; (001) layers on ZrC(100) surface

Figure 11 shows oscillation of the relaxed workaothesion
for the OJZr|O0O|Zr|O0|Zr|O- model. Thus even numder
layers of thec-ZrO,(001) in this model forms stronger
interface than odd numberedZrO,(001) layers. It is worth
mentioning here that relaxation of the interfacabsin the
perpendicular direction to the interface results in
transformation of the-ZrO,(001) phase intd-ZrO,(001). As
explained in section 4.3, the resultit@rO,(001) phase is
similar to thet-ZrO,(001) surface slab which terminates with
O layers on both sides and we observed this odd/aature
of the surface energies which is related to diffeee in

symmetry of the odd/even slabs. Figure 12. Lowest energy interface structures fdayer(A), 2
It is observed in table 4 that tWé&q value is the same for all  layers(B), 3 layers(C), 4 layers(D) and 5 layers¢&rO2(001)
layers ofc-ZrO,(001) added ( for the stable interface model). for  Zr|OO|Zr|OO|Zr||oxidized-ZrC(100)  interface  rebd
This pattern is however not the same for the ofiheee Yellow(Zr), light blue(C) and red(O)

interface models. Thus there is no systematic tiarieof the

Waqg With the number of Zr@layers and hence the chemistry ) ) ) L .

of the ZrC(100)4}-ZrO(001) interface is local and defined by During the relaxation process, the interfacial asedeflne_d by
the ZrQ layer closest to the interface. In other wordsiglo  the ZrC(100) substrate surface area and the pinoed
range interactions in the Zs@oes not significantly contribute ~ £'02(001) overlayer is allowed to relax perpendicularthe
to the interfacial strength. The thicker Zr@yer produces interface. Figure 12 shows that, at all layers obxZat the

almost the same electrostatic image in the ZrChasthinner ~ interface, there is the appearance of perpendiditsortions
images and do not bond any stronger. in the O atoms of Zr® Thusc-ZrO; is transformed intd-

ZrO, phase. The crystallinity of the ZrC phase is naiired
while ZrO;, phase is transformed. This is not surprising since
the c—t) ZrO, transformation is an easy process as can be
seen from the calculated value of 0.054 eV/ Zu@it in table
S.1. Thus even though tleeZrO; is forced into registry with
the ZrC lattice, the transformation int@rO. is not inhibited.

We use the lowest energy 3-layer Zriterface slab to
provide detailed description of the propertieshat interface.
Even though irc-ZrO; half of the oxygens are at the rear side
of the other half forming a single layer, upon farg the
interface, the oxygen layer is split into two. Thitting leads

As defined in section section 3.4.3, the interfegasion can
also be used to determine the strength of the bfordsed at
the interface compared to the corresponding borghgths in
the respective bulk phases. In this case, therierite 0 <yin <
Ozrc t Oc—zr0, COrresponds to weakly coupled interface and
yint < 0 to strongly coupled interfaces. Usiag,. = 0.100
eV/A? anda,_,, = 0.129 eV/& asymptotic values from table
3, with relaxedW,q = 0.455 eV/R for the most stable
Zr|00|Zr|00|Zr||oxidized-ZrC(100) interface modethe
calculated interface tensigg: = -0.226 eV/&. Using value of

Gt‘zlg\gz = 0.072 VIR for even numbergd Iaygrs_and 0.175 to inward relaxation (towards the ZrC side) of mfethe Zr
evi , for odd numbered layers, we still obtgim = -0.283 415 (c-Zr®) and outward relaxation of the other Zr atam (
eV/A? and -0.180 eV/Arespectively. Thus the negative sign ZrO,). Even though the four O atoms forming the oxidize

of the interface tension shows that the interfacads are layer of the ZrC(100) surface are on the same plapen

stronger than the internal bonds in each ceramasgh forming the interface, two half of the O atoms maymvards

to form strong bonds with the Zr atoms frarZrO,. These O

442 Structure and properties at the Interface atoms -form dll'ect bonds with Zr atoms (ZrC Sldehddmon

to the interfacial bonds formed. The same phenomémahe

In this section, we describe the structure and gntags at the opposite direction is maintained for the two O aso@Zr02)

interface of the most stable model, Zr|OO|Zr|OQjXidized-
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which remains in their original planar position$is explains

the high work of adhesion calculated for this ifdee. There

are twelve O — Zr bonds at the interface. The bdisthnces -5
between the Zr (c-Zr§) atom closer to the interface and the
interface O atoms (ZrC side) are 2.027 A to 2.325TAe

distances between the Zr (c-Z)@tom far from the interface 4
and the interface O (ZrC) atoms are 2.016 A to@ 83At the
region close to the interface (nearest first lgytrgre is the
transformation of thec-ZrO, into t-ZrO, (101) with some
three-fold and four-fold O atoms. Within thisZrO, (101)
region, the three-fold O atoms havg.#).s bond distances of
2.027 A, 2.051 A and 2.189 A while the four-fold @oms 2
have bond @.zy.4r0f 2.161 A, 2.271 A, 2.232 A and 2.799 A.

After the first two layers of Zr@at the interface, there is the
transformation intd-ZrO,(001). This can easily be seen by the -1
tetragonal distortion observed in the last two @tydayers
away from the interface. Thus two phases t&frO, are
observed forming the interfaceZrO,(101) andt-ZrO,(001).
The phase at the interface region-&0,(101) and the phase
at the exposed surface of the interface slab-480,(001).
These transformations are results of compensatimgtte
strain imposed on the c-ZsGas it is pinned onto the ZrC
surface. The observed ZyOphases corroborate the Figure 13. Stable interface models (lowest interfagrand
experimental results in the TEM-ED analysis. Fysthe ED potentialyi‘r{g) for different interface models as a function
analysis showed polycrystalline nature of the Za@d the gk of Auo and Apiz,.

indexation revealed intense peaks tfairO,(101) phase. The

transformation intd-ZrO; is necessary to alleviate part of the

strain imposed on the-ZrO, when forced into registry with  In this plot, low values ofAu, corresponds to oxygen poor
the ZrC surface. environments and high values Bjfi, corresponds to oxygen
rich environments with similar criteria for the Zhemical

. . potential. According to the 2D plot in figure 18a different
4.5 Thermodynamic Stability of Interface Models interface models are stable at different combimatiof Zr and
Aside the use of the mechanical characterizatioramaeters O chemical potentials. The Zr|OO|Zr|OO||ZrC(10a¢rimce
such as the work of adhesion and the interfaceicienshe model is stable for a narrow region of the Zr andr@mical
significance of a thermodynamic analysis of stabitf the potential combinations (oxygen poor and zirconiuioh r
different interface models considered is never®l@n  environments). However, in a wide combination ofafid O
obvious one. The predominant parameter used irssisgethe  chemical potentials, the Zr|OO|Zr|OO|Zr||oxidize@@00)

&3
<

o

interfacial stability is the interface grand potaht()f,/jt which interface model is the most stable, confirming gtability
is the interface analogue of surface energy oraserfgrand  Criterion established by both the work of adheséom the
potential for non-stoichiometric surfaces. This graeter interface tension. This can be explained by twadiac First in
considers the bulk ZrC antiZrO, as the reference states in the Zr|OO|Zr|OO|Zr||oxidized-ZrC(100) model, thare more
forming the interface. It is worth mentioning thhe bulkc- oxygen atoms at the interface than the other timeelels
ZrO; reference is in a strained state in order to accodate  leading to the formation of more (12 Zr — O) bondis.

the substrate ZrC phase. Thus gendb lattice parameters of ~ addition to this factor, in the Zr|OO|Zr|OO|Zr|ftixed-
c-ZrO; are strained to those of ZrC(100) and the ¢ kattic ~ ZrC(100) model, the surface exposed to vacuum is Zr
allowed to relax in the z-direction of the bulk peaThe same  terminated which is less stable than the O terrath&acets in
strainedc-ZrO, phase is used as the reference in calculatingZrOz. This leads to subsequent subtraction of a higheface
the surface energyzs;‘gf (equation 8) of the exposed facets in ©Nergy termin equation 8 than the other two models

the interface slab.

According to equation 7, the interface grand pdxbdarygi,{{ is 4.6 Electronic properties at the interface

calculated for different values dfu, andAu, and a plot  4.6.1 Density of States

from the data is shown in figure 13. In this section, we describe the electronic featuat the
interface region, more specifically, the densitystdites and
charge analysis.

We first provide a description of the density aftes (DOS) at
the interface. We use a total spectra obtainedrbdjegting the
electronic states onto all atoms in the interfacd separate
surfaces as well as atomic spectra obtained byegtiog the
density of states onto individual atoms. Figureshdws the
total DOS (TDOS) for the interface structure witha$ers of
ZI’Oz.
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oxidized-ZrC(100H+c-Zr02(001)
oxidized ZrC(100)

Density of States

-25 -20 -15 -10 -5 0 5

Energy/ eV

Figure 14. TDOS of interface model with 3 layerscafrO2(001)
including the TDOS for the free oxidized ZrC(100hdac-
Zr0O2(001) slabs

Included are the TDOS for the corresponding surtabs for
oxidized ZrC and Zr@ used in constructing the interface
model. Figure 14 shows that upon forming the iatesf c-
ZrO, fixex both the valence band maximum and the
conduction band minimum. The main interfacial feesu
around -5 eV are mainly due to the Zr€ates while those at -
11 eV are due to the oxidized ZrC(100) statesigaré 15, the
DOS are projected onto each atom at the interfack the
corresponding atom in the surface slab. This aids i
understanding the shift in the bands when the atiomms the
interface structure. The O (oxidized ZrC) atom whisits
closer to the ZrC side upon forming the interfanean mmc
(three fold bonding between two metal(Zr) and onat@m)
shift to higher energies in the core states aneit@mergies in
the conduction band with the main interface featune at -11
eV and -22 eV ( O s states are highly localizedjis Tsame
localized band is found for the C and Zr (all oxill ZrC
side) at the interface at the same energy and skimavionic
nature of the C-O bond in the mmc configuration tta
interface.
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L

——2r (c-2r02) surtace

—— 0 oxidized-(ZrC) surface

near O oxidized (2rC) Interfage
——0 (c-2r02) surtace
——0 far oxidized (ZrC) interface]
——0 (c-2102) interface

Density of States

——near Zr (c-Zr0?2) interface

far Zr (c-Zr02) interface
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C oxidized (2rC) Intertace
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Figure 15. PDOS of each atom at the interface andhe
corresponding surface slab. Spectra at the uppeopaach plot
are for atoms in the interface structure and tlaigbe lower part
are for the atoms in the corresponding surfacessl@#ioms
labelled as near are closer to the interface pldvam atoms
labelled as far.

In the conduction band, these O atoms however ibomgr
significantly to the lower end in forming covaldminds with

Zr atoms €-ZrO; side). The mmc O (oxidized ZrC) which is
closer to the interface plane also shifts to higiegrgies with
the main feature at -18 eV and contributes to thygeu part of
the valence band as it also forms covalent bonds i (c-
ZrO;, side) at the interface. The localized conductianddin

Zr (ZrOy) is broadened upon forming the interface while the
higher states at the Fermi level (highly unstabi¢éerminated
c-ZrO, surface) are drastically reduced at the interface,
stabilizing these atoms further. However, the 2D-bond at
the interface is highly covalent due to the diffmsgure of the
bands Zr ¢-ZrO,) and O (oxidized ZrC) bands between -1 eV
and -8 eV. In order to provide a good understandthef
evolution of the electronic structure of atoms nmgvifrom
bulk to surface and then forming interface, figlifealigns the
Projected density of states (PDOS) for the atomallghto the
interface plane showing the states for the atomsbath
oxidized ZrC ana-ZrO; at the interface, in the bulk region of
the slab and at the exposed surface in the vacuam @he
low energy area of the Zgulk is made of much localized O
2s electrons and Zr 4d electrons at ~ -20 eV. Hewethe
bulk ZrG, valence band is more covalent and made of O 2p
and Zr 4d electrons and much more diffuse than lthe
energy ionic bands at -20 eV. The conduction bandttis
bulk region is mainly Zr 4d. Moving to the expossuarface
region, the valence band is highly diffuse, madeZof4d
electrons and the conduction band is shifted teelo@nergies
with Zr 4d states occupying the Fermi level.
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Figure 16. PDOS of atoms at the interface, in thi& bnd the exposed surface of the three layerfatte slab (Zr|OO|Zr|OO|Zr||oxidized-
ZrC(100) ). The states are aligned along the marplane to the interface with each region markedhe top layer. The Fermi level is

aligned at the

The high level of states at the Fermi level inddsat high
reactivity of the exposed surface. The O 1s staitéise lowest
energy region are more diffuse than the bulk statel the
electrons are delocalized. In forming the interfattee O
(oxidized ZrC side) adsorbed at the three fold msite

exhibits highly localized electrons shifted to higmergies at

around -18 eV. The newly formed states at the fiater are
derived from the O 2p and O 1s (oxidized ZrC sigleytrons

mixing with Zr 4d €-ZrO,). This band (-11 eV) is very narrow

indicating highly localized electrons in some o€ tdr — O
bonds formed at the interface. The Zr - O valerieetens are
highly delocalized while the bands due to the far
(penultimate O atom to the interface on th&rO, side) are
less affected by the interface. At the ZrC endhef interface,
the valence band consisting of mixed Zr d, p asthtes shift
to higher energies towards the conduction band. Sthees
arising from the mixing of the Zr (oxidized ZrC)dthe far O
(oxidized ZrC) at the interface are more diffused ahe
electrons are delocalized. This stabilizes furtther interface
formed. In forming the interface, the C (oxidizedCX 2p
states in the bulk become highly delocalized arifil &hlower
energies.

4.6.2. Charge Transfer Analysis

In this section, we provide analysis of charge gfanduring
formation of the interface. We use a somewhat tiniiidea
of analyzing the charge transfer upon formation toé
interface as described by Christensen and Candrere the
charge transfer values are arranged in a table fiorra of
spatial arrangement of the atoms from the surfacehe
respective layers of the phases forming the interfa

First we provide analysis of the charge distributiat the
interface for the different layers, starting fromeoto five

o]

energy zero position

According to table 5, it is clear that there isngfigant amount
of charge transfer when the free surfaces comeoimtact to
form an interface.

Table 5. Charge transfer analysis of Interfacial stucture
between oxidized ZrC(100) surface and different nutver
of layers of c-ZrO2(001) in the Zr|OO|Zr|OO|Zr||oxidized-
ZrC(100) interface model. Values reported are netltarges
(electrons/atom) obtained with respect to the chaes on
the atom in the corresponding surface slabs that fm the
interface.

lon type ZrQ layers on ZrC

1 2 3 4 5

ZrOz layer o | -006] -003 -003 -| -
at 0.03 | 0.06

Interface |7, 111| -1.04] -10s| - | -
1.05 | 1.08

zr | -1.11] -1.07] -107] - | -

1.09 | 1.11

Interface Plane

Oxidized | O 018 ] o0.10[ o0.10] 011 o0.1s
Zrc;f‘yer O | o10] o0.08] o011] 010 o.10
Interface | Zr 002 | 001] 002 001 o0.0p
c | 1.03| 103] 1.03] 101 1043

The cations close to the interface provides mogheicharges.
Moving from one layer of Zr@upwards, there is essentially
the same amount of charge transferred from Zr @2r

layers of ZrQ in a spatial profile, then we analysis the charge 5ioms to the interface atoms.

redistribution in the three layer ZzOinterface slab
(Zr|00|zr|00|Zr||oxidized-ZrC(100)) from the intesé to the
bulk like ions.

Table 6. Spatial profile of Charge transfer arrangel along the normal direction of the interface.AQs is difference in the
charge of the ion with the corresponding ion in theisolated surface slab used to create the interfacend AQ» is the

difference  in charge between the ion and
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corrpending ion in  the bulk structure.
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Layer in 3 (surface) 2 (bulk) 1 (interface) 1(interface) (fulk)
slab
lon type Zr @) Zr o Zr 0] o Zr Zr C Zr G
Absolute | 2.82| 7.1 71| 1.74| 7.10| 7.1 1.7 | 7.12| 7.12] 1.80 1.7¢ 710 7.aAp 223 470 234 5.67
Q 4 4 1 5
AQ:s (vs - 0.0| 0.0 | 0.00 - - |1 0.0 - - - - 0.10( 0.11| 0.03 1.03 -0.06 -
surface) | 0.01| O 0 0.04(0.0| 1 | 0.02|0.02| 1.04| 1.08 0.06
3
AQv (vs | 1.13 - - 0.05 - - |1 0.0 - - 0.11 | 0.07 0.10 0.11 - - 0.00 | 0.01
bulk) 0.0 0.0 0.05|0.0| 6 | 0.03| 0.03 0.11| 0.96
1 1 4
The splitting of Zr atoms (c-ZrO2) into near and faoups 5 Summary and Conclusions

(with respect to the interface plane) does not ltesuany
different in charge transferred by the two Zr greulearly all
the charge transferred from the interface catiaesreceived
by C atoms (oxidized ZrC side) resulting in an imadparge
phenomenon. This further explains why the integhsirength
is a local property confined to just the first asgtond Zr@
layers at the interface and does not depend omuheber of
layers added. The O atoms (oxidized ZrC side) vesethe
same amount of charge from the ¢c-ZrO2 side coreatbay the
trend found using the mechanical property of tlealdvork of
adhesion\\\.) in section 4.2.2.

In order to have an understanding of how the intexf
formation affects electronic properties of the balid surface,
we provide a spatial profile using the interfacenfed from
three ZrQ layers deposited on the ZrC(100) substrate in the
Zr|O0|Zr|00|Zr||oxidized-ZrC(100) model. Thus imbléa6,
the average charge distribution per layer is aednigom the
interface region moving towards the bulk area. €hé
significant amount of charge transfer at the irstesf region
with respect to the corresponding surface ionsgimating
mainly from the interface Zic{ZrO, side) atoms. The charges
involved in the strong interface bonds are dravemfisurface
Zr atoms €-ZrO; side) and placed at the interface C (oxidized
ZrC side) atoms with some charge placed on thefate O
atoms on the oxidized ZrC side as well. There ituglly no
charge redistribution in the bulk and surface regi@away
from the interface plane. In this respect, theangffeatures of
the isolated slabs are regained immediately moaimgy from
the interface region into the vacuum area. The Bedkures of
both ZrC and:-ZrO, are regained from the second layer away
from the interface plane due to no charge transfethis
region. Thus the interface formation has littleeeff on the
ZrC andc-ZrO; layers farther from the interface. The Zr atom

at the ZrQ surface side has a high charge due to its exposure

to vacuum. The charge analysis in a spatial prgfilevides
further evidence that the interface formation i®eal effect,
confined to the first one or two layers around theerface
plane and that thickerZrO, are not important.
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A combination of experiments, namely XPS, ToF-SIMS,
TEM-ED and DFT calculations have been used to chariae
and study the oxidation process on ZrC nano ciitssl

According to the XPS analysis, two Zr sgdbands were
observed and resolution showed the presence of two
environments of Zr being ZrC and ZrQA depth profiling
showed ZrQ@thickness on the ZrC surface to be 3.2 nm.

ToF-SIMS analysis of the nano crystallites reveals®,-
peaks and there was re-oxidation of the particle=n ewith
measurements under vacuum (1 58 habar).

Using TEM experiments we further observed a diffieghase
as a shell around the ZrC particles and EDX anmalysbwed
this phase to be ZO Further ED analysis estimated the oxide
layer to be about 5 nm and two different crystaémsations
were observed showing the polycrystalline nature thod
particles. The ED analysis revealed the presenceaifilly
cubic ZrQ with the presence of some tetragonal Zn@ainly
the (101).

Moreover, we used Finite temperature molecular dhyos to
grow ZrQ, on the ZrC surface from Zr and O atoms and we
observed the formation of an ordered phase of cdki on

the ZrC (100) surface.

DFT was used to model the interface formed betw&€&nand
ZrO, phases and we observed the preferred interface
consisting of ZrQ@ terminating with Zr atoms at the interface
side on an oxidized ZrC (100) surface. The maintraaical
property used to characterize the interfacial gfiferwas the
ideal work of adhesion (\. The calculated W values show
that the interface strength remains fairly constanbving
from one layer Zr@ up to three layers ZOfrom which it
converges. Thus the interfacial strength dependrmy the
first ZrO, layer and not on subsequent layers. Thermodynamic
analysis using the interface grand potentm‘m provided
further evidence of most stable interface formedrther
analysis on the electronic structure, using DOS Bader
charge analysis corroborated the local effect ef ititerface
phenomenon.
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Supporting Information for

Structure and Energetics of ZrC(100)/c-Zr0,(001) interface: A Combination of Experiments, Finite
Temperature Molecular Dynamics, Periodic DFT and Atomistic Thermodynamic Analysis

Eric Osei-Agyemanyg Jean-Frangois PatiRomain Lucag,Sylvie Foucaud,Sylvain Cristot*,
Anne-Sophie MamedgNicolas Nung§ Ahmed Addad

Detailed bulk and Lattice parameters for ZrO, polymorphs

For thec-ZrO, phase, the fitted lattice parameter is a sligletrestimation of the experimental value of 5.08554110 &
acceptable for GGA functional calculations. Ourcaddted lattice parameter of 5.143 A is in very gjagreement with
other GGA calculations in the literature, 5.153, 8.127 A. Both the bulk modulus and the equilibrium volupe ZrQ
unit are well reproduced in this work. All the aallsted parameters are shown in table S.1 anddiihthe lattice
parameter is provided in figure 10.

The fitted lattice parameters weaes 3.649 A and: = 5.257 A which a slightly higher than experiméntgues, expected
for using the GGA functional. The calculated latiparameters however are in excellent agreemerit woiiher
experimental dataa = 3.640 A andc = 5.27 A’ Other GGA calculated lattice parameters are higbiyparable to our
results & = 3.645 A andt = 5.289 ASa = 3.642 A and: = 5.295 K). The calculated vertical displacement of the @vat

in the ¢ directiomz = 0.263 A and the tetragonal distortidn= Az/c = 0.050 compared to the experimental value of
0.04¢ and other GGA calculated values of 0.950

Our calculated lattice parameters are 5.243 Ab = 5.307 A,c = 5.412 A andd = 99.20. This slight estimation of
experimental parametersa(= 5.151 Ab = 5.212 A,c = 5.317 A and = 99.23)*° but in excellent agreement with other
calculations § = 5.200 Ab = 5.250 A,c = 5.410 A ang = 99.60)'~.

The structural energy difference between the cuapid tetragonal phases is 0.054 eV/ Zi@it as compared to the
experimental value of 0.057eV/ ZrQ, unit while the energy difference between the tgirml and the monoclinic phase
is slightly over estimated, at 0.118 eV/ Zr@mpared to the experimental value of 01864v/ ZrG, but in good
agreement with other GGA calculated values of G1€9/ ZrQ, and 0.109eV/ ZrQ; .

Table S.1. Bulk parameters including Bulk modulus B°), Pressure derivative of the Bulk modulusB’), Tetragonal
distortion d; and equilibrium volume Veq for ZrO 2 phases

al A | c/ A | b/a \ cla | B GPa | B’ | d \ Veq(per Zra)/ A3
Cubic
This work 5.143 5.143 1.000] 1.00d 235.35 4.027 - .0B3
Ref. 5.169 236.57%, 2515 | 4.0604 - 34.530
5.158
Expt. 5.086° 194-246 - 32.890°
5.11¢
Tetragonal
This work 3.649 5.257 1.000 1.441 178.85 4.496 .05 35.010
Ref. 3.654 5.364 1.468 226.164 3.8104 | 0.05C¢ 35.940
3.647 5.295 172.07 5.0008 | 0.054
Expt. 3.646 5.27C¢ 1.448° 17¢0 4.300° | 0.06% 33.660°
3.574° 5.154° 190% 0.047°
Monoclinic
This work 5.243 5.412 1.012 1.032 134.48 3.792 - A&z
Ref. 5.2423 5.410 1.012 1.032 1572 137 2.387 - 37.120
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5.23% 5.413 1.012 1.034 185¢ 4,124
Expt. 5.154° | 5.315° | 1.012° | 1.032° 95-189, 2123 4-54 - 35.220°
E€~Zr02 _ =210z (gV/ ZrQyunit) Et=%702 — pm=71r02(gV// ZrQy unit)
This work 0.054 0.118
Ref. 0.07@3, 0.063 0.1003, 0.109
Expt. 0.05% 0.0612
701 = cubic 1

* tetragonal
-80 - E

A monoclinic

90 4

Energy/ eV

-100 H

-110

-120 T T T T T T T T T T T T
80 100 120 140 160 180 200
Volume/A®

Figure S.1. Lattice parameter fitting for ZrO2 péss
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3. Characterizing the 2ZrC(111)//c-ZrOy(111) Hetero-
ceramic Inter-face: A First Principles DFT and Atomistic
Thermodynamic Modeling

This section contains a fully written researchcetisubmitted for publication in the American
Chemical Society, Journal of Applied Materials d&mgrfaces.
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ABSTRACT: Mechanical and physical properties of Zirconiumlide (ZrC) is limited to its ability to deterioravath respect to
such properties in oxidizing environments. Low aefory oxides are typically formed as layers on Zutfaces when exposed to
the slightest concentrations of oxygen. Howeves,darbide has a wide range of applications in rmuadkeactor lines, nozzle flaps
in the aerospace industry, just to name a fewrdieroto develop mechanically strong and oxygerstast ZrC materials, the need
for studying and characterizing the oxidized layaith emphasis on the interfacial structure betw#en ZrC phase and the
oxidized phase cannot be understated. In this pagehave studied and characterized ZrC (111)/@,Zt11) interface using a
combination of XPS, ToF-SIMS, TEM-ED experimentsipied with Finite temperature molecular dynamicsusation and DFT.
The experimental technics revealed a Zpgbase as a layer around the Zrc shell, with cabit tetragonal ZrQphases being
predominant. The interfacial mechanical propertigere characterized with the work of adhesion whigvealed a
Zr|O0|Zr|00//zrC (111) interface model as the nsiable with an oxygen layer from Zr®@eing deposited on the ZrC (111)
surface. Further structural analysis at the interfieevealed a crack in the first Zr@ayer at the interfacial region. Further analysis
of the electronic structure using density of stat@sulations and Bader charge analysis revealedntierfacial properties as local

effects with no significant effects in

the bulk

of the interface slab.

@S

1 INTRODUCTION

Zirconium Carbide (ZrC), being a non-oxide ultratni
temperature ceramic is used for several specidicappns. It
is mostly used in environmentally harsh and demamndi
conditions including cutting tools, nuclear planhnér
coatings, turbine components in the aerospace tndasd as
refractory ceramics in the steel industdést fulfils all these
application requirements to its excellent mechdniaad
physical properties with a high melting point of382C.

A serious problem however encountered with thisemiait
when used in harsh conditions is the pronenesxittation.
ZrC forms low refractory oxides 500 — 6(0° The oxide
formed causes deterioration of the physical andhaical
properties and defeats the purpose for the apjitat
generally used for. There is however the need tdysthe
oxidation process and mechanism on the low indefases of
this nanocrystallite material. ZrC being cubic Ha®e distinct
low index surfaces: (100), (110) and (111) surfacéh the
(100) being the most stablé® Studies on the oxidation
process has been carried out on the (100) sérfaged all
provides similar results: the ZrC(100) surface xramely
reactive to oxygen and easily oxidized by the sasall
concentration of Oxygen. In a recent study, we okeskthe
ZrC(110) surface to be easily oxidized with thenfation of
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ZrO, on the exposed surfateln another experimental study,
the (110) orientation oft-ZrO, was observed to grow
preferentially on the ZrC(100) surfaté? Similar
experiments-® and theoretical studies on the oxidation of
the ZrC(111) surface have been conducted by sexesahrch
groups. In all these studies, oxygen is observetbetovery
reactive on the (111) surface and dissociates cateiplinto
atomic species.

Cleaving ZrC bulk along the (111) normal plane proes a
crystal with Zr and C layers terminating on oppesitdes of
the exposed surfaces. This renders the slab pdawmever,
experimentally findings show the surface to ternena
preferentially with Zr layet®2° In a recent theoretical study,
we made several reconstructions on the ZrC(11Xxseimwith
different terminations and found the thermodynafhjcaost
stable surface to be terminated with four Zr atéribus this
surface slab contains excess Zr atoms over C atoms.

Recent experimental analysis on ZrC nanocrystallitéth
XPS revealed the presence of another phase otherZhC
and TEM-ED analysis showed the presence of polyaitiyse
Zr0, mostly c-ZrO, with some amounts oft-ZrO,."
ZrC(100)/2r02(001) papeNThe ¢-ZrOy(111) phase was predominant.
We studied the structure and energetics at thefate formed
between the ZrC(100) and tlezO,(001) and showed very
strong interfacial bonds which are more stable ti@nbonds
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in the corresponding isolated surfac@y ZC(100)/zro2(001) papen)
This study also showed the interfacial strengtth properties
to be dependent on the first three layers of ZZi€posited on
the ZrC(100) surface.

Other theoretical studies have been carried owdtudy the
heteroceramic interface of Zs@eposited orn-Al,O3(1102)
substrate and found the stoichiometric ZAGD1)k-
Al,05(1102) interface to be weakly bonded, regardless of the
film thickness®® However, in another study where the
Zr0O,(111) ceramic was deposited on a metal (Ni) sutsstra
the ZrQ(111) was observed to adhere very strongly at the
monolayer level but thicker films of the ceramiteiracts very
weakly with the Ni substraté.The ZrQ overly was observed

to transform partially intan-ZrO, but could not completely
covert into mZrO, due to the constraints imposed by the
periodic boundary conditions.

In Order to reduce the susceptibility of ZrC toyeasidation,
one method that can be used is to coat the sudflseanother
ceramic material that forms a protective layer ba ZrC in
oxidizing environments (SiC is a very good candijlat
Moreover, it is necessary to study the oxidizecetaprovide
detail analysis on the structure, energetics aabilgy at the
interfacial region between ZrC and the oxidizedetayThis
proper provides such information, complementing shedy

carried out on the interface formed on the ZrC(18@¥ace.
(our ZrC(100)/ZrO2(001) paper)

The paper is organized as follows: Section 2 prewid brief
description of the experimental conditions usedamalysing
the ZrC nanocrystallites. In section 3, Detailswhibe Finite
temperature molecular dynamics simulation and géner
calculation parameters as well as procedures fddibg the
interface are provided. Section 4 provides theltesibtained
and discusses them accordingly. Section 5 givesuhamary
and conclusions on the current study.

2 EXPERIMENTAL PROCEDURES

A Kratos Analytical AXIS Ultr&° spectrometer was used in
the XPS analysis of the ZrC nanocrystallites with a
aluminium (Al Ko = 1486.6 eV) monochromatic source for
excitation. Constant pass energy of 40 eV was tseperate
the analyser with an analysis area of approximatélyum x
300 um. Charge compensation was applied for the occoeren
of charge effects during the analysis. O 1s bigdinergy (BE
of 530.0 eV) of ZrQ phase was used as internal reference.
CasaXP software was used to simulate and quartiéy t
experimental photopeaks. A non-linear Shitielyackground
subtraction was taken into account for the quaratifon.

ToF-SIMS analysis was carried out in both positaed
negative modes using (IONTOF GmbhH, Minster, Geghan
equipped with a 25keV bismuth primary ion sourcalséd
low energy electrons (20 eV) were used to comperfsatthe
charging effects due to the primary ion beam" Rins were
used in negative mode for both static and dynamaden
analysis. Tablet powder was used in the static mtxe
produce better mass resolution and secondary ield.yirhe
positive and negative spectra were compared wittfexence
of ZrO,. During depth profiling, dual beam mode in whicsf C
(0.5kV and 1kV) were used for sputtering in the non
interlaced mode in order to characterize the de®er on the
ZrC.
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TEM-ED experiments were conducted on the ZrC
nanocrystals in order to ascertain the crystallplgases
present. A powdered (dried) deposition on coppé wgith
carbon film was used.

3 STRUCTURAL MODELS AND CALCULATION
SCHEMES

3.1 General Computational Details

Since ZrC was used as the substrate, all calcala@mameters
were based on optimized values for ZrC.

We performed all electron density functional cadtigns
(DFT) using the Vienna ab initio Simulation Package
(VASPY* based on Mermin’s finite temperature DFTThe
following electronic configurations were used far £ and O
atoms respectively: [Kr]48s, [He]2€2p? and [He]2p®. The
pseudopotentials used were the Projected Augmented
Wavefunction (PAWY for describing the core electrons and
the core part of the valence electrons wavefunstamd this
aids in reducing the number of planewaves requiied
describing the electrons close to the nuclei. TlodarkSham
valence states were expanded in a planewave besigith a
kinetic energy cutoff of 500 eV. The generalizeddient
approximation (GGA), parametrized by Perdew, Bugkel
Ernzerhof (PBE) was used for for the exchange correlation
part. The Methfessel-Paxtfrsmearing scheme was used with
the gamma parameter set to 0.1 eV. For all bulutations, a
k-sampling of 9 x 9 x 9 mesh using the standard NMomndt-
Pack? special grid was employed. However, 9 x 9koints
sampling was used for all surface and interfaceb sla
calculations. The Kohn-Sham equations were resolsdg
the self-consistent field (SCF) procedure and assuin be
converged when energy changes of 1 ¥ &% between two
successive iterations is obtained.

3.2 Finite Temperature Molecular Dynamics

In order to confirm the experimental findings o tlnalysis
of the ZrC nanocrystals, we performed finite terapene
molecular dynamics simulation to provide a first
approximation on the nature of ZrGormed on the ZrC
surfaces. We used a (2 x 2) supercell for all Mbwations.
We started with a 9 layer thick of ZrC(111l) substra
(terminating with 4 Zr atoms on both sides of theace slab)
by depositing Zr and O atoms onto the exposed ZrQ)(1
surface to form about two layers of ZtOThe ions were
initially kept at T 100 K within the micro canaail
ensemble and the velocities was scaled upwardsffatemt
steps until a final temperature of 1000 K was redchNe
selected this temperature to provide allowancetferpossible
formation of m-ZrQ phase which is stable at temperatures
below 1450 K. 1 fs time step was used. The regultin
equilibrium structure was then quenched from 100t K00

K. Geometries at minima’s on the potential energyfaxe
were selected and optimized at higher precisiocatfulation

to obtain a final structure.

3.3 Bulk ZrC and:-ZrO; phases.
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In order to obtain parameters optimized for ourtesys of

calculations, we performed bulk calculations onZh@ and c-

ZrO, phases. Details on the bulk properties optimiratioe

provided in a separate pagpp.nerface parei\g gy ch, we provide
a brief description of the methodology use.

Energy Versus volume data were obtained for bo@ aindc-
ZrO, and finally fitted with a Murnaghan’s equation siate.
The optimized lattice parameters are calculatedn frinis
fitting.

An optimized k-points of 5 x 5 x 5 Monkhorst-Packidg
producing 63 irreducible k-points was used for bdlkO;
calculations and the same kinetic energy cut-o%@d eV for
the ZrC bulk was used for the Zr®ulk. All c-ZrO, bulk used
contains 4 formula units as shown in figure 1. etan the
Murnaghan’s fitting and subsequent calculationsafbtattice
parameters for the c-, t- and m-ZrO2 used for thisk are
provided in a previous pap@po interface paper)

[o01)

e

[100]

Figure 1. Bulk structures of ZrC(A};ZrOz(B), t-ZrO2(C) andm-
ZrO2(D). Yellow(Zr), light blue(C) and red(O).

3.4 Interface Model Construction

In order to construct the interface model, thelgtardirection
at the interface is initially selected and therewsti be proper
commensurability factor between the two bulk phasét
respect to the interface plaifeThe required surfaces are
subsequently cleaved from the two bulk phases aliweg
selected surface normal. Each of the revealed cesfavill
have different atomic arrangements and configunatiorhe
interface is finally created by bringing the tworfages in
contact with each other and then fully relaxedlitam a final
optimized interfacial geometry.

3.4.1 Commensurate Phases and Surface Structures

© 2016 Tous droits réservés. 200
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Among the low index ZrC surfaces, the (100) surfbeing
stoichiometric and non-polar is found to be the nstable*®
However, even though the (111) surface is polanupeaving
from the bulk phase by terminating on one side whbon
layer and the other side with Zirconium layer, aaé
reconstruction reveals a more stable surface teeihon
both sides with Zr atom layers only second to thé0j
surface in terms of stabilitywith an a lattice parameter of
6.698 A,b of 5.801 A and = 60, the exposed surface area of
the ZrC (111) surface is 38.854%.A0n accounts of several
studies made on theZrO; surfaces, the (111) surface is found
to be the most stabt&3? Surface energies are calculated for 1
layer up to 6 layers of ZrC to ascertain the effettayer
thickness on the surface energy. The surface aergie
calculated a&,, s = (1/24) [ Esjqp — nEpyi ] WhereEsiapis
the total energy of the surface sldhuk is the energy per
formula unit of ZrC in the corresponding bulk, Atie surface
area and n is the number of formula units in thréase slab.

Surface energies are also computed for the (1idjinations

of ¢c-ZrO,.The surface energies were calculated for different
number of layers, starting from 1 to 6 layers 0©ZrUpon
cleaving the c-Zr@along the [111] direction, a polar slab is
obtained with an OO layer terminating on one sidd &r
layer terminating on the other side. The slab cawdver be
terminated in  three  different arrangements as
00|Zr|00|Zr|00-, Zr|00|zZr|00|Zr- and 0O]Zr|00|Zr|O-
(Figure 1). We used only symmetric slabs (slab$ wwiirror
symmetry) in the calculation of the surface endrggrder to
eliminate the net dipole moment. The calculation toé
interface tension defined in a subsequent secéquires these
surface energies. Thus surface energies of thrfferetit
terminations were calculated: Zr- termination, ©xriination
and OO- termination.

In order to calculate surface energies of bothchiometric
and non-stoichiometric slabs, we define the surfgcand
potential, Q' which implies contact of the Zr and O reservoirs
with the surface. It is defined as:

. 1 :
Qi = ﬁ [E&ap — Nzrtizr — Noplo ] o oneq. (1)

Nz and Ny are the number of Zr and O atoms in the slab with
Mz and po being the chemical potential of Zr and O
respectivelyEL,,, is the total energy of the surface slab and A
is the surface area. The chemical potentials oanft O are
related by bulk Zr@ in the expressionugz.o, = Efrdl =

lzr + 210 With EZXSC being the total energy per bulk ZrO
unit. Rearranging this expression and substituitingquation

1, we obtain the following:

1
Q' = 5 [Esiap = NzrEzroy = Nokto + 2Nzrho]- - €q.(2)

Defining the chemical potential of O in relation tbe
chemical potential of the reference state,wbich is defined

gas

as half the total energy of.-@as asApo = Mo - ( 022 ) and

substituting in equation 2 with further rearrangetee we
obtain:
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1 .
— i _ bulk
- [Eslab NZTEZVOZ

Qi
2A

N,
(o)
+ Apo(2Nz — No) ]...eq.(3)

If we make the following definition:

i

yi= Fhutk

Zr0,

N,
+ B3 (Nyy = 22

> )]..eq.(4)

1 .
ﬂ [Esllab - NZ‘r

WhereY' is the surface energy of the stoichiometric pathe
selected slab and substituting equation 4 into tqua, we
obtain the following expression for the surfacengraotential:

0'= y'+ 5 [Buo (2N, = No)l .. .. eq. (5)

Thus the surface grand potential is defined in sewoh the
surface energy arising from the stoichiometric wdrthe slab
and another part correcting for the extra numbeEZrobr O
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284-p
Sa+ Sp

d=1- ...eq.(9)

Thus a unit cell ot-ZrO, with surface area & is forced into
coherency onto a substrate ZrC(111) with surfaea $r and
the resulting overlap area between the two surfa&Ees.s.
The misfit parameter rather measures the averagghlescale
misfit between the two unit cellsrather than an area misfit.
In table 1, the calculated misfit parameters betw2eC(111)
substrate surface and atZrO, surfaces are summarized. It is
apparent from this table that, the ZrC(1TiJ}jO»(111)
interface combination has the lowest misfit paramef 8.2%
and acceptable. The resulting interface unit cefingéd by the
substrate ZrC(111) is 6.698 A x 6.698 A which isafirand
can be easily managed by the DFT calculation.

Table 1. Surface mismatch parametel calculated for
different combinations of ZrC and c-ZrO: surface

atoms.

From equation 5, a range f8fi, values can be accessed if we
define the lower and upper limits. In defining tingper limit

of the O chemical potential, we make the assumgptian the

chemical potential of O must be lower than the gyef O in

its reference stable gaseous state. Thus we caa feri the

upper limit of the O chemical potential as:

ZrC c-Zr Overlap area(&)/A2 Misfit (Y)
(111) (001) 44.874 0.169
(111) (110) 44.874 0.157
(111) (111) 44.874 0.072

gas

022 <0....eq.(6)

Apo = po —

For the lower limit of the O chemical potentialwt combine

the expressionsuz.o, = EZ6E = g + 21 With Apg, =
pzr — EZ™ and  Apg = po— (Eg°/2) and  make

rearrangements, we obtain the lower limit of thest@mical
potential as:

1
Apy > 3 E;roz weeneq.(7)
Egmz is the formation energy of ZpOdefined asE;rO2 =
Epe — EZ* — Ej* and we calculated it as -9.97 eV. Thus

the range of accessible chemical potential valfi€3is:
—498¢elV < Auy <0.....eq.(8)

A plot of the surface grand potenti@l against the accessible
range of o chemical potentials is obtained for both
stoichiometric and non-stoichiometric slabs for yeas
comparison of surface energies.

Phase commensurability is one major problem whish i
encountered when forming interfaces. The two sedassed
in forming the interface must be coherent due o ghriodic
boundary condition imposed in the calculation. Theface
misfit parameter, @ can be used to select obtaghlyi
coherent interface®.This parameter is defined as:

201

The misfit parameter, being a geometrical measamat be
used alone in building the interface. It has tctmbined with
other models. Two models are widely known to beduise
ensuring commensurability of two different phasebew
forming an interface. Within the first approache thnit cells
of the two phases are multiplied by a factor cqroesling to
the other unit cell until both cells are commenseisgith each
other. The resulting supercell is usually large antearable
for ab initio calculations. However, the resultimgerface is
coherent with very small mismatch paraméter.

The second method is widely uget® as it results in small
and manageable interface supercells (a single oeii),

suitable for ab initio calculations. In this modéle lattice
parameters of the phase considered as the subatetgsed
for the interface with the lattice parameter of dteer phase,
scaled until a perfect match with the substrateickatis

obtained.

3.4.2 Geometrical Models for Interface

Within the slab model used to study the interfacéhickness
of 10.945 A of ZrC (9 layers) was used. This thieks was
considered to be enough to mimic electronic stmectuhen

ionic positions in the bulk are relaxed. T&&rO, (111) units
were then pinned into registry, layer by layer ba exposed
ZrC(111) surface. Thus in straining the c-ZrO2 tatch the
dimensions of the ZrC surface, coherent interfaces

ensured. The interface unit cell is therefore aeteed by the
bulk and surface parameters of the ZrC(111). Is thanner,
the unit cell lattice parameter of theZrO, (111) is shrunk by
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about 8%. After fixing the geometries of the twafaces are
the interface, the remaining degrees of freedothérresulting
interface structure are the perpendicular directton the
interface and the interface chemical composittoRtom one
to five layers of thec-ZrO, (111) units were built on the
ZrC(111) surface.

In figure 2, we provide side views of the interfacedels
used, with the different number of Zr@Gayers. Each c-ZrO2
bilayer is approximately 3.5 A thick.

0|2r|00|2r|0//2rc(111) 2r|00|2r|00//zrc(111) ©O|2r|00|2Zr//2rC(111) 00|Zr|00|Zr//oXid ZrC
o | N
e Jole]
»

¢ T T.T
P72 o RSOMBOTIH ESAOS
5\’ 5\ ¢ e %

Figure 2. Side views of different interface modabs using 2
layers of c-ZrO2 (111). Top structures are modeith vicc
bonding sites at interface with corresponding gnitderface
bonding sites in the bottom structures

All interface models used were symmetric with resge the
center of the interface slab in order to remove lang range
dipole-dipole interaction between exposed surfatdsA of
vacuum was applied between two subsequent inteslabs in
order to avoid any physical interactions betweenstbs. The
interface slab used thus has a configuration eZr&(111)¢-
ZrOy(111)|jvacuum|ZrC(111ZrO,(111)|vacuum|ZrC(11TH
ZrOy(111)|Jvacuum|ZrC(111)--. Since the ZrC(111) slabdus
is a reconstructed structure with four extra Zrnap the
interface chemical composition is dependent omtivaber of
Zr atoms (ZrC side) and the terminating layer oé th
ZrO,(111) phase. In constructing the interface, thriéerént
terminations along the-ZrO,[111] direction were considered:
Zr|00|Zr|00|Zr|00-, 0|Zr|00|Zr|00|Zr|O-,
00|Zr|00|Zr|00|Zr-. We also considered
00|Zr|00|Zr|00|Zr- on a ZrC(111) surface with amdimed
layer. A total of four different interface modelem built as
shown in figure 2.

the
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3.4.3 Mechanics and Cohesion at the Interface

In defining the interface cohesion and stabilityeamportant
parameter mostly used is the interface tengign which is

defined as the reversible work needed to sepdnatenterface
into two free surface8. According to this definition, an
assumption made is that, both diffusional and adtgrees
of freedom are suppressed and hence negligible.giéater
the yine value, the higher the energy needed to the septrat
interface into two surfaces.

The interface tension can be defined accordinchéoRupre
equation in terms of the interface and free surfecergies
a§3,44

Yint = Ozr¢c t Oc—zro, — UZrc||c—Zr02-----e‘I-(10)

Ozrc||c—-zro, 1S the interface energy also known as the adiabati
work of adhesionWag > 0, gz ando,_z, are the relaxed
surface energies of the ZrC(111) aodrO,(111) surfaces
respectively. In this definition, the relative stgth of the
interface versus the bulk bonds decides the pre¢eréor the
formation of either the interface or the open stetd?

A measure of whether the interface formation or tree
surfaces are the preferred can be determined bintedace
tension. The magnitude and signyef (equation 10) provides
a measure for whether the interface bonds areggrdhan the
internal bonds in the separate phasékhe criteria are that, 0
< Yint < Oz¢+ Oc_zro, COMresponds to weakly coupled
interface andyinx < 0 to strongly coupled interfaces. The
calculated values ofz, and o._z,0, Used here are obtained
from their respective relaxed bulk equilibrium pbagThus
strain free surface slabs).

The adiabatic work of adhesitq is however defined as:

tot tot _ ptot
W.. = EZrC + EC—Zr02 EZrCllC—ZrOZ
ad —
2A

...eq.(11)

Zecllc-zro, 1S the total energy of the fully relaxed interface
slab, A is the interface are&g)t and EX%,,, are the total
energies of the fully relaxed isolated ZrC(111) aod
ZrOy(111) slabs respectively. Usually, the calculatédy
value is a lower bound as compared to values aidain
cleavage experiments due to dissipative processes
physically separating the interfaBe.There is no relation
between characterizing the interfacial strength #rel bulk
strain when depositing theZrO,. Hence, theE(%},,, value
used is the total energy of the strainedzrO, for
commensurability with the ZrC surface. In this mannthe
strain energy component betwegff},,, and EZ¢ ._z0, iS
cancelled out due to the fact that th&rO. is in the strain
state??

Aside the relaxed work of adhesion, the rigid wark

adhesior7?"* can be used in characterizing the interface
cohesion and stability. In this definition, the samstrained
state is ensured to exist in both the interface toed free
surfaces. This provides maximum cancelation for strain
energy in the calculated interface enefgylhis quantity
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provides information purely on the bonds formed tla¢
interface irrespective of the free surfaces. Itafculated by
separating the optimized interface structure ihi® different
phases and rigidly calculating their energies withallowing
the phases to fully relax. Equation 11 is finallgphed in
calculating the rigid work of adhesion.

A thermodynamic grand canonical ensemble treatisensed
to compare the relative stabilities of the modeith wlifferent
chemical compositions. Within such ensemble, altlel® are
assumed to be in chemical and thermal equilibrith veulk
phases and the relevant thermodynamic quantithesgtand
potential. An assumption made is that the entrop
volumetric contributions to the grand potential aegligible.

For an interface of ZrC andZrO,, we define the interface

grand potential as:

1
-Qzlr/é = 2 [-Q;{(sz — Nzrellzre — NZ‘rOZQZrOZ]
— 05,77 eq.(12)
!Zfr//t is the interface grand potentm]f;f}? is the surface grand

potential of the exposed-ZrO, side of the interface slab,

i

slab’

ZrC slab and Zr@slabs respectively. & and Ng,.,, are the

Nz,¢, 270, are the grand potential of the interface slab,

number of ZrC and Zr® units in the respective slabs.

Substituting the following:

Q;{éb = Esll/éb = Ykt Ny, Ogc = Ebzﬁlck = Uzrcr fzr0, =
Zro
Epud = Kzro, Bzrc = Hzr + Uc @NAUzr0, = Uzr + 240
Into equation 12, we obtain:
Dyt = [E;{;b NorcESH = Noro, SRS
- .qu(NZr — Nzpc — NZ‘rOZ)
— Ho (No - ZNZTOZ) - (Eggclk — pzr)(N¢
Zro
= Nzro)] = Qgpe? oo eq.(13)
Uz Ue, Uo are the chemical potentials of zZr, C and
respectively N, is the number of that specig;/, is the total

energy of the interface sla&Z.5 and E.'> are the bulk
energies of ZrC and Zgdespectively. Upon rearrangement
equation 13, we obtain the following:

fr/ff = [Eslz/éb — NeEg - NZrozEé’%’;
.qu(NZ‘r = N¢ - NZ‘rOZ)
- #O(No - ZNZroz)]
— 0L eq.(14)

If we make the following definitionAu, = uy, — up, and
Duzr = Uzr — ppWith pz, = Ef** and uy = E5°/2 and

© 2016 Tous droits réservés.
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3.5 Interfacial Thermodynamics

For each couple of interface model used, the mtales
chemical composition of the interface is determirad a
thermodynamic approach.

substituting in equation 14 with subsequent regearent, we
obtain:

L 1 ..
ij _ i/j
int — E [E

slab

bulk
EZrC

= By (Nzr = Ne = Nzro,)
1
- EEgzas(NO - 2NZr'02)
- A.“Zr(NZr — N — NZTOZ) = Apo(No
— 2Nzr0,)] = Qg ... €q. (15)

surf ettt

bulk
- NZrozEzro2 - N

If we define another quantity:

bulk
NZTOZ EZrOZ NC

bulk (NZT _ NC

1
-3 Eogz“s(No
_ (QZTOZ

surf

bulk
EZrC

NZrOZ)
— 2Nzr0,)]
/A) ........eq.(16)

1 [Ei/]

i
(Dl']_ 24 slab

int

Substituting equation 16 into equation 15, we obtan
expression for the Interface grand potential as:

1 .. .
L/ /i — @i/
yllnt] - A'Q:n{‘ - (Din]t
1
+ 24 [A.UZr(Nc + Nzro, — NZr)
+ Ao (2Nzrg, — Np)] - eq. (17)

Thus for each overlayer termination i, the integfagrand
potential 2!’/ depends omu, andAp,,. A derivation of the

upper and lower boundaries of the O and Zr chemical
potentials is provided in the supplementary infdiora
1(SI.1). We however state them here as follows:

For Ay, upper boundary iy, = :qu — E2¥E <0 and
lower  boundary &, > 1/, (E}.c + E.,) Wwhere
EJ .and Ezm are the formation energies of ZrC and c-ZrO

respectively. Thus the Zr chemical potential raiydefined
as:
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—5.78 eV < Aug, <0

For O chemical potential, the upper limitAig, = uo —

1/, (E3*) < 0 and the lower boundary idu, > (E},,,/2)
and the range of chemical potentials for O is:

—4.98 < App <0.......eq.(19)

4 RESULTS AND DISCUSSION
4.1 XPS, ToF-SIMS and TEM-ED Experiments

Details on the experimental results are found iprevious
paper_(loo interface paper)

4.2 Finite Temperature Molecular Dynamics Simulatio

This section discusses the results obtained duitiegMD
simulation. A haphazard ZgGtructure was observed to grow
on the ZrC(111) surface at 1000 K. This structurews O
atoms forming three-fold hollow bonds between thi&e
atoms of the ZrC(111) surface at the interface. Tigh
temperature structure shows under coordinated Zr @n
atoms.

Upon quenching to a T = 500 K, a more ordered giraovas
obtained (Figure 3).

The observed pattern of the ZrO2 atomic arrangesnent |,

matches the crystal structure ®ZrO, (111) andt-Zro, (101)
structures. Thus the MD simulation confirms therfation of
ZrO, on ZrC(111) surface from atomic depositions. This
further complements the experimental results.

4.3 Surface and Bulk Properties of ZrC and ZrO

Details of the optimized lattice parameter, bulkdulos as
well as the pressure derivative of the bulk modwftiZrC is
provided in a previous pap®€r.Thus the optimized lattice
parameter for the ZrC bulk is 4.736 A. The latfimameter
and all bulk characterizing parameters for thedhghases of
ZrO; are provided elsewhef@? interface papeip/e however give a
brief description of the computed values here. fitted lattice
parameter for thec-ZrO, is 5.143 A. For thet-ZrO,, the
calculateda parameter is 3.649 A and= 5.257 A and the
tetragonal distortionl, = Az/c= 0.050. In case of the-ZrO,,
the calculated values are= 5.243 Ab = 5.307 Ac = 5.412
A and B = 99.20. All these bulk parameters are well
reproduced and are in excellent agreement with both
experimental and other calculated values.
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Tapez une équation ici.

Figure 3. High temperature structure (top) and temperature, T
=500 K (bottom) from MD simulation

In a previous papé&rwe calculated the surface energy for
ZrC(111) surface terminating with four Zr atomshmth sides
of the exposed surface at different chemical paenof C.
We calculated the surface energy as 0.169 &\Wfu. =
EL¥ In figure 4, we provide a stability plot for tlsairface
grand potential of each of the surface terminatiofisc-
ZrO,(111). The surface termination O|Zr|OO|Zr|O- isevbsd

to be the most stable. The same stable termin&iéound in

a different theoretical work.
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Figure 4. Surface Grand potential for differentrigrations ofc-
ZrO2 (111) surface

For 6 layers of c-ZrO,(111) with the O|Zr|OO|Zr|O-
termination, the calculated surface grand poterdial, =
Eg;S/z is 0.054 eV/& which agrees very well with 0.048
eV/A? in a different work? This is not surprising as this
surface termination is the only stoichiometric stane used.
Using the most stable surface termination, we ¢aled the
surface energies with different number of Zt@yers. Table 2
provides a summary for the surface energies wifferént
number of layers. The surface energies-@rO,(111) surface
with O|Zr|O0|Zr|O- termination converges after yfa. Thus
we use a calculated surface energy 0.054 &wdAcompute
the interface tension in equation 10.

Table 2. Calculated surface energies for O|Zr|OO|40
termination of c-ZrO: (111) surface at all O chemical
potentials

Number 1 2 3 4 5 6
of layer

Qi/feVA- | 0.068 | 0.053| 0.055 0.05f 0.054 0.054
2

© 2016 Tous droits réservés.

4.4 Interface Cohesion and Structure

4.4.1 Rigid Work of Adhesion

Analysis of interfacial cohesion begins with thgidi work of
adhesion, previously defined in section 3.4.3. Whh rigid
work of adhesion, bulk properties of ZrC and c-Zr@
cancelled out and the resulting parameter depealdsy son

205

Thése de Eric Osei-Agyemang, Lille 1, 2016

interfacial properties. Table 3 provides summanytfe rigid

work of adhesion values. In this table, it is agparthat the
rigid work of adhesion is always lower than theaxeld work
of adhesion for nearly all the interface models sidered.
Thus the relaxation of the interface structurehie telaxed
work of adhesion contributes significantly to theterface
properties and results in a higher value than thgd r
calculation. This relaxation is involved in releasithe strain
imposed in the c-ZrO2 over-layer when it is forcedo

registry with the ZrC substrate.

Moreover, table 3 and figure 5 shows that, using tigid

work of adhesion, the most stable interface modethe c-

ZrO; (Zr|00|Zr|00--) interface model compared to theeot
models. With this interface model, convergencehefit; -9

rigid parameter begins atc3ZrO; layers.

Rigid Work of Adhesion for c-ZrO,(111) on ZrC(111)
1.55 ~4—2r|00|2r| 00-(fcc)
~#-2r| 00| Zr| 00~(topZr)
135 | —a—o0]zr|0]O|2r|O-(fcc)
—>¢=0]Zr|0|0|Zr|0-(topzr)
~#=00]2r| 00 |Zr—(fec)
~®-00|Zr|00 |Zr—-(topzr)

oxidized ZrC--(fec)
075 oxidized ZrC--(topo),

Wadh/ eV.A?2

Zr0, layers

Figure 5. Rigid Work of adhesion for different irfece models of
c-ZrOz (111) on ZrC(111) surface

4.4.2 Relaxed Work of Adhesion

The relaxed work of adhesion is calculated forthaé fully
relaxed interfacial systems by allowing the sepatr&rC and
c-ZrO; slabs to fully relax. This parameter characterittes
interfacial bond strengths. In table 3, the relaxeork of
adhesion calculated for the four interface modele a
summarized. According to table 3, the interface ehod
involving two layers of oxygen from the ZzOside
(Zr|00|zr|00--) is the most stable in terms of ifaeial
strength as observed in the calculated relaxed wafrk
adhesion.

Figure 6 provides a pictorial view for the relaxedrk of

adhesion for all the interface models considereor &l

models tested, there is convergence of the workdbiesion
after three layers of ZrOdeposited on the ZrC. The MV
values initially decrease from one layer to twoelayof ZrQ

and sharply rise at three layers of Zrfiom which point it
converges. Looking at the most stable model (Zr&KYOP--),

the Wiy value sharply increases from 0.251 e¥/At two

layers of ZrQ to 0.965 eVA at three ZrQ@ layers for the on-
top Zr mode of adsorption.
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Table 3. Rigid WZ¢/***? and Relaxed Wr¢**¢d work of adhesion for different interface models uimg different number of c-
ZrO2 (111) layers at both fcc and on-top adhesiorites at the interface region

Interface 00|zr|00|Zr—2zrC(111) Zr|00|Zr|00—zrC(111 O|Zr|ofE—2ZrC(111) 00|Zr|00|Zr—40-ZrC(111)
model
c-ZrO2(111) fcc top fcc top fcc top fcc top
layers
Rigid work of Adhesionwzg’id
1 0.104 0.350 0.545 0.312 0.132 0.182 0.002 0.002
2 -0.158 0.488 0.798 0.886 0.190 0.182 250. 0.108
3 0.191 0.190 0.869 0.934 0.133 0.181 0.353 0.273
0.200 0.207 0.928 0.970 0.67 0.18( 0.446 0.268
5 0.185 0.206 0.902 1.014 0.180 0.181 0.471 0.77¢
Relaxed work of Adhesioy?élexed
1 0.383 0.366 0.351 0.264 0.098 0.131 0.240 0.214
2 -0.682 -0.327 0.134 0.251 0.124 0.164 -0.252 0®.1
3 0.458 0.457 0.859 0.965 0.093 0.209 0.484 0.481
4 0.536 0.529 0.966 0.991 0.214 0.257 0.511 0.503
5 0.570 0.582 0.983 1.095 0.254 0.306¢ 0.669 0.583

© 2016 Tous droits réservés.

This phenomenon is exactly opposite to what is cleskin
ceramics deposited on metals where the first oree tamm
layers of deposition are rather stronger than #eodition of
three or more layers of Zp® Thus the interfacial strength
depends on the first three ZrQayers deposited. The same
feature has been observed for metals depositede@mmics
where the metals are predicted to wet the ceramface but
then ball up for more than one monolayer of metal
deposited®>®* The on-top interface models form strong
interface structures than the fcc models. Weakfates are
formed when one and two layers of Zr@e deposited but
strong interfaces are obtained when three or mayers$ of
ZrO;, are deposited.

Relaxed W4 for different c-ZrO, (111) layers on ZrC(111)
—+—2r|00|2r| 00~ (fcc)

1.6

~#—Zr|00|Zr|00—(topZzr)
—#—0]2r|0|0|Zr|O-(fcc)
—=—0]zr|0|0|Zr|0—(topzr)

11
—+=—00]2r| 00 |Zr—(fec)
—8—00|zr| 00 | Zr—(topzr)

0.6 oxidized Zrc(111)--(fcc)
== oxidized ZrC(111)--(topo)

9

W,/ eV.A2

-0.4

-0.9

Zr0, layers

206

Figure 6. Relaxed Work of adhesion for differerteiface models
of ¢-ZrOz (111) on ZrC(111) surface

The interface tension, defined in section 3.4.3aigyood
parameter for assessing the interfacial mechamidssaength.

It provides a measure for comparing the strengtbarfds at
the interface and in the corresponding bulk pha&esording
to the criteria defined, O Bnt< 07,¢ + 0._z0, defines weakly
coupled interface angin < O to strongly coupled interfaces.
With an asymptotic value 0bz.c11) = 0.169 eV/IR and
Oc—zr0, = 0.054 eV/& combined with Wy = 0.965 eV/A2 for
the most stable interface (Zr|O0O|Zr|O0O--), the dated
interface tensionyix = -0.742 eV/R. This shows that the
interfacial bonds are stronger than the internaidsoin each
ceramic bulk phase. When we consider the surfaeeggrfor
the c-ZrOy(111) with OO|Zr|O0|Zr|O0 termination in an
oxygen rich environmentA(lo = 0) as 0.292 eVA the
calculated interface tension is still -0.504 e¥/nhich is still
less than zero. Moreoveyix <0 corresponds to a layer by
layer growth of the ceramic known as the Frank-gan-
Merwe (FM) mode and the mixed mode also known &s th
Stranski-Krastanov (SK) growth mode.

4.4.3 Interfacial Structure Properties

A description for the structure and properties floe most
stable interface models is provided here. The eslagtable
structures for the Zr|OO|Zr|O0//ZrC(111) interfaoedel
using 1, 2, 3, 4 and 5 layers ofZrO,(111) are shown in
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figure 7. The interface structure appears to depmmdehow in the ceramic layer, a few Angstrom distance frtime
on the number of ceramic layers. For this stableriace interface plane.

model, even though the starting geometry was O sfisom Using the 4-layer Zr@interface model, the calculated bond
the ZrQ side adsorbed directly on top of Zr atoms of th€,Z  (istances for the O1 atoms at the fcc site of Iz fec
the final geometry was O atoms adsorbing at thokkHollow = [2.144 — 2.169] A. These distances are in verpdgo
fcc sitgs between three Zr (ZrC) atoms. For aletayZrO2, agreement with the calculated values O at fcc sitben
there is rearrangement of the Zr|OO|Zr|OO-- atopenu  7rc(111) surface is fully oxidized by a monolayéroxygen

forming the interface into a more stable O|Zr|@DH— with distances of 2.144 A and 2.145A.
arrangement. Thus the exposed surface of the stafinates

with an O layer.
4.5 Thermodynamic Stability of the Interface

. @ [;, m = In this section, analysis of the thermodynamic iitalnf the
% R X% different interface models used are considered.stélgility of
oA ;ﬁ;‘; S50 ';fﬁ the interface is calculated with respect to th@eetve bulk
;, *‘9 o»,i,* ‘o ; “f‘i‘_"‘, phases and not the surface slabs forming the auerfThe
;k .; . core e | St .‘;ri A interface grand potentiﬂﬁ{l’t provides a measure of stability
¢ & & ‘u{,(\i\ ‘\fh\fx\ o 0l 8 o :' for the different interface models in different enations.
F < A S « & & SO Xy According to equation 17, the interface grand paaéhas an
1 \\:.\A/\ )\L i ‘)& « \\ \)\L) \/k /\)\) \/‘ /\)‘ 4 i i/j H H
SOLK \,(\){ ( \Z\)\Z XL 2% 4 ‘ll*f"ik | interface dependent term;, which only differs from the

corresponding surface tenm in equation 4. As such, for the

Figure 7. Relaxed stable structures for 1, 2, &1d5 (from leftto ~ purpose of brevity and clarity, table 4 provides@{) values.
right) c-ZrO2(111) deposited on Zrc(111). The masable
interface model Zr|OO|Zr|O0—ZrC(111) is shown here

Table 4. Interface dependent terms of the interfacgrand
potential 9/

int
The crystal shape of the ZrC phase is maintainexlveyer
there is transformation of theZrO, phase intan-ZrO.. The Model site Qi:r/zit/ eV. A2
phase transition is highly evident in the middlal# 3, 4, and

5 layer ZrQ interface structures with 3- fold and 4- fold O
atoms as well as 6- fold and 7- fold Zr atoms. Them)
transformation is however not complete one due he t
restraint imposed periodic boundary condition. TAtO K, the
m-phase is about 7% large in volume than the c-plaask
hence this transformation reduces the misfit of uab8% top -0.605
already calculated for this interface model. A &mi
transformation pattern in found in ceramics degosion Zr|00|Zr|00-ZrC(111)
metals®

Two type of oxygen bonds are observed at the imterf O1 fee -1.555
atoms (ZrQ) closer to the interface plane, bonding at fcessit
on the ZrC surface and.@toms (ZrQ) above the interface top -0.451
plane, bonding directly on top of Zr (ZrC) atomsheTfcc
bonds are exactly the same found in a previousysiuen 00|zr|00|Zr-ZrC(111)
ZrC(111) surface was completely oxidized with a wiager
of oxygen!® It was also observed to passivate the ZrC(111 fcc -0.257
surface with no further diffusion of oxygen intoetibulk. In
the 1-layer ZrO2 interface, no fcc bonds of the @dms are top -0.251
observed due to the O2 atoms pushing outwards fragin
bulk positions. These O2 atoms do not show any ingnaith Zr|00|Zr-oxidized ZrC(111)
the Zr (ZrC) atoms in all layers of Zs@eposited. The bond
distances of the O2 type atoms with the Zr (Zr@)rat have a
minimum of 4 A. Consequently, a 3 Zr0, layers, there is
structural failure of Zr@ coating on the ZrC substrate. This
crack is highly visible in the 4-ZrQayer interface structure in
figure 7. The crack leaves a monolayer of oxygguodited on
the ZrC. Thus there is a mixed mode of depositibAr®. on
ZrC. A monolayer of oxygen is formed on the ZrCfaoe and
the remaining Zr@layers balls up. This is not surprising as This terms do not depend on the chemical potentibéxcess
the very negative interface tension calculatedeictisn 4.4.2 Zr and O species. In table 4, it is apparent theriace is

suggests a mixed mode of deposition. Also the kgk of  readily formed for all models (due to the negatixaues of
adhesion, showing an over-adhered interface resufisilure

0O|Zr|00|zr|0-ZrC(111)

fcc -0.562

fcc -0.444

top -0.434
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the grand interface dependent terms) with the QO{2}Zr--
ZrC(111) model being the least stable amongst thieris
however evident from table 4 that the most staldeehis the
Zr|00|Zr|00//ZzrC(111) fcc model, contradicting ttee top
Zr|O00|Zr|00//ZrC(111) top model calculated to be thost
stable using the relaxed work of adhesion parameter
However, it is worth pointing out that even thougk fcc and
top models used different starting point of inteid& atom
adsorption, the two models resulted in the samdigumation
with interface O atoms bonding at fcc sites. Initdid to this
the difference between the calculated relaxed wofk
adhesion values for the two models is only 0.042 &using

4 layers of c-ZrO,. The interface grand potential thus
corroborates the stability criteria establishedséttion 4.4.2
with Zr|OO|Zr|O0//ZrC(111) being the most stablehalf the
chemical potentials of excess O and Zr atoms ansidered,

i/j .
the calculatedf,;, value when minimized for everg,,

Au,) pair resulted in Zr|OO|Zr|OO//ZrC(111) being thest
stable model formed.

4.6 Interfacial Electronic Properties
4.6.1 Density of States

The electronic features at the interface are aedlyzy first
considering the density of states when the freéases form
the interface.

As an initial description of the density of staf€0S) at the
interface, a total DOS (TDOS) obtained by projegtithe
density of states onto all atoms at the interfawd @mpared
with the DOS of the individual separate surfacesfigure 8,
the TDOS for the most stable interface model,
Zr|O0|Zr|00//ZrC(111) using 3 layers of Zr3 shown.

ZrC (111) surface
¢-Zr02 (111) surface
ZrC(111)}+c-2r02(111)

A
'l

&

Density of States

-25 -15 -10

Energy/ eV

-5

Figure 8. TDOS of interfacial structure Zr|OO|Zr}aC(111)
top site compared with DOS of corresponding sugfacén
interface model with 4 layers of c-Zs@L11) is used

Figure 8 also includes the TDOS for the correspand
surface slabs used in constructing this interfacedeh In
figure 8, the valence band maximum is fixed by bot6 and
c-ZrO, phases. However, the conduction band minimum is
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fixed by ZrC(111) surface upon forming the integfablo new
interfacial states are observed in figure 8 and tisi in
agreement with the fact that c-Zr@eposits a layer of oxygen
on the ZrC(111) surface with the remain layers kiren off
from the interface as explained in section 4.4.3

In order to understand the shift in bands when ghdace
atoms come together to form the interface, the D@D&
projected onto the atoms at the interface and dihesgponding
atoms in the surface slabs in figure 9. Upon fognihe
interface, the Zr (ZrC) conduction bands shift tahler
energies as they are filled with electrons fromz@0g) with a
dip at the Fermi level, stabilizing further thedrface formed
compared to the high level of states at the Feewell of the
corresponding surface. The Zr (ZrC) atoms form & skarp
core state at -18 eV corresponding to the Zr-O bdodmed
at the interface. Thus the Zr (ZrC) — O (Zy®@ond closest to
the interface plane is highly localized. There @ssignificant
changes in the C (ZrC) states upon forming thefexte with
only the valence bands shifting slightly to higkeergies. For
Zr (ZrO,) bands, they are shifted to lower energies upon
forming the interface. The Zr (Z#&Dsharp band at -15.6 eV
which was initially mixed O (Zrg) closest to the interface
plane is now lost upon forming the interface. Thisther
explains the breakage of the c-Z2r@l111l) phase after
depositing an oxygen layer on the ZrC (111) surfadtese Zr
(ZrOy) bands become diffuse upon forming the interfase a
their bonds with the closest O (Z)Qo the interface plane are
broken and the electrons are delocalized. The Bigtfiace
states of the O (Zrf closest to the interface plane are
guenched upon forming the interface and their spagks at -
15.6 eV are also lost as they break off from th& @, phase
and deposit on the ZrC (111) phase. In the valbacel, the O
(ZrO,) closest to the interface plane interacts stromgth the
Zr (ZrC) bands due to their sharp peaks while th@Z@,) far
from the interface plane interacts weakly withdiuse bands
and delocalized electrons.

Density of States

20 (2rC) surfaca —2r (2rC)interface

Density of State

Figure 9. PDOS of each atom at the interface andthim
corresponding surface slab for the Zr|OO|Zr|OO-(ZiQ) top
site interface model. Upper part spectra of eaoh aue for atoms
in the interface structure and those at the lowaet pre for the
atoms in the corresponding surface slabs. Atomsllkb as near
are closer to the interface plane than atoms letbels far

Figure 10 provides a spatial profile of the elesicostructure
upon moving from the stable bulk faces to form ¢xposed
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surfaces and subsequently forming the interfaceusThn
figure 10, the DOS are projected onto the atomalighto the
interface plane, moving from bulk ZrC to the intexé region
and then bulk c-Zr@and finally to the exposed c-Zs@111)
surface. The C bands in bulk ZrC remains fairlyshee upon
forming the interface. In addition, the Zr valerznd of ZrC
are shifted to lower energies when they form therface with
the introduction of a sharp core state at -18.wdNch mixes
with the O core states of Zs@losest to the interface plane. At
the interface region, the valence band is a mixtdrér (ZrC)
d-bands and O (Zrfp p-bands with a covalent bonding nature.
There is clearly diffuse interaction of the O (Zy@-bands far
from the interface plane, explaining further the awe
interaction of the second O layer (Z)@ar from the interface
plane when the interface is formed.

Bulk ZrC | Interface ZrC | Interface ZrO, | Bulk ZrO, | Surface ZrO, |
3 c z c zr o o z o z o zr o

ST-

Energy/ eV
N
W

Y
W

3 d = = L

DOS (states/ion/eV)

Figure 10. PDOS of atoms at the interface, inlthiék and the exposed surface of the 4 c-ZrO2 layerface slab (Zr|OO|Zr|OO—ZrC
(111)). The states are aligned parallel to therfate plane with each region marked on the toprlajiee Fermi level is aligned at the
energy zero position

v

It is also apparent that the O (Z)Op-bands far from the  surface to respective layers in the different padseming the
interface maintains the bulk nature of such bandih & interface as described by Christensen and Carter.

similar feature for the Zr (Zr§) d-bands far from the interface  pq 3 first step, we provide a charge transfer aiglfor the
plane. The conduction band in this bulk Zr@gion is mainly  qqt stable interface with different layers ofrO, (111)

Zr- d states. Moving to the exposed surface onZ@® side,  garting from one to five in a spatial profile dirlly analyze
the Zr —d states in the conduction band are redwstefted to the four c-ZrO, (111) layer stable interface model,
lower energies and new states appear close toethmsi ffevel Zr|00|Zr|00//ZrC(111) top site.

while the valence band become less diffuse. Theseg ZrQ . .

surface is stabilized by the oxygen terminationttere are Table 5 shows .that. upon forming the interface fribm free
fairly no states around the Fermi level. This teration is the surfaces, there is significant amount of chargastier at the

same found for the most stable exposed surface-Z interfac;ial region. Nearly aII_the charge movemarg from
(111). . xp . ¢ the cations (Zr) on the ZrC side of the interfatanp to the O

atoms (ZrQ) closest to the interface plane. Initially witheon

layer of ZrQ deposited, there is the transfer of approximately
4.6.2 Charge Transfer Analysis 0.50 efrom Zr (ZrC) to O atoms on Zegide of the interface.
This value increases with the number layers andrbes
fairly constant at three layers of Zr@eposited. The high
charge transfer of more than 0.9Grem Zr (ZrC) to O (ZrQ)
closest to the interface results in very strongriacial bonds
between the interface Zr and O atoms, subsequeatlging
breakage of the O layer (Zsclosest to the interface from the
remaining part of the ZrOphase. In all layers of ZgO

A Bader charge analysis is provided in this section
understand how charges are transferred upon forrttieg
interface from the cleaved surfaces. The chargesfiea on the
atoms are arranged in a spatial profile of the atérom the
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deposited, there is essentially no significant ghlar
redistribution in the atomic layers farther awawnfr the
interface moving toward the bulk region of the mtjve
phases. With three or more ZrQayers deposited, the high
charge transferred from interface cations to animieases
part of the axial strain imposed on the Zrghase as it is
brought into registry with the ZrC substrate upomfing the
interface. The magnitude of the charges transfefirech Zr
(ZrC) to O (ZrQ) for the different layers of ZrQare in the
same pattern as the relaxed work of adhesion cadgduot the
different number of layers.

Table 5. Charge transfer analysis of Interfacial sucture
between ZrC(111) surface and different number of Igers

of c-ZrO2(111) in the Zr|OO|Zr|OO—ZrC (111) top site
interface model. Values reported are net charges
(electrons/atom) obtained with respect to the chaes on

the atom in the corresponding surface slabs that fo the
interface.

lon type ZrQ layers on ZrC
1 2 3 4 5
ZrOz layer Zr | 0.05| 0.01 - - -
at Interface 0.09 | 0.07 | 0.08
(0] 0.04| 0.42| 0.21 0.2% 0.28
(0] 0.38| 0.73| 0.67 0.7% 0.7
Interface Plane
ZrC layer | Zr - - - - -
at Interface 0.49 | 0.89 | 0.94 | 0.92 | 0.93
C 0.00 - - - -
0.04 | 0.05 | 0.07 | 0.07

© 2016 Tous droits réservés.

In table 6, a spatial profile of the charge tran&erovided in
order to obtain further understanding of the etadt
structure of the interface formed and how it afethe
corresponding bulk and surface properties. The rstaltle
Zr|00|Zr|00--ZrC(111) top site model with four layeof
ZrO; is used in this analysis. In this table, the agercharge
distribution per layer is arranged in a profile nmgvfrom the
interface plane towards the bulk and then the exgbasirface
regions. In this analysis, it is essential to corapatilize the
AQs values of table 6 when analyzing the surface regiginese
values are with respect to atoms in the correspgndurface
slabsO whileAQb values are used when making bulk comparisons
(AQp values are with respect to corresponding atoms ulk b
phases). At the interfacial region, there is sigaiit amount of
charge transfer, compared to the correspondingsineiace. This
high amount of charge distribution originates maiflom Zr
(ZrC) and placed on the O atoms (ZyCat the interface.
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However, moving away from the interface into théklmegions of
both phases, and finally to the exposed surface @fr&rQ, there
is virtually no charge redistribution. THeQy values for the bulk
regions also shows no charge redistribution upamifoy the
interface. This further ascertains the interfacdecaffected only
by atomic layers closer to the interface plane.

5 Summary and Conclusion

Different experimental techniques have been used to
characterize the oxide layer formed on ZrC nandiges.
XPS, ToF-SIMS, TEM-ED experiments were used to yaeal
the oxide layer and confirmed the presence of,Zr@ainly
cubic with some tetragonal ZsGas a shell around the ZrC
nano particles. Details of the experimental resaflésprovided

in a previous papéf.

Finite temperature ab initio molecular dynamics waed to
build 2 layers of Zr@Qon ZrC (111) surface. An ordered layer
of ZrO, was observed to form on the ZrC(111) surface.

Periodic DFT was used to characterize the interfasteveen
ZrC (111) and c-Zr@(111). The preferred interface observed
was formed between Zr terminated ZrC(111) and an OO
terminated c-Zr@ (111) leading to a final interface model
Zr|00|Zr|00//ZrC(111). The main mechanical propersgd

to characterize the interface is the relaxed wdrlaghesion
Wad. This value reveals the Zr|OO|Zr|O0//ZrC(11bgei as
the most stable interface with a high Wad value gamad to
the other models. A thermodynamic analysis using th
interface grand potential also confirmed the
Zr|00|Zr|00//ZrC(111) model as the most stablerfate. A
close examination of the structural properties aése
deposition of an oxygen layer from the Zr@hase onto the
ZrC(111) surface with the remaining part of Zieaking off
from the interface, suggestion a crack at thisriate. This is
also in very good agreement in a previous studytlom
oxidation of Zrc (111) surface which revealed tberfation of
an oxygen layer on the surface with further additf O
atoms leading to an endothermic reaction.

The electronic structure of the interface was arelyusing
the density of states calculated for the interfac®lels. The
DOS showed no major changes in induced by the fdrme
interface but only features of the deposited oxydgyer.
Using Bader charge analysis, there is an enormowsiat of
charge transfer at the interface, originating mnaifilom
cations on the ZrC side (Zr) to the O atoms fror@®.Zat the
interfacial region. Moreover, there is virtuallyo rcharge
redistribution in the bulk regions of the interfasiab. Thus
the interfacial properties are governed by locé#a$, only
confined to the first two atomic layers around theerface
plane.
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Table 6. Spatial profile of Charge transfer arrangel along the normal direction of the interface.AQs is difference in the
charge of the ion with the corresponding ion in theisolated surface slab used to create the interfacend AQ» is the
difference in charge between the ion and the corrpsnding ion in the bulk structure.

© 2016 Tous droits réservés.

Layer in 4 ZrQ; (surface) 3 Zre(bulk) 2 Zr& (bulk) 1 ZrQ (interface) 1zrC 2 ZrC (bulk)
slab (interface)
lon type (0] Zr (0] Zr @) Zr (0] @) Zr 0] VA| C Zr C
Absolute | 7.14 | 2.63| 7.18| 179 7.1y 711 1.y2 709 Vy172| 7.1| 7.17 2.00| 5.74 2.28 5.71
Q 1 3
AQs(vs | -0.04 | 0.07| 0.01| 0.04 0.0p -l- - - 0.2 | 0.75 - - -0.07 | -0.03
surface) 0.08| 0.01| 0.02| 0.0 | 0.07| 5 0.92 | 0.07

7
AQp(vs | -0.01| 0.94| 0.03] 0.10 o0.0p -| 0.03 - - 1003 - |0.02 - | 0.08| -0.06| 0.05
bulk) 0.04 0.06 | 0.0 0.0 0.34
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4. Conclusion

In this chapter the nature of the oxide layer fainoe ZrC surfaces is determined through the
combination of several experimental techniquesoligh the use of XPS, the Zr, O and C peak
analysis showed the presence of ZmMdth a thickness of about 3 nm on the ZrC subssat
However, it was observed that even at experimergaditions in ultra-high vacuum (UHV)
during measurements, there was still the reformatiboxide after removal of the oxide layer.
ToF-SIMS analysis was used to study this procedstandepth profile of the oxide layer. TEM-
ED analysis was also used to identify the crystalses of Zr@present on ZrC substrateZrO,

with traces ot-ZrO, were observed as thin shells around the ZrC sathsturface.

Finite temperature ab-initio MD simulation was useduild a layer of Zr@ontop of ZrC(100)
surface and we observed the featurex-dfO,. Analysis of the interface between ZrC(100)
surface ana-ZrO2(001) revealed a strong interface formed. We olexkmterfacial properties
to converge after three layers ®ZrO>(001) on ZrC(100) surface and the interfacial prope

depend on only the first one or two Zrfayers and not on subsequent layers.

For the interface formed between ZrC(111) surface @ZrO»(111) surface, we observed a
crack in the Zr@Qphase formed on ZrC and this resulted in the dépoof an oxide layer ontop
of ZrC as observed during the oxidation procesar6{111) surface in chapter IV. The interface

is thus governed by local effects only confinedh® first two atomic layers around the interface.

In conclusion, since a ZeQayer is found around ZrC nano-crystallites, theeiface model
formed between ZrC(100) and Zx@00) can be considered as the most stable. Thisdause
the interface formed from the (111) surfaces of ar@ ZrQ leads to deposition of an oxide
layer ontop of ZrC with no Zrgeft.
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Chapter VI: Grafting of Preceramic Polymeric
Precursors on Functionalized Surfaces
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1. Introduction

This chapter concludes the project with a final gaat involves grafting of polymeric precursors
on exposed surfaces. Since studies in the prewbapter identified Zr@layer on top of the
substrate ZrC, studies in this chapter is carrigidom the exposed surfacetafrO,(001) on top
of ZrC(100) substrate.

The chapter includes initial hydration of the exgubszirconia surface, followed by further
functionalization with allyl(chloro)dimethylsilan&.he final part along the steps of synthesizing
ZrC/SiC core/shell nano-composites is to furtheaftgthe functionalized surface with a
polymeric precursor, preferably polycarbsilaneshedtorganic reagents are also explored for

their functionalization.

The chapter is however made up of a fully writteticke which is under review for publication.
The article is entitledGrafting of Preceramic Polymeric Precursors ontcCZt00)//t-ZrQ(001)
using Grafting-to Approach en-route to Synthesiztii@/SiC Core/Shell Nano-composites: A
Combination of Experiments and Theoretical Studigs the title implies, it is a combination of
both experiments and theoretical studies. Howehertheoretical part is presented here and a

combination with the experimental part will be mddlethe final published paper.

2. Grafting of Preceramic Polymeric Precursors onto
ZrC(100)/It-ZrO 2(001) using Grafting-to Approach en-
route to Synthesizing ZrC/SiC Core/Shell Nano-
composites: A Theoretical Study

This section is made up of a fully written reseaacticle. The final published article will be a
combination of experiments with theory and hence ttreoretical part presented here will be
combined with the experimental part from a différeesearch group before publication. The
article is presented here in the exact format agatirnal that will publish it.
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Grafting of Preceramic Polymeric Precursors onto ZrC(100)//t-
Zr0,(001) using Grafting-to Approach en-route to Synthesizing
ZrC/SiC Core/Shell Nano-composites: A Theoretical Study.

Eric Osei-Agyemany Dasan Aristf,Romain Lucag,Sylvie Foucaud,Jean-Frangois Patil,
Sylvain Cristot*

1Université de Lille 1, Univ. Lille, CNRS, ENSCL, @gale Lille, Univ. Artois, UMR 8181 - UCCS - Unitde
Catalyse et de Chimie du Solide.

2Université de Limoges, CNRS, ENSCI, SPCTS, UMR, F383000 Limoges, France.

KEYWORDS (Word Style “BG_Keywords”). Grafting, dirad-to, DFT, atomistic thermodynamic modeling, 3-
butenoic acid, allyl(chloro)dimethylsilane, diphdsikane, 1,4-diethynylbenzene,zirconium carbidégan carbide,
zirconia, ZrC, SiC, Zr@

ABSTRACT: Zirconium carbide (ZrC) being a non-oxide ceramith a high melting point has excellent physicadl anechanical
properties that makes it applicable in harsh emvivental conditions such as nuclear fuel reactol \irsdn amongst others.
However, there is a problem of oxidation as it ferfow refractory oxides at temperatures of 500 8 €0 There is however no
method described so far for controlling this oxidatand an anticipated method is to coat the sarfaith SiC which forms
protective oxide layers at higher temperatures4§f0PC. Silicon carbide (SiC) formed from polymeric puesors however has
outstanding high temperature properties. Thigegtotherefore aims at grafting polymeric precusson functionalized ZrC
surface en-route to synthesizing ZrC/SiC core/shatio-composites. In this study, the exposed seirfecthe zirconia side of t-
Zr0O,(001) ontop of a ZrC(100) substrate is first maatifiwith water. Water preferentially adsorbs molady and a subsequent
functionalization with allyl(chloro)dimethylsilan@ACDMS) in a nucleophilic substitution reaction kvithe release of HCI was
very weak. However, subsequent grafting of the melyc precursor built from diphenylsilane and lidtdynylbenzene
monomers in a grafting-to approach through a hybjtason reaction was a highly favorable and exathic reaction. As the main
problem encountered is with nucleophilic substitntreaction of ACDMS and hydroxyl groups on thefacg, a bifunctional
organic molecule, 3-butenoic acid was exploitetu8noic acid strongly adsorbed to surface Zr atthmugh chelating effects of
the carboxylic acid group and the subsequent hygilatson reaction with the preceramic precursorswalso a favorable
exothermic reaction.

1. INTRODUCTION the oxidation process and mechanisms of ZrC. Theows
Zirconium carbide (ZrC) being a non-oxide Ceramas ha accounts have been given on oxidation at diffecemiditions
high melting point of 3400C and exhibits excellent mechanic and also on the various low index surfaces of AlCstudies
and physical properties. The presence of theseeptiop are have shown extremely strong interaction of oxygetin ¥’rC
advantageous and as such, ZrC is applied in severapurfaces. Both theoretical and experimental arsalyave been
applications including the Aerospace industry anctitting ~ done on the ZrC(111) surfate? All these studies showed

tools22 Advantage is also taken on the presence of extyeme COomplete dissociation of oxygen into atomic specss
high melting point and as such, it is being considein the adsorption at three-fold hollow sites between treedace Zr

nuclear industry as a structural and fission produgrrier atoms. On the ZrC(100) surface, several accoungsbean

coating material for tri-isotropic (TRISO) coatedafear fuel ~ diven on the oxidation of this surface and all sh@atremely
used in higher temperature reactofhis makes it suitable for ~ reactivity of this surface with oxygéﬁ': Oxygen dissociates
replacing or used in addition to the already usecamic completely_on this surface into atomic species atisbrbs at
silicon carbide (SiC¥:® an mmc site between two metal and one C atom on the

surface. Only one theoretical account has beemgire the
oxidation of ZrC(110) surface and the observat®m istrong

. . ST reaction with oxygen in a dissociative manner legdio the
setback is theT ease with which it oxidizes. Zr@stforms Iqw final formation of ZrQ layer on the ZrC surface.
refractory oxides at lower temperatures 500-6Q0° This ) .
problem is a major setback in its numerous apptioatas the ~ €oncerning the nature of oxide layer formed on Z(face,
excellent physical and mechanical properties aterideated some researchéfwobserved the formation of a ZrO-like layer
once it begins to oxide. Several accounts have baam on in the form of ZrQ (1 < x < 2) on the ZrC surface and the

Moreover, aside the aforementioned excellent ptasethat
makes them applicable in a wide range of arenas\apr
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presence of this layer is observed to activate ZHg(100)
surface for further reaction with other molecufea. separate
study also found the formation of a monolayer ofygen
adsorbed on the ZrC (100) surface without any &rrth
diffusion of oxygen into bulk ZrC, thus passivatittte ZrC
surface® A similar feature was also observed for the Zr@j11
surfacé. Separate studies identified Zr@s the oxide layer on
ZrC and established crystallographic relationshigtsveen the
ZrC and ZrQ facets that form the interfaé&? Several other
experiments have revealed 2r&s the oxide phase formed on
ZrC with the appearance of cubic, tetragonal andaulinic
at different temperatures with the release of, @a@s?2 In
our recent studi€§® nerface papen 5 couple of experimental
techniques such as XPS, ToF-SIMS and TEM-ED techasq
were used to identify cubic ZgQith traces of tetragonal ZgO
as shells around ZrC nano particles. Periodic DFHO a
atomistic thermodynamic modeling was then used
characterize the interface formed between ZrC a@d.Z

Aside all studies carried out on the oxidation ofCZnhano
particles, no attempts have been made to contobttidation
and maintain and physical and mechanical propettiasare
required for the applications ZrC is known for.this respect,
it is therefore imperative to develop a techniguat provides
protection of oxidation on ZrC surfaces. A viablethrod is to
coat ZrC nano particles with SiC. This is because f8rms
protective oxide layers at higher temperatures4ff0PC but
do not oxidize at lower temperatures. This is shawfigure
1. The conventional method for producing ZrC/SiC
composites is to use conventional powders of Si@ Zn
which are mixed and then sintered. Moreover, theblem
with this method is homogenization of the sintepmivder
and hence makes it suitable to use pre-ceramiames’ 2
SiC ceramics produced from polymeric precursorskamvn
for their outstanding high temperature propeftiégls ZrC
surfaces has to be modified for grafting of theypwdric
precursors. However, there is no functionalizatimethod
described in the literature for ZrC with the exdéeptof our
recent functionalizatioh®? of all ZrC surfaces with water
which yielded hydroxyl groups. Recent studies haxeealed
the interaction between vinyl groups of polycarta® and
metallic Zr in ZrGS3. Exploitation of the affinity of vinyl
groups of polyvinylsilanes on ZrC has allowed immgo
microstructural homogeneity in the resulting conifes®.
The nature of the grafted polymer on the ZrC swfaas
however not been investigated. This work aims atiding
details on the nature of grafting and propertieshef grafted
polymeric precursor.

to

Polycarbosilane : Preceramic Precursor of SiC

Pyrolyse

T>1000°C
ZrC

Figure 1. Synthesis of ZrC/SiC core/shell nano-cosites

The initial part of the manuscript considers andméd ZrC
surface withc-ZrO, as already studied in a previous paper.
The next part then deals with functionalizatiortioé exposed
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ZrO;, surface with water, linkage to atomistic thermaatyrcs,

further functionalization with allyl(chloro)dimetlsilane
(ACDMS) and subsequent grafting of polymeric
macromolecules. In  the subsequent section, the

functionalization process of ZrC is initiated widm organic
compound with further direct grafting with the puoigric
macromolecule. A final section gives conclusionsd an
perspectives.

2 CALCULATION SCHEMES AND METHODOLOGY
2.1 General Calculation Method

The Vienna Ab-initio Simulation Package (VASPhased on
Mermin’s® finite temperature DFT was used for all
calculations. The electronic configurations usedZn C, O,

H and Si are [Kr]4éb<, [He]2€2p?, [He]2f, 18 and
[Ne]3s23p? respectively. The core electrons as well as the cor
part of the valence electrons were represented with
Projector Augmented Wave-function (PAW) pseudo-
potentiaf® in order to reduce the number of planewaves
required for describing electrons close to the ewsl The
generalized gradient approximation (GGA) as pardnezt by
Perdew, Burke and Ernzerhof (PBEwas used for the
exchange correlation part of all calculations. Thethfessel-
Paxtori® smearing scheme was used by setting the gamma
parameter to 0.1 eV and an optimized energy cubbdbB00

eV was used to expand the plane wave basis setsicriding
the valence electrons. This cut-off energy was deg¢rmined
for ZrC as it is the substrate used in all strugdtunodels
considered. A standard Mohkhorst-PEdpecial grid of 9 x 9

x 9 k-points was used for all bulk calculationsntegration of
the Brillouin zone while all surface calculationasvdone with

9 x 9 x 1 k-point mesh. Within the self-consistéatd (SCF)
procedure for resolving the Kohn-Sham equations,
convergence is assumed to be reached when two ssinee
iterations have energy changes of 1 ¥ ®Y. In performing

all surface calculations, the positions of all ibres in the three
top most layers were allowed to relax until the feates
acting on them were smaller than 10-2 &While keeping all
other atoms fixed to mimic bulk properties.

For all surface calculations, (1 x 1) unit cellsrevesed except
for lower coverages where other surface supercatis
considered and a vacuum of s used to separate two
periodically repeated cells. This is done to préveny
unphysical surface-surface interactions. The skdxduor all
calculations is made up of @ZrO,(001) phase ontop of a
ZrC(100) substrate as shown in figure 2. The stingcbf such
a slab has already been studied and determinedoievdous
study. An initial analysis showed ZrC substratiekhess to
have negligible influence on the adsorption prdperbn the
exposed Zr@surface and hence only two layers of ZrC was
used as substrates.

The (1 x 1) cell used has a lattice parameter Z86lA and an
exposed surface area of 22.483 The (1 x 1) slab has two
oxygen atoms exposed on the surface.

Both associated and dissociative modes of adsarptiere

used for adsorption and reactivity of moleculesttum surface
and the adsorption energy is calculated as in aquat
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Eads = _[Emol/Surf - ESurface - Emol] eeeeeee €4 (1)

In equation 1, Rossurtis the DFT energy of the surface with
adsorbed molecule on it skace is the energy of the free
surface and & is energy of the molecule in the gas phase.

The effect of different coverages are also caledlahrough
the use of appropriate supercells to achieve diffecoverages
of 0.25 monolayer (ML), 0.50 ML, 0.75 ML and 1.0 MLhe

coverage is determined by the number of availab$®gotion

sites. On this surface, the surface Zr atoms defiresurface
coverage. A similar approach as described abovesésl for

further grafting of polymeric precursors on the dtionalized

surface.

Figure 2. A (2 x 2) ZrC(100)/c-ZrO2(001) slab. Qokcheme:
Red = O atoms, Yellow = Zr atoms, light blue =tGras

2.2 Atomistic Thermodynamic Model

In order to provide a relationship between the @afculated
properties in DFT and experimentally relevant ctinds, the
already well-established atomistic thermodynamicdefd is
used. The assumption is that, the adsorbed mokeariethe
surface are in thermodynamic equilibrium with tres gohase
serving as a reservoir for the gas phase molecM&s.can
then define a Gibbs free energy of adsorptiofG] as a
function of thermodynamic parameters like tempegmtu
pressure and chemical potential through equation 2:

AG = [AEO + EZPE(mol/surf)
- AZ nu(T, p) ] ..eq.(2)
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The zero point energy (ZPE) contribution of the ecole
upon adsorption on the surface is taken into adctunugh
the termEzpramoysursy While AE, is the electronic energy
difference between the surface with adsorbed midedbe
free surface and the free molecule in gas phase isand
approximated by their respective DFT energias. (T,p)
defines the difference in chemical potential of ges phase
molecules and all other released species in thdiosa AE,

is also given by the expression in equation 1. @barin the
chemical potential of gas phase molecules are hitoalgout
by the thermal contributions and hence containgtgature
dependent terms as shown in equation 3:

P
Au(T,P) = Au°(T) + RT In (ﬁ) e €q.(3)

However, statistical thermodynamics is used touate the
changes in chemical potential of the gas phase aulgle as
follows:

Ap® (T) = [EZPE + Evib(0—>T) + Epor + Etrans] + RT
- T(Svib + Srot
+ Strans)

These changes define the vibrational, rotationald an
translational degrees of freedom provided by therntal
contribution as well as the entropic contributiofhese
contributions can be obtained from standard siesist
thermodynamic formulae through combination withcoddted
frequencies at equilibrium geometries. The valuiedd (T)
are calculated for the gas phase molecule at differ
temperatures. Thus the assumption made is that
contributions in the phase are considered whileattisorbed
molecule is considered immobile with no rotatioread
translational degrees of freedom but only vibraiodegrees
of freedom. The pressuré B equation 3 is set to 1 atm and
thermodynamic stability plots are obtained at défe
temperatures and pressures with the calculatgd) (values.
The plots include effects of the different coversage

all

2. RESULTS AND DISCUSSION
2.1. Surface Functionalization with,®l

The initial study involves functionalizing the exgeal surface

in the slab with an appropriate molecule such atkemwahe
use of water is motivated by the fact that, in puevious
studie$*2 we achieved functionalizing the bare ZrC surfaces
with water through the production of surface hydtayoups.

Considering both associative and dissociative modés
adsorption of water, the process is carried out @tep by step
manner starting with one water molecule followedampther
water molecule on the available site. The firstewaholecule
was observed to adsorb in a dissociative mode withOH
ontop of Zr while the remaining H atom is adsorbedsurface
O atom. The hydroxyl group is not bridged but af@H with

a bond distance of 2.114 between surface Zr and O atom of
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the OH group. The bond distance between H atomthed
protonated surface O atom is 1.089The surface is hydrated
surface is further stabilized by hydrogen bondiegneen the
dissociated water species on the surface. In dwdorm a
bond with the hydroxyl group, the surface Zr atoare
displaced from their equilibrium position and redaxupwards
from its buried initial positon.

The A/G for this process is calculated to be -0.692 eNisT
adsorption energy shows a strong interaction £ Mith the
surface and the equilibrium geometry of the dissted water
molecule for adsorbing 1 water molecule is showfigare 3.
This also defines 0.5 ML coverage as they are 2ssit
available.

Upon the adsorption of a second water moleculeltesbsin
associative mode of water adsorption. Thus thé¢ didsorbed
hydroxyl group is reorganized into molecular waidrile the
second water molecule also adsorbs at the firsdit&rin an
associative mode. The presence of the second wptmie
causes changes in the adsorption mode of the \fieger
molecule. There is further stabilization of the teys by
hydrogen bonding between the adsorbed water ma@sand
the surface O atom\,G of the second water molecule is
calculated to be -0.936 eV. This adsorption ené&dywever
made up of strong hydrogen bonding with no hydraxglups
present on the surface. There is an increase id dgtance
between the surface Zr atom and O of the water catdewith
distances of 2.36A and 2.439. The second water molecule
defines a coverage of 1.0 ML.

(a)

S,

\ . 2. N, 2.

Figure 3. (2 x 2) ZrC(100)/c-ZrO2(001) surface hwadsorbed
water molecules. (a) is adsorption of 1 water mdke@and (b) is
adsorption of 2 water molecules. Color scheme: Re® atoms,
Yellow = Zr atoms, light blue = C atoms, Gold = tdm

The adsorption was continued with a third water enole.
However, as there are only two Zr sites availabith wne Zr
buried within the surface in the direction of tleeand layer, a
third water molecule has no available site to bamdi hence
forms a layer on top of the adsorbed water moleevita
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stabilization through hydrogen bonding. This praecds
accompanied by an adsorption energy of 0.457 eVisTdny
further addition of water will result in the fornia of a water
layer on top of the adsorbed water molecules aabilsted
with hydrogen bonding. The adsorption is therefkiopped at
2 water molecules and different supercells wered use
calculate the adsorption energies of water for V25 and
0.75 ML coverages. The calculated adsorption easrgit
different coverages is provided in table 1. There easily
observable changes in the adsorption energies fdretit
coverages. At 0.25 ML where there is little intei@t with
other water molecules, the adsorption energy ish,hig
decreases at a substantial amount to reach theML5and
begins to increase again. It is clear that therthaseffect of
lateral interaction on the adsorption energies afewon the
exposed surface.

Figure 4 provides a density of states (DOS) plat the
adsorbed water on the surface. Figure 4 (top) shaws
projected DOS for the surface atoms before adsorptif
water molecules. As the exposed surface is madef upO;
units, the insulating nature of the surface is olest at the
Fermi level where there is a gap between the cdmduand
valence bands. It is however clear from the tof@iS TDOS)
plot that due to the substrate ZrC, the TDOS shawgetallic
bonding nature at the Fermi level and hence thestsath
effect is not negligible. The characteristic OH tham water is
observed at -9.7 to -9.4 eV in figure 4. Interactimf water
with the surface is very diffuse and the covalesiure of the
bonding is obvious.

» ——TDOS surface
g : Surface O -s
& 1 ; Surface O -p
g : : Surface Zr -p
= : 1 Surface Zr -d
g - !
a 1
1
1
13 e Ener_g?i'/ eV 2 7 i
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Figure 4. PDOS of surface (top) with TDOS of thep@sed
surface (insert of top figure), PDOS of H20 on esgub surface
(bottom)
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Table 1. Adsorption energies of water at different
coverages on ZrC(100}#ZrO 2(001) exposed surface

Coverage| 0.25ML 0.50 ML 0.75 ML 1.00 ML
Eadd eV/ 1.025 0.692 0.889 0.936
H20

© 2016 Tous droits réservés.

A thermodynamic treatment of the adsorbed wateemdé is
also considered. The stability plot is given atthdifferent
temperatures by plotting the Gibbs free energyhefreaction
A/G against partial pressures of water at differeniecages.
The lowest lying of such plots is the most stafflee plots
given in figure 5 are at room temperature (298.35400 K
and 500 K of hydrating the exposed surface. liearcthat at
room temperature, the surface is covered with watefull

Thése de Eric Osei-Agyemang, Lille 1, 2016

coverage at high pressures up to abot>Har at which point

a lower coverage is reached and the bare surfaszdvered

at ultra-high vacuum pressures. It is noteworthgt tthe
surface can be hydrated at room temperature bubh wit
hydroxyl groups only within the range of ‘3®to 108 bar
pressures. The water molecules are easily remawed the
surface as temperature is increased due to thevitigational
degrees of freedom upon adsorption on the surf&ge.
increasing the temperature to 400 K, hydroxyl geoupn be
obtained within 18-°to 10%° bar of pressure.

T=298.15K 003 | TTeils

bare surface

bare surface

AG/eV

log(Pyz0/P0)

log(Py20/P0)

bare surface

log(Py20/P°)

-9.0 -7.0 -5.0 -3.0 -1.0 1.0 -9.0 -7.0 -5.0

-3.0 -1.0 1.0 -9.0 -7.0 -5.0 -3.0 -1.0 1.0

Figure 5. Stability plot for adsorption of water ArC(100)t-ZrO2(001) exposed surfac

OH )
OH ,OH CHy
a-Si “CH; 0.51 ml{140equivalent) CHs
CHy - 8
HO > R= $‘ R CH;:
OH 24 hrs, 20 0r 40°C CHs
HO OH Diethylether{10 ml) \
OH OR
DZrC(1g) {FzrC)

ZrC.

2.2 Functionalization with Allyl(Chloro)dimethylsihe

With the main aim of grafting a preceramic polyroeri
precursor on the surface, the next step is gairhdur
functionalization with allyl(chloro)dimethylsilanACDMS).
This reaction is shown in figure 6. At this poimte used the
fully hydrated surface for the functionalizationteviACDMS.
This is because as can be seen from figure 5,cthisrage
appears over a wide range of water partial pressure

Interaction of the hydrated surface with ACDMS malyzed
through calculation of a reaction enthalpy. Thectiea is
considered to be a nucleophilic substitution reectvith the
release of HCI gas. This reaction is shown in éqoés.
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Figure 6. Functionalization with allyl(chloro)dintsisilane (ACDMS). FZrC means functionalized ZrQldZrC means deagglomerated
R

= ACDM

ZrC/ZrO—H0O + ACDMS - ZrC/ZrO—HO—ACDMS +
HCI

The calculated\;G for the above reaction is -0.13 eV. This
reaction energy shows the process is not strongithermic.
As the starting point of the calculation was molacwater on
the surface on which the ACDMS was grafted, theriither
rearrangement to move one H atom (froa®Hto a surface O
atom and ACDMS reacting with the resulting OH grauphe
nucleophilic substitution reaction. It might be tthahis
rearrangement contributes to the -0.13 eV calcdlaiéus,
further functionalization with ACDMS is not a stipmprocess
and might not lead to highly functionalized surfaBwen if
the hydrated surface is functionalized, there numbgé
functionalized molecules on the surface might bey uew.
The resulting structure after the surface is fuomalized with
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ACDMS is shown in figure 7. The bond distance bemw®
(H20) and Si (ACDMS) is 1.674.

2.3 Grafting of Preceramic Precursor usiBGgafting-to
Approach

As the final step of achieving the synthesis airmslagwn in
figure 1, there is a further grafting of polycariese
precursor units onto the functionalized surfacelde Thethod
of choice here is thgrafting-to approach. In this approach, an
already synthesized macromolecule is covalentlydbdnto
the functionalized surface. Synthesis of the maoteoule is
shown in figure 8. The macromolecule is synthesifed
diphenylsilane and 1,4-diethynylbenzene monometsubiue
to the grafting-to approach used in the synthessmodelled
the macromolecule as the grafting unit on the fionetized
surface. The enthalpy of the reaction process isulzed.
This reaction uses the final S-H bond of the maalecule in
a hydrosilylation reaction to attach the macromaledo the
alkene group of the ACDMS on the modified surfathis
hydrosilylation reaction is observed to be a faable
exothermic reaction with a reaction enthalpy offQ0eV. As
such, the grafting-to approach will yield the dedirgrafted
preceramic precursor on the modified surface. Thedted
macromolecule through thgrafting-to approach is shown in
figure 9. The grafting of the macromolecule resuiis
blockage of several the sites available on neigtibgu
ACDMS sites. The bond distance between Si of ttadten
macromolecule and the terminal carbon ACDMS is 189

Figure 7. Hydrated ZrC(100)/t-ZrO2(001) exposedaxe grafted
with ACDMS. Color scheme: Red = O atoms, YellowZe
atoms, light blue = C atoms, Gold = H atom, Gre¥iatom
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2.4 Functionalization with other organic compounds

As noted in sections 2.1 and 2.2, there might bblpms with

surface modification when water is used. Water wilinly

exist as molecular species and the functionalimatiath

ACDMS is not a highly favourable reaction due te tlow

exothermic nature of the adsorption and the remamial
substantially low temperature. Another approach tza be
considered is to explore other organic compoundsdhn be
used for functionalization and by-pass the hydratitep. In
light of this, bifunctional organic molecules cam &mployed.
Compounds with two functional groups can be usedidigg

one part for binding to the surface and explorihg bther
functional group for further grafting.

Several organic molecules were screened for thipgse.
These include compounds with OH groups and carloayid
groups. The compounds which were initially constdeand
tested are lactic acid, oxalic acid, ethanoic aaitd 4-
hydroxybenzoic acid. These compounds were selagdtiey
contain OH groups and carboxylic acid groups.

All compounds exhibited strong interaction with taeposed
surface through the carboxylic acid groups. We exqul the
adsorption through one O atom of the carboxylid agioup
and the chelating effect of the two oxygen atomb&e T
chelating groups exhibited strong interaction wstirface Zr
atoms and protonation of surface O atoms. The Izt
adsorption energies for the different molecules giken in
table 2.

Further functionalization of with ACDMS on the secdo
functional groups of the organic molecules through
nucleophilic substitution reaction were tested.sThan be
shown in table 2 as well. The reaction with ACDM&idg
nucleophilic substitution reaction through an Otdigr of all
the molecules considered are endothermic as caseée in
table 2. It therefore becomes obvious that the enptlilic
substitution reaction of ACDMS and hydroxyl grougsnot
appropriate for further grafting as is evidencedhsyhydrated
surface and also through the bifunctional organitecules.

From this point of view, it is therefore necesstaryconsider
bypassing the nucleophilic substitution reactionAGDMS
and employing an organic reagent which is bifunaloand
can be adsorbed directly onto the exposed surfacite w
exploring the other functional group in thgrafting-to
approach for grafting the macromolecule.

2.4.1 Functionalization with 3-butenoic acid anditHher
grafting of Macromolecule

As discussed in the previous section, there isrbed to
consider different groups functionalization. Foe ghurpose of
the work, 3-butenoic acid is a good candidate. Thisecause
there is the availability of a carboxylic acid tlain be utilized
for adsorbing onto the exposed surface and theladai
double bond used for the hydrosilylation reaction the
grafting-to approach. The calculated adsorption energy for 3-
butenoic acid on the exposed surface using theathegl
properties of the carboxylic acid group is 0.997. éfhis
shows a strong interaction with surface Zr atormsugh two
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O atoms of the organic molecule. The interactioshiswn in
figure 10. The calculated bond distances betweersthiface
Zr atom and the chelating O atoms are 2.85%d 2.322.

A DOS plot (figure 11) is obtained for the adsorbed 3-
butenoic acid on the surface in order to check the
electronic structure. The DOS shows the bonding
between O atoms of the chelating group in 3-butenoic
acid and Zr atoms on the exposed surface. The bond is
typically of Zr -d mixing with O -p between -6.4 eV and -
7.4 eV. The sharp nature of the peaks suggest ionic
nature.

After functionalization with 3-butenoic acid, the grafting-
to approach was used to graft the preceramic
macromolecule as described in section 2.3 by utilizing the

Thése de Eric Osei-Agyemang, Lille 1, 2016

double bond of 3-butenoic acid for the hydrosilylation
reaction. This reaction was highly favourable in an
exothermic reaction as observed in section 2.3 when the
hydrosilylation reaction was carried out through the use
of ACDMS. The calculated A/G for the hydrosilylation
reaction is -0.942 eV.

3. SUMMARY AND CONCLUSION

DFT studies has been carried on functionalizatiénZaC
surfaces with further grafting of preceramic orggpiecursors
with the aim of synthesizing ZrC/SiC core/shell oan
composites.

Diphenylsilane 1,4-diethynylbenzene

Karsted's Catalyst Pt(0)

. / i
el o= 7\ = Toluene Lok // < >
\=/ 75°C,24 h
93%

Figure 8. Synthesis of macromolecule usegrafting-to approach of synthesis

This analysis was carried out on the exposed sufdZrQ,
on a ZrC substrate which was studied and described
previous study. In the first part of the study, theposed
surface was modified with water. There is adsorptiaf
molecular water at a wide range of pressures wyidirdxyl

groups appearing at extremely low water partiabguees. The

resulting hydrated surface was further functioreizwith
allyl(chloro)dimethylsilane (ACDMS) in a nucleopiil
substitution reaction with the release of HCI gékere is
rearrangement in the adsorbed molecular water tirolyl

groups when ACDMS is adsorbed and the interactibn o

ACDMS with the OH groups is a rather weak one. Haave
further grafting of a polymeric precursor in a hysltylation
reaction using a grafting-to approach was a hidalorable
exothermic reaction.
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Table 2. Adsorption energies for chelating group of
different bifunctional organic molecules

Organic Oxalic Lactic Ethanoic 4-
molecule acid acid acid hydroxybenzoic
acid
Eads/ eV/| 1.260 0.994 1.027 0.840
molecule

Nucleophilic substitution reaction with ACDMS

ArG +0.585 +0.396 - +0.146
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PDOS of 3-butenoicacid on surface

acid O -p

Surface Zr -p

Surface Zr -d

Density of States
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Due to the poor nature of interaction between ACDén8 the
hydroxyl groups on the surface, other alternativese sought
with different bifunctional organic molecules in iwh one
functional group can be used to adsorb on the sairdad the
other functional group used to react with ACDMS.cli@a

acid, ethanoic acid, oxalic acid and 4-hydroxybénzicid

were all tested.

Figure 10. Adsorption of 3-butenoic acid on ZrC(I60
Zr02(001) exposed surface
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Figure 11. PDOS of 3-butenoic acid on ZrC(16@y02(001)
showing bonding with the surface

They all exhibited strong adsorption to the surfécg the

reaction with ACDMS was still weak and indicates tloute

of a nucleophilic substitution reaction using ACDM

inappropriate for the intended goal.

3-butenoic acid was finally used to exploit the iklity a

carboxylic acid for strong gripping to the surfatteough

chelating effect of the two oxygen atoms and a sgbent
usage of the terminal alkene bond for the hydrtilyn

reaction. This reagent gave excellent result wakofable

adsorption onto the surface and a favorable exaticer
hydrosilylation reaction in thgrafting-tomethod.
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Conclusion

An exposed zirconia surface of ZrC(100YfO2(001) interfacial slab was initially modified
with water. The adsorption of water resulted in doxgl groups at very low coverage and
molecular water as the most stable total coveraigea avide range of temperatures. A
thermodynamic treatment revealed availability ofitoxyl groups only at extremely low partial
pressures of water and the bare surface can dmsiggained at temperatures as low as 400 K.

Further functionalization of the hydrated surfacghwallyl(chloro)dimethylsilane (ACDMS)

resulted in weak interaction through the nucleaplsubstitution reaction envisaged. However,
the further grafting of a preceramic polymeric pmsor built from diphenylsilane and 1,4-
diethynylbenzen monomers employed in a graftingigthod to yield a macromolecule on the

functionalized surface was a highly favorable axaokleermic reaction.

Due to the poor interaction of ACDMS with hydroxgtoups on the surface, other organic
molecules with dual functional groups were exphbitecluding lactic acid, oxalic acid, ethanoic
acid and 4-hydroxybenzoic acid. All these compourglsaled strong chelating effect with
surface Zr atoms using the carboxylic acid funalogroup but yet a poor interaction of their
OH groups with ACDMS in a nucleophilic substitutioraction. Hence it is obvious the

nucleophilic substitution reaction path is not aygrate for the purpose of the grafting.

Another organic compound, 3-butenoic acid was usedxploiting its bifunctional nature with
both carboxylic acid and an alkene group. The cafimacid part exhibited a strong interaction
with surface Zr atoms through a chelating effect e remaining alkene group was used for the
hydrosilylation reaction in grafting the polymentacromolecule. This yielded excellent result

with complete grafting on the surface.
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General Conclusions and Perspectives
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As zirconium carbide (ZrC) is known for excellemtygical and mechanical properties, the non-
oxide ultra-high temperature ceramic is howeveadimntaged in the sense that, it is easily
prone to oxidation by forming low refractory oxidaslow temperatures which deteriorates the
properties mentioned above and hampers applicafidreye are however no attempts providing

a control for the oxidation process. This projéetrefore aims to fill this gap.

A proposed strategy is to coat ZrC nano-compositiaeses with silicon carbide (SiC) to form a
core/shell nano material. This is because SIC foangrotective oxide layer at higher
temperatures and resistant to oxidation at low t¥atpres as is the case for ZrC. As such, initial
characterization of ZrC bulk is required followed Iseveral studies on the surfaces to
modification, functionalization before the finalrgiiesis of SiC on the surface.

At the initial stage of the project, bulk studies£rC were carried out. This included calculation
of lattice parameters, elastic constants, mechbpiocgerties as well as studies on defects in ZrC
bulk. The calculated lattice parameter of ZrC i&343 A and this value is in excellent agreement
with experimental and other theoretically calcullat@lues. The stress-strain approach was used
to calculate the three distinct elastic constah@r@ and all calculated values were in excellent
agreement with literature values. These elastisteon values were used to estimate other bulk
mechanical properties such as the bulk moduluspysumodulus, shear modulus and Poisson’s
ratio. The calculated lattice parameters satistieal Born stability criteria for cubic crystals.
High mechanical property values were estimated Zo€ which is typical for the known
mechanical strength. All estimated values agreds with experimental and other calculated

values.

Further studies were made on the formation of defand we considered both carbon vacancy
and carbon insertion defects. The analysis invole@dulations in zirconium and carbon rich

environments for different concentrations of thdede Carbon vacancy is observed to be
favorable in zirconium rich environments where Wlagated carbon reacts with Zr in a reservoir
to form stable ZrC. The vacancy is however stabtddw concentration of defects such as 6%
and 3% of carbon vacancies while higher conceotmatefects are not favorable. This is because
the effect of the defect can be distributed witthe supercell at lower concentrations than at
higher concentrations of vacancy and stabilizehkrrtthe system. Carbon insertion defects

results in unstable structures and the effect®tifects is observed to be more local. Calculated
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values conforms to available literature values. Bulk properties are well described by the

methodology used in this project.

After optimizing the bulk structure, studies intalsility of the various low index surfaces of ZrC
were carried out and the identified stability aiaéwas (100) > (111) > (110) with the (100)
surface being the most stable. However, the as«eteél11) surface being polar is observed to
terminate on both sides with zirconium layers upanous correction techniques used and this
confirms the experimental observation of metakigrtination on this surface. The (110) surface
being the least stable is highly reactive with haghount of states at the Fermi-level and hence
very reactive. A wulff construction of the nano-stsllites using the surface energy values at 0 K
revealed a cubic structure made mainly of (100gtmavith truncated corners of (111) facets

which is less than 1% of the surface area.

We considered reduction of the (100) surface argkiled a complete dissociation of ito
atomic species. However a calculated high actindbarrier for the K dissociation prevents the
surface from being reduced at room temperature eiNiathowever observed to adsorb both as
molecular water and dissociative mode into hydragups and CH. A low activation barrier is
calculated for dissociation of the molecularly attgol HO into hydroxyl groups and hence the
bare ZrC(100) surface can be hydroxylated with wathkis study is the first to be presented for
ZrC as no such determinations has been made pstyidn combining the DFT calculations
with atomistic thermodynamic modelling, we obsentbd (100) surface to be covered with
hydroxyl groups at a wide range of water partigssures up to 400 K until the bare surface can
be recovered at temperatures above 500 K. Additignae covered the (100) surface with a
ZrO-like layer as observed experimentally by sommugs and we observed the surface to be
further activated as it dissociates water into bygl groups as well as complete dissociation
into atomic O species with the release of Fhe oxide-like layer further activates the sueféar

the hydration process. Thus the oxide covered saeirig much easier to functionalize than the
bare (100) surface.

Hydration of the (110) surface was also carried aud observed the formation of hydroxyl
groups on this surface at higher coverage. Howeatrlow coverages, there is complete
dissociation of water into atomic O and H groupke hydroxylated surface is stable at lower

temperatures at a wide range of pressures of wdide the surface covered with completely
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dissociated water into atomic species is stablevdrmt 700 K and 1000 K. The bare (110)

surface is recovered at temperatures above 100@ Hoaver partial pressures of water.

On the (111) surface, hydration led to completeecage with hydroxyl groups accompanied by
the release of hydrogen gas. The hydroxyl grougsimarbridged positions on this surface
between three surface Zr atoms. The hydrated piepeof all three surfaces were used to
construct an equilibrium morphology of the nanostajlites. From 200-700 K, the ZrC nano-
crystallites is made mainly of (111) surface withdbing hydroxyl groups while the (100)
surface begins to appear at higher temperaturegeal@0 K with the introduction of dangling

OH groups.

As the main concern of ZrC within the context ofstlproject is oxidation, an analysis of
oxidation on the various surfaces was carried Gotsidering the (100) surface, adsorption of
oxygen resulted in complete dissociation into atospecies adsorbing at mmc three-fold sites
between two surface and one C atom. The oxidizedaiis stable at a wide range of oxygen
partial pressures and the bare surface is recoatreanperatures above 1500 K and low oxygen
partial pressures. Oxygen however passivates tifaceuand there is no further diffusion of
oxygen into the bulk. Oxidation on the (111) suefacas also an extremely exothermic process
with atomic oxygen adsorbing at fcc sites betwdmed surface Zr atoms. Manipulation of
temperature and pressure alone on this surfaceotdm used to remove oxygen even at
temperatures of 1500 K. The oxide layer passiviies(111) surface and there is no further
diffusion of oxygen into the bulk. The (110) is th®ost reactive to oxygen and dissociates
oxygen completely into atomic species. The surfame accommodate high amounts of oxygen.
A step by step analysis of the oxidation procesgated removal all surface C atoms as,CO
with a final formation of Zr@ layer on the surface. This process was observéudeagrsible at

all temperatures and oxygen partial pressures derexi. The observation of Zs@n ZrC has
been documented in the literature. After considgxidation on all three surfaces, a wulff
construction was made for the equilibrium morphglof the nano-crystallites. Due to the high
stability of the ZrQ formed on ZrC, only the (110) facets are reveaéedll temperatures

considered.

Since oxidation is inevitable on ZrC, it is necegda determine the oxide layer experimentally.

X-ray Photoemission spectroscopy (XPS) to anallieeoixide layer on top of ZrC. The analysis
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revealed the present of ZrQvith a thickness of about 3 nm. Further analysés wlone with
Time of Flight Secondary lon Mass spectrometry (BIMS) and this also revealed the
presence of Zr® Removal of oxide layer and the experiments reggkah ultra-vacuum
conditions revealed the reappearance of the oxrigier| The ZrQ@ phase was further determined
with Transmission Electron Microscopy (TEM) and @&ten Diffraction (ED) experiments. This
revealed the presence of predominantly cubic.4s@h traces of tetragonal ZgOThis further
required studies on the interfacial structure araperties between ZrC and ZrCsurface misfit
calculations were done to determine which surfaoésZrC and cubic Zr@ will form
commensurate interfaces. This revealed the commetniity of ZrC(100) and cubic Zr§X001),
ZrC(111) and cubic Zrgd111) surfaces. Finite temperature molecular dynamvas used to
build a zirconia layer on top of ZrC (111) surfatem atomic species. This revealed the
formation of ordered phase of cubic zirconia (1}Jhase. Several mechanical properties,
thermodynamic characterization, density of statedilp and charge transfer analysis was used
to characterize the ZrC(1113/ZrO(111) interface. The analysis showed this intedaci
properties to be governed by local effects and inedfto only the first layer of-ZrO»(111)
deposited on ZrC(111). There is a breakage withm first layer of the deposited zirconia
leaving an oxygen layer on top of the ZrC(111) acef This is in agreement with the results
obtained on oxidation of the ZrC(111) surface. Ashs ZrQ will not be observed on the
ZrC(111) surface.

Similar interfacial studies was done for ZrC(108Yf0O-(001). The analysis showed
convergence of the deposited zirconia up to 3 kyrc-ZrO»(001) deposited. The strain
imposed by the substrate ZrC(100) surface howeaastorms the-ZrO»(001) intot-ZrO»(001)
phase. The interfacial properties depend on orngyfiist few 3 layers and not on subsequent
layers of zirconia. Further density of states anmarge transfer analysis revealed the local nature

of the interfacial properties.

The stability strength of the ZrC(10@}/ZrO>(001) interface therefore makes it a suitable
candidate for the next step of the project. Theosgd surface on the zirconia side was then
hydrated with water. The aim is to produce hydrogybups that can be used for grafting.
However, the hydration revealed molecular wateodsd on top of surface Zr atoms as the
most stable. The water molecules are further stablilby hydrogen bonding. Hydroxyl groups
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can only be obtained at very low coverages of waterlow water partial pressure. The hydrated
surface can also be cleaned of the water at termypesa as low as 400 K. Further
functionalization of the hydrated surface was agbge with allyl(chloro)dimethylsilane
(ACDMS) through a nucleophilic substitution reaatwith the release of HCI. This was possible
due to a rearrangement in the adsorbed water meketw yield hydroxyl groups upon reacting
with ACDMS. However, the interaction of ACDMS witlater on the surface is very weak
(reaction free energy of -0.13 eV). This energylddae mostly for the rearrangement in the
water molecule and not on the reaction betweerrgkalting OH and the ACDMS molecule.
Moreover, thegrafting-to method was used to graft a macromolecule (frorhetiplsilane and
1,4-diethynylbenzene) onto the functionalized steféghough a hydrosilylation reaction. This

reaction was a highly favorable and exothermictieac

Due to the poor interaction of the water and theDMS, other bifunctional organic molecules
were considered for the functionalization. Oxalicida lactic acid, ethanoic acid and 4-
hydroxybenzoic acid were all used by exploitingithsarboxylic acid groups for chelating
surface Zr atoms and using the other functionaligr@®H or COOH) group for the nucleophilic
substitution reaction with ACDMS. All the considdreompounds showed excellent binding to
the surface Zr atoms but poor interaction with ACBM his provided more insight into the fact
that the nucleophilic substitution reaction betwagdroxyl group and ACDMS might not be the
appropriate route for grafting the preceramic payia precursor. Hence different compounds
were tested for this purpose and 4-butenoic acil fimally used. The choice of this molecule is
the fact that, the nucleophilic substitution reactpath can be by-passed and direct grafting of
the macromolecule achieved. Initial binding to &xposed surface through chelating effects of
the carboxylic acid was a highly favorable reactzom the subsequent hydrosilylation reaction

in thegrafting-toapproach was successful.

At this point, theoretical studies have shown gngfof preceramic polymeric precursors to lead
to favourable results. This is under experimentaluations for validating the theoretical results.

Perspectives With the success of achievement obtained on tieerétical study of grafting,
further experimental analysis are on the way tofioonthe grafted macromolecules on the

surface. Laser pyrolysis will further be used toneart the grafted polymeric precursor into SiC

238
© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Eric Osei-Agyemang, Lille 1, 2016

with the release of free carbon. Additionally, tret@al studies have to be carried out on the
interaction of SiC with ZrC. This will be specifibaat the interface of ZrC and SiC.
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