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Abstract

This thesis presents a comprehensive computational study ahdlecular and
dissociativeadsorption of hydrazindN,H;) on low-index perfect and defective
copper surfaces,using the density functional theooalculationswith longrange

dispersion corrdmon (DFT-D2).

Firsty, we have studied the adsorption of hydrazinelawrindex planar copper
surfaceswhere (111) is found to be the most stable surface, whilst (110) surface is
the least stableDFT-D2 calculations with a correction fothe van der Waals

interactiongesult in significant enhancement of moleesigstrate binding

Secondly DFT-D2 has been used to simulate the interaction of hydrazine lwith

index defectcontaining copper surface¥/e have studied three types of defects at

the surfaces: monoatomic steps,-&latoms and vacancjeshere our calculations

show that the adsorption energy increases as the coordination of the adsorption sites

decreasewith the strongest adsorption energy found on the stepped (110) surface

Thirdly, we haveinvestigated the arrangementrotiltiple hydrazine molecules upon
adsorption oto the Cu(111) surface, showing th#éhe main contributors to the
assembly of the hydrazine layers are the binding interactions between the adsorbates
and the sulimteandthe organisation of the M, monolayers iprimarily due to the

long-range interactions.

Furthermore we havesimulatedthe dissociative adsption of hydrazineon the
planarand steppedCu(111) surfaces We found that hydrazine prefers to form

NH, via Ni N bond decouplingwherethe NH, molecule reacts fairly easily with



co-adsorbed NH to form NH;, as well as with BHy (x=114) by subtracting

hydrogen to produce Nd&-and N> molecules.

Finally, we have constructed a microkinetic modeldevelopour understanding
of the catalytic process of,N4 dissociation on the planar Cu(111) surfacBse
temperatureprogrammedreaction and batch reactor simulagowere simulated
showingthat the NH; and N are the dominant gaseous products, whijeiHthe

minor gaseous product
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Chapter 1: Introduction

Chapter1: Introduction

Abstract

The oppeihydrazine system hasttracted considerable attention due to its
numerousapplications in diverse fields.g. in the production ofmetallic copper
nanoparticlesusing hydrazine as a reducing agamd in theroomtemperature
hydrazine/air direeliquid fuel cells based on the use odnwmstructured copper
electrodes This Chapterdescribes the aims and objectives of our research enclosed
in a literaturesurvey ofdifferent applicatons of the coppérhydrazinesystemand

well documentedreas of research, where both experimental studies and modelling
investigationshave been condued It also includes the aims and overview of the

subsequenthapters.
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1.1. Copper Nanoparticles

Over the last two decadesietallic nanoparticles smaller than 100 nirahlman,

2007 have received much attention due to their applications in a wide range of areas
including catalysis, magnetics, optoelectronics, electronic radgerbiological
identification, environmental detection andamitoring (Heath, 1999 Matsui, 200%

Liu, 2006. This wide applicability is in part due to their position between isolated
atoms and extended solids as well as their surface properties, sincaréhey
composed almost entirely of surfacesd the surfacbulk ratio becomes important
Generating specific nanoparticles with defingdpertieswhich are influenced by

their shapeandsize (Lisiecki and Pileni, 193; Salzemanret al, 2004a Germainet

al., 2005 Kooij and Poelsema, 2006alzemannet al, 2006 El-Sayed, 2004
depends on several parameters such as temperature, pressure and synthesis
techniques(Tanori and Pileni, 1995Tanori and Pileni, 1997 Pileni, 2001
Filankemboet al, 2003 Kitchenset al, 2003 Salzemanret al, 2004k Lisiecki and

Pileni, 1993 Wei et al, 2010Q.

Over the past few yearscopper nanoparticles have considerable industrial
significance due to their catalytiehaviourand optical properties, highermal and
electricalconductivity and durability, at a much lower cost than other metals such as
silver and goldJones, 1996Huanget al, 1997 Tilaki et al, 2007. Previous works
identified numerous applications of copper nanoparticles which some of them have

been highlighted here.

Copper nanoparticles are used in catalysis due to their high activities and selectivities
in various chemical processes such as methanol syn{kiesimanet al, 1979 Shen

et al, 2005, steam reformingKobayashiet al, 1981 Matteret al, 2004 Kniep et
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al., 2009, conversion of heavy petroleu(@haset al, 1999, dehydrogenation of
alcohols (Fridman and Davydov200Q Marchi et al, 1996, trangormation of
alcohols into aldehydg®onet al, 199§, solar energyarvestingLiu et al, 2009,
ester hydrogenolysiBrandset al, 1999 Vandescheuet al, 1994, isomerization
of chlorolefines(Rostovshchikoveet al, 2009, reduction of NQ@ (Chary et al,
2004 Diaz et al, 1999 Bennici and Gervasini, 20p6oxidation of CO and
hydrocarbongPark and Ledford, 1998 anget al, 2009, oxidation of alkanethiols
(Chenet al, 2003, oxidation of phenol with molecular oxygé¥itulli et al, 2002

and coupling of epoyalkylhalids(Riekeet al, 1989.

Metal nanoparticles such as silvgold and copper are found to have antibacterial
activity (Wei et al, 2010. The antimicrobial effect of nanoparticles is due to their
size and the high surfate-volume ratio enabling them to interact closely with
bacterial membrang®loroneset al, 2009. The antibacterial effectsf gold (Cui et

al.,, 2012 and siler (Moroneset al, 2005 Bakeret al, 2005 Sondi and Salopek
Sondi, 2004 nanoparticles have been reported. There are a few studies about the
antifungal and bacteriostatic properties of copper nanopg{icbon et al, 2007

Cioffi et al, 2005 Ramyadeviet al, 2012 Chatterjeeet al, 2012. The
antimicrobial characteristics of silver and copper nanoparticles against Escherichia
and Bacillus subtilishave beenreported where the copper nanoparticles showed
superior antibaetrial activity compared to the silvaranoparticles(Yoon et al,

2007 Rupareliaet al, 2008. The antimicrobial activt of copper nanoparticles
against E.coli and Staphylococcus spedesalso reported(Ren et al, 2009
Rupareliaet al, 2009. Antibacterial effects of copper nanopatrticles find applications

in various fields such as the manufacture of medical equipment and in material for

food processingAnyaoguet al, 2008.
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Copper nanoparticles can also be used as the active anode material in solid oxide fuel
cells (Park et al, 200Q Gorte et al, 200Q. They play an important r@ in the
preparation of lubricant&Zhou et al, 200§, composite materialéSu et al, 2007

and in enhancing the thermal conductivity of flu{@&stmaret al, 2001).

1.1.1. Synthesis of copper nanoparticles

The sythesis of copper nanoparticles (Q&s) is asignificantchallenge because of
their rapid oxidation in air or aqueous soluti@attaet al, 2010. However,there
are many methods for thgroduction of copper nanoparticles, including thermal
reduction(Dhaset al, 1998, vapour depositiofiPonce and Klabunde, 2003lame
spray (Athanassiouet al, 2000, laser irradiation(Yeh et al, 1999, girradiation
(Joshi et al, 1999, soneelectrochemical proces@iaaset al, 200§, chemical
reduction(Chenet al, 2006 Athawaleet al, 2005 Chatterjeeet al, 2012 Kruk et

al.,, 2015 Ziegler et al, 200, solvated metal atom dispersion technique (SMAD)
(Vitulli et al, 2002 Davis and Klabunde, 1982Ponce and Klabunde, 2003he
polyol process(Park et al, 2007 Zhao et al, 2004 Ramyadeviet al, 2012,
reduction in micreemulsions and reverse micell@daramet al, 1996 Lisiecki et

al., 1995 Lisiecki, 2005 Salzemanret al, 20041, etc.

Controlling the size and shape of nanoparticles is a real challenge fielthef
nanotechnologyPileni, 2003. One patrticular factor during synthegsthe variation
in the concentration of reducing agents like hydrazingi¢gN which haseenshown
to have significant effectsin the distribution of opper particle shapes and sizes
(Filankembo et al, 2003 Salzemannet al, 2004b. Literature e.g in reverse

micellebased synthesis, has achieved much in the way of controlling the size and
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shape of copper nanoparticl€Salzemanret al, 2004k Lisiecki, 2005 which has

beenexpandedin thenext section.

1.1.1.1. Chemical g/nthesis fromreversemicelles

There are a number of studies about the production of nanoparticles from tolloida
systems with controlling size arghape(Lisiecki, 2005 Tanori and Pileni, 1995
Tanori and Pileni, 1997 Pileni, 2001 Filankemboet al, 2003 Lisiecki, 2004
Salzemanret al, 2004h Kitchenset al, 2003 Lisiecki et al, 19993. Salzemanret

al. (Salzemanret al, 2004h discoveredhe effect ofconcentration of reducing agent
such ashydrazine (NoHs) on the shapeand sizeof copper nanoparticles using

chemical reduction of copper ions in mixed reverse micelles.

QW%
GO

Figure 1.1. Reverse micelle. Reproduced with permission from (Pileni, 2003).
In a mixture of water and oil, surfactant molecules tend to emulsify the oil as
micelles. Surfactantswhich are molecules with a polar hydrophilic head and a
hydrophobic hydrocarbon chaiform waterin-oil droplets called reverse micelles,
Figure 1.1 The surfactant most used is sodium difBylhexyl) sulfosuccinate,
usually calledNa(AOT) The choice of solvent affects the interaction between
micelles. Experimental methodso@ind that sooctane is a suitable solvent for the

synthesisof controlled nanoparticleS he ratio of water to surfactant concentration
W:[HZO]/[Na(AOT)] determineghe reverse micelle size. Spherical water droplets

at low water content become cylindrical e water content increases. With a
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further increase in water, the cylinders become interconne@edtrolling the
structure of micellar system isugeful tool in shape control of nanopartic{@anori
and Pilenj 1995. Lisiecki (Lisiecki, 2005 summarises th&ey parametersvhich
enablethe siz control of spherical nanoparticles produced in spherical reverse
micellesas the degree of hydration of the reactants, the dynamic character of the

micelles, the capping with the surfactant, and the reducing agent concentration.

[Cuboctahedron Tetrahedron Decahedron

Figure 1.2. Representation of the stable nuclei for the formation of copper nanoparticles.

Reproduced with permission from (Salzemann et al., 2004b).
A great deal of work has been done witpper(ll)bis (2-ethylhexyl) sulfosuccinate

Cu(AQT), as the copper sour¢Balzemanret al, 2004k). A mixture of Cu(AQT),
and Na(AQT) solubilized in iseoctane formspherical reverse micelleBheratioR

, R= [N2H4]/[CU(AOT)2] is defined for the concentration of reducing agent relative

to that of the copper precursor. At low concentration of reducing aggmbcrystals
are mostly sphecal with very small amounts of triamtpr and elongated
nanocrystalsAt higher concentrationd)ighly faceted, larger, and more crystalline
shapessuch adriangles, cubesind elongatedforms are observedFor copper, the
steble nuclei arecuboctahedraltetrahedrgl and decahedralshown inFigure 1.2,
which thengrow to cube trigonallamellarandelongatedshapegiuring nanocrystal
growth in the large excess of reducing ageftie cuboctahedral nucleus shown in
Figure 1.3.A, havingsurface made vith {100} and {111} facets can be growrinto

cubesof coppemanocrystalgFilankemboet al, 2003 Filankembo and Pileni, 2000
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which are characterizdaly only {100} facets(Salzemanret al, 2004)). This occurs
by the specific growth of {111} facets of the cuboctahedral nuclEigaife 1.3.A).
This behaviour is explained by the selective adsorptiopregentcapping agenin

the reaction mixture likeAOT on {100} facets which prevents the growth of {100}
facets resulting incubeswith {100} facets as the dominant surface of the Cu

nanocrystal.

B [110]
{111} )

1)

c ¢
ST AR =g

Figure 1.3. Schematic illustration of the growth mechanism of (A) cubic and (B) elongated

(C) trigonal lamellar copper nanocrystals in reverse micelles synthesis. Reproduced with

permission from (Salzemann et al., 2004b).

The decahedralprecursorshown in Figure 1.3.B, is formed of five deformed
tetrahedrals bounby {111} planeswhich are twinnedandshae a single edgeThe
elongation alonghe [110] direction, the-fold axis expo®s{100} surfacs on the
sidesof the elongated nanocrysi@alzemanret al, 2004l (Figure 1.3.B). Such a
formation is again explained by the preferential growth of the {111} facets compared

to the growth of the {100} facets.

Flat triangles(Figure 1.3.C) known as trigonal lamellar particleare also formed
from tetraheda but they aretruncated onthe {111} plane and then twinned by

reflection at this surface, producing a stable nuc{®a&zemanret al, 2004H.
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The effect of addition of certain sajtsncluding chloride and bromide ionsn
surfactant( AOT) cappingwas also investigatedChloride anionsadsorb more
efficiently on the {100} facets bthe truncated decahedron tha&&OT molecules
resulting inthe production of longr elongated particles angiving a method of
controlling the lengthof the metal particle. By adding lbomide ions, elongated
particlessizes do not change drastically, but the growth of cubic nanopatriscles

promoted by selective adsorption.

Similarly, the presence of hydrazine as a reducing agent in the production of
nanoparticles is expected to affect the morpholagyimportant inteactions at the
surface by altering both the nucleation and growth rate of the paréidteeugh the
reverse micelles synthesis work has achieved much in the control of the size and
shape of copper nanoparticlésrther experimental or computational e@stigations

are needed to enable greatamderstandingof the processes occurring during

nucleation and growth.

1.2. Copper nanoparticles for drect hydrazine fuel cell

A fuel cell (FC) isan electrochemical device that convette chemical energy of
fuelsdirectly into electrical energy. Due tbeir high efficiently, they are considered
as the mos$y usedpower source of next generatianith applications from mobile
devices to automobiles and space shipiwere are searal types of fuel cell which
have been developed over the last four decéblidey et al, 2007 Minh, 1993
Springer et al, 1991 Carrette et al, 200Q Parsons and Vandernoot, 1988
Yamamoto, 2000Demirci, 2007). One of those arerpton exchange membrane fuel
cells (PEMFCs)based on using hydrogen under high pressure as\ilneth are

suitableas a power source for vehicl@sobile electric appliancespace and military
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applications because they do not affect air, health and environment by emafsion
toxic substances and carbon dioxide. Howethexhigh-density storage of hydrogen
problem has limited the widespread use of this type of fuel cell. It is therefore
desirable to use a liquid fuel with high energy density thatimasoved ease of

handling.

Direct fuel cell systems, where fuel is directly supplied to the fuelacelbengcial

for vehicles and mobile electric applianc@&/aidhaset al, 1996. The drect
methanol fuel cell (DMFC) is arpmising candidate of the direct fuel cell system
(Renet al, 1996 Dyer, 2002. However, they still havea number of drawbacks
including severe poisoning of the anode catalyst by reaction intermediates such as
CO, which causes a low cell voltage and requires a high loading amoexperfisive
catalysts likeplatinum Thus, theres a need fomoreresearch to develop stable and
low-cost efficient norplatinum catalystdSerov and Kwak, 2009&5erov et al,
2007 Serovet al, 2008 Serov and Kwak, 20095erovet al, 2009 Serovet al,
2010. In addition, methanatrossoveifrom anode to cathode through the electrolyte
membranesignificantly reduces the fuel cell performance and durabiitfang et

al., 1996 Kauranen and Skou, 19P6Therefore, investigations of new types of
liquid-fed fuel cells are necessary to enable practical applicafmmsnstance,
hydrazine (NH,), as a fuelfor fuel cells has been studisthce the 19706Tamura
and Kahara, 197@Andrewet al, 1979. The reasosfor considering hydrazine as an

ideal fuel are:

1 It does not exhaust environmentally loading materials such asré€ddcing

the overall emission of greenhougases
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1 It is a carbon free molecule leading to zero production of species like CO
that may poisothe electrecatalysts

1 It has high theoretical electromotive force at 1.5Blbmen and Mugerwa,
1993, leading to high power density.

1 Hydrazine with hydrogen content of 12.5 wi%a goodsourcefor on board
hydrogen generatiom PEMFCs e.g.in space vehicles or satellit¢gheng

et al, 2005 Schmidt, 2001Pakdehiet al, 20149.
The total reaction of hydrazine electigidation can be written as:
N,H,+O,- N,+2H,0 (1.9

From the hydrolysis of hydrazinevater solutions, the hydrazoniuration is

produced according to threguation (1.2)

N,H, +H,0- N,H," +OH (1.2)

According toequations(1.3) and (.4), the oxidation of hydrazine on the anode

possiblein both acidic and alkaline solutigns

+

N,H;, - N, +5H" +5¢ (in acidicsolutiors) (1.3)
N,H, +40H" - N, +4H,0+4e (in alkaline solutios) (14)
The cathodic reaction is shown as foliw

O,+2H,0+4¢e - 40H" (15)

There are some studies usilegs expensivenetalse.g. Ag, Pd and Cu in direct
hydrazine fuel cells (DHFCgJ{5aoet al, 2007 Yi et al, 2008 Yanget al, 2008 Ye
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et al, 2008 Donget al, 2008 Tanet al, 2009 Chenet al, 2009 Shenet al, 2009
Karim-Nezhadet al, 2009. Copper due to its low cost and high conductivity a

good catalyst for this purposerdhotet al. fabricated a hydrazine/air direct liquid

fuel cell using nanostructured copper anodes and showethé&tel cell has high
electrial efficiently for long periods(Granot et al, 2019. The fuel cell was
constructed with a Cu/hydrazine anode, combined with a commercial air cathode

coated by a prottive layer of polyvinyl alcohol (PVA), and polyethylene glycol

(PEG), shown irFigure 1.4. The OH" ions formed atthe cathodic side (electro
reduction of oxygen)aretransferred through the protective laygrdare consumed

atthe anodic side (electraxidation of hydrazine)shown inFigure 1.4.

/ \\\ Cu Anode

Air Cathode Protective layer (PVA+PEG)

2H,0 + Oy +4e— 40OH" NHz-NH; +4 OH" — Ny +4H,0+4¢

Figure 1.4. General description of a room-temperature hydrazine/air direct-liquid fuel cell
(DLFC), based on the use of nanostructured copper electrodes. Reproduced with permission
from (Granot et al., 2012).

There is a need for more computational and experimental investigaions
understand what is ppening on the Cu electrode of the hydrazine/air direct liquid

fuel cell andbe able to knownore abouthe mechanisnof hydrazineinteraction
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with the Cusurfacessuch asdetermining theratd limiting stepand the effects of

inclusion ofdefects orthe Cu surface.

1.3. Adsorption of hydrazine on metal surfaces

To understand more about the interaction of hydrazine mighal surfaces,it is
interesting toknow how hydrazineadsorbs onthem Hydrazine can takearious
structural conformations due to its abil@f/taking its NH group to rotate internally
around its NN axis (Kasuyaand Kojima, 1968 As a result of this rotation,
hydrazine has three conformations; gaudhensand eclipsedcas shown irFigure
1.5 Most studies regarding fterent hydrazine conformationsepored that the
gauche is the most stable configurationthe gasphase(Williams et al, 198%
Chungphillips and Jebber, 199Riggs and Radom, 1986Experimental works
relaing to hydrazine adsorptioon Fe(111)XGrunze, 197Pand Pt(111)Alberaset
al., 1992 showed that hydrazine is adsorbed in its eclipsemformation.
Furthermore, theoretical studies on Ir(11Zhanget al, 2011 and Pd(111jZhouet
al., 201) confirmed hydrazine adsorption in its eclipsednformation.However
other theoretical works shad that hydrazine is adsorbed in its gauche
conformation, such as adsorption on Cu(111), Cu(1@Q§100)(Daff et al, 2009
and Fe(211)(McKay et al, 201). A preference for dsorption in thetrans
configurationis observedn Pt(111)(Agustaet al, 2011, Ni(100) (Agustaet al,

2010 and Ni(111)Agusta and Kasai, 20).2
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Sy

gauche trans eclipsed

Figure 1.5. Hydrazine conformations: gauche, trans and eclipsed.

1.4. Dissociativeadsorption of hydrazine on metal surfaces

Understanding of the mechanism tife decomposition of hydrazine on metal
surfaces is of interesbwing to its applications in different fieldd=irst of all,
although hydrazine is a toxic substance deésompositiorproducts are p H, and

NHg3, which are norpoisonous an€O-free (Zhenget al, 2005. Furthermore, it has
application inammoniasynthesis(Block and Schulzek.G, 197&runze, 1979 In
addition, lydrazine as a substance with hydrogen content of 12.5 wt % is a good
hydrogen sorce for PEMFCsand since it is liquid at a temperature range f&"@

to 114°C isideal for portable applications,g.in space vehicles or satellit€gheng

et al, 2005 Schmidt, 2001 Pakdehiet al, 2014). The decomposition of drazine

is also applied in monopropellant thstes to control and adjust the orbits and
atitudes of spacecrafts and satellif@dary et al, 1999 Schmidt, 2001 This is
possible due tdhe production of larger volumes of,NH, and NH gases from
decomposition of a relatively small volume of liquid hydrazifiee most important
catalyst used for this reaction is Ir48s with a high loading of the iridium (2040

%) (Mary et al, 1999 Balconet al, 200Q Schmidt, 2001Contour and Pannetie.G,
1972. However, due to the ¢in price and limited resources of iridium, scientists are
seeking to develop new, cheaper, active and readily available alternative catalysts for

N.H4 decomposition.
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We aim to investigate the catalytic activity of Cu towargsiNdecomposition aa
molecdar level to better understand the thermodynamics andekics of every
elementary stefexperimental studies revealed tha adsorption of NH4 on copper
at lower temperatures is likely to be reversible and-diesociative up to 300 K,
above whichthe hydrazine decomposes and generates the gaseous productd; NH

and H (Matloob and Roberts, 197A&lhaydariet al, 1985.

There are two typical reactions for hydrazine decompositguations(1.6) and

(1.7) (Contour and Pannetie.G, 19N aurel and Menezo, 1978onget al, 2010;

NH,- N,+2H, (1.6)
3N,H, - N,+4NH, .7

The competition betweethese two reactiondepends on the catalyst and reaction

conditions such as temperature and pressbinenze, 1979

Despite a number oftheoretical and experimental studies on hydrazine
decomposition(Alberas et al, 1992 Huang et al, 1993 Gland et al, 1985
Dopheideet al, 1991 Grunze, 1979Johnson and Roberts, 1980ood and Wise,
1975a Volter and Lietz, 1969Cosser and Tompkins, 1971Bu et al, 1992 Prasad
and Gland, 199)¢the mechanism is not completely clear and is still controversial.

There are mainly two possible paths for hydrazine decompositions:

) Step by step elimination of H atoms leading to threnfation of N and B
which is observed for thdecomposition of hydrazine on Ni(1q®uang
et al, 1993 and Pt(111)Alberaset al, 1992);

N,H, - NH,+H- N,H,+2H - N,H+3H- N,+4H (1.8)
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i) N-N bond of hydrazine breaks first, then each ;NHagment
dehydrogenates and forms &hd H molecules;
N,H, - 2NH, (2.9

NH,- NH+H- N+2H (1.10
This mechanism is observed on Fe(1(Gjunze, 1979 Ni(111) (Gland

et al, 1985, Pd(100)(Dopheideet al, 199, polycrystallinealuminium

(Johnson and Roberts, 198Molycrystalline iridium foil (Wood and

Wise, 1975aand transition metal&Cr, Mn, Fe, W, Re and OgYolter

and Lietz, 196; Cosser and Tompkins, 1971b
Some surfaces prefer path (i) at low temperatures, while at high temperatures, path
(i) seems to take place.g.on Si(111)(Bu et al, 1992, Rh(111)(Wagner and
Schmidt, 199} and polycrystalline rhodium surfac€Brasad and Gland, 1991c

Both pathsarelikely to take place on Ru(00{Rauscheet al, 1993.

Also, NH, molecules producedvia path (ii) can be hydrogenated to yield NH
molecules(Grunze, 1979 Volter and lietz, 1969 Wagner and Schmidt, 1991

Falconer and Wise, 19Y.6

NH,+H - NH, (1.11)

In addition to these pathways, there are other mechanisms on surfaces such as
Rh(111)(Wagner and Schmidt, 19Pat low temperatures where proton transfer in

hydrazine produces N

N,H,- NH,+NH (1.12)
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Production ofNH3; can take placeria the hydrogenation of hydrazine on Pt(111)
(Alberaset al, 1992, polycrystallinealuminium (Johnson and Roberts, 198ind

tungsten film(Cosser and Tompkins, 1971b

N,H, +2H - N,H.+H - N,H,- 2NH, (1.13)

Also, reaction betweethe adsorbed M, intermediate and M, in the gas phase

produces Mand NH moleculefWood and Wise, 197%a

N,H,+N,H,(9)- N,H,- 2NH;+N, (1.14)

DFT studesof hydrazine decomposition on the Ir(111) surfagggest théormation
of two NH; radicals via NN bond breaking and the reactiontbe newly formed
NH, with a hydrazine molecule or,;Nyx (x=1-3) species. The capture bf atoms

leads to the formation of Nand NH; productg(Zhanget al, 2011).

Also, the study of thelissociative chemisorption of hydiae onthe Fe(211) surface
(McKay et al, 201) showed that dehydgenation and nitrogen decoupling are
competitive routes for hydrazine decomposition, while;MHd N adatoms are the
dominant surface products at ldgermoderate temperatures. Howevadsorbed
molecular N will not be produced byhe dehydrogenation of My, but must be

formed from N adatoms or via some mulitidrazine coupling mechanism.

Daff et al (Daff and de Leeuw, 20)2reported that the thermodynamics of
dissociative adsorptionia thebreaking of the hydrazine-Wl bond show that this
bonding mode is strongly favoured over molecular adsorption both on the planar

surface and on the adatahCu surfaces
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1.5. Overview of the thesis

In this thesis, we have used computational methods based on DFT \thdiclea
applied tocopper metal based systems with the aim of understanding the interaction

between hydrazine and copgithe molecular level.

This Chapter contains a survey relevant literature about the different applications
of the coppehydrazine system that form the major motivation behind this project.
A summary of prior relevant and similar modelling and expental studies were
reported. Chapter 2 describesheoretical and practical information about the

methodology employed in this work, namely Density Functional Theory (DFT).

Chapter 3 provides details of the adsorption of a singi, fholecule on the perfect
low-index copper surfaces and the effect otusion of longrange interactions has

been shown.

Chapter 4 gives a theoretical insight into the interaction of a singfe \Wth defect
containing Cu surfaces to shed light on the effect of inclusion ofcmvdinated
sites on the adsorption process. Chaptarchudes the results of the simulation of
NoH4 networks on Cu(111) to providensight into the interplay between ledé

adsorbateadsorbate and vertical adsorbatdstrate interactions

Chapter Goresents the results of simulation ofHY decompositioron the planaand
stepped Cu(111) surfaces in order to fiheé favoured decomposition mechanism
from thermodynamicrad kinetic points of view. Whavealso investigatethe effect
of the step onthe N;H; decomposition. Finally, in Chaptéf, the microkinetic
simulation of NH4 decompositiorwere carried outo develop our understanding of

the catalytic process of N, dissociation on the planar Cu(111) surfaces
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A summary that discusses the resudtsd an outline of possible future works

concludes this thesis in Chap8&r
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Chapter2: Computationalmethods

Abstract

In this Chapter we discuss thmethods and theory behind the simulations that have
been employed throughout the research presented in this thesis. Density functional
theory (DFT) has been chosen asaaourate technique that can provilectronic
structure information abouhe systemaunder consideration. Within this framework,

the Vienna Abinitio Simulation Package (VASP)as been usethroughout this

thesis
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2.1. Schrddingerequation

The timeindependent Schrédinger equati@chrodinger, 1926as the key equation
of quantum mechanicdor a system ofM nuclei andN electons, described

respectively by the coordinatBs [;, RéyandR {, r& has the general form:

Y (r,R =EY (1, R) 2.1)

-

Where HE is the Hamiltonian operatoand Y (r,R) is the wave functionand

eigenstates of the Hamiltonian where each of them has an associated eigdnyalue
a real numberepregning the energy andatisfies the eigenvalue equation. A more

complete description of the Hamiltonian is:

-

B, HE, +E, (2.2)

ee

o

m-H'l(
z-|+|<

+

Where T and 'EN are the kinetic energy operators of electron amdiclei

e

respectively

= N1

£=-8 20 @3
i=1

£-.5 2

=-a-—b; 2.4

N ?'1 oM (2.4)

Where M, represents the ratio of the mass of nucletsthe mass of an electron.

The Laplace operatorEIz) is the second derivative with respect to the spatial

coordinates of thelectronor nucleus
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\EN, \Eee and \ENN are the potential energy operatorsattiactiveelectronnucleus,

€l

repulsiveelectronelectron and nuclasnucleusinteractiors.

o N MZ

\E, =- aar— (2.5)

o N N 1

E=84- (2.6)
—1J>Ir|]

o M MZZ

\VE aa R (2.7)

The above equations are given in atomic unitsene l , r, and R, are thei™j"

Ith

electronsj™ electronl™ nucleus and™-J" nuclei distances respectivelg, and Z,

are the atomic numbers of nude&indJ.

The exact solution to thisSchrodingerequationfor manybody problers which
involvesdealng with a system oN electrons and/ nucleiis impossible and a series

of approximationsre necessary to help simplify the problem.

One suchapproximation is the Bor®ppenheimer which is based on the fact that the
nuclei are muctheavier than the electror{8orn andOppenheimer, 1937 It is
thereforepossible to assume that electrons move faster than mmcldéreat nuclei as
being stationary in relation to the moving electrongthin this approximationthe

Hamiltonianin the Schrodinger equatiois simplified by neglectingthe kineticterm

'IEN, andconsideringthe repulsion\ENN asa constantThe simplified equation is the

electronic Hamiltonia:

+\EeN +\Eee

HE 1

el

(2.8)

oThe

45



Chapter 2: Computational methods

The manybody electron problemnvolves evaluation of the two-body coulomb
interactions and exchange correlatiom the third termwhich needs further
approximationsDensityfunctional theory (DFT) provides enormous simplificaon

for this problem.

2.2. Density functional theory

Density functional theory (DFT3$olves the Schrodinger equation where the basic
variable used ighe grounestate electrondensity rather than Nelectron wave
functions Fundamental to this theqrwhich is the most widely used method in the
context of solid state simulatipare the Hohenbergohn theoremgHohenberg and

Kohn, 1964 and KohnSham equationgohn and Sham, 1965

2.2.1.The HohenbergKohn theorems

The first approach for solvingranybody electron problem of Schrodinger equation
was postulated by Hohenberg and Kafiohenberg and Kohn, 19654The two

theoems can be formulated as follow

1 The first states that the external potential due to the nilgr,), felt by an

arbitrary number of electrons is uniquely determined bygfmind state

electron density ny(r). It therefore follows that all the properties of a
physical system can be calculated if the electron density is known.

1 Second theorem states that for any external potenfia(r), there is a
functionalfor the energyE[n(r)] of an electronic systenThe ground state
energy of a system for a given external potential is the global minimum of

this functionaland the electron density which gives the minimum value of the
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functional must be the electron densiythe ground state,(r). Thus the

total energy functionatan be written as follows:
E[n(n)]= fac(r)(r)dr + Fn(r) 29)

The functionalF[n(r)], is the electronic part of the Hamiltonian and contains

the kinetic energy of electrons as well as electi@ttron repulsion

exchange and correlation energies

The Schrodinger equation can be rewritten now as a function efab&on density

[n(r)):
&FIn(r)] +VE [n(r)] +E, [n(r)]iv =E[n(r)] Y (2.10)

Despite all the above demonstrations, there is thidlproblem of calculating the
electronelectron repulsion term of the above equation and thus no practicalfway
determining the ground state density of the sysfEms issue was solved by Kohn

and Shan{Kohn and Sham, 1965

2.2.2.The Kohn-Sham Theory

Kohn and Shandeveloped the approach of early density functional theory by
assuming that the masbody electronic wavdunction actsin a same wayas a
fictitious singleparticle norinteracting wavdunctions which arecalled KohaSham

(KS) oneelectronorbitalsy ; and defined as follows:
N

n(r):alyi| (2.12)
i=1
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The Kohn-Sham equation is thereforgsed to find the onelectron orbitals that

minimize the equation of energy:
Y =Y, (2.12)
Thus the KohrSham Hamiltonianl-ll—:KS, acting on each electros:

IEKS=-EDi2-g Zy +1~n(ri)
2 ' alr-Ry) 2

dri+V,(r) (2.13)

Wherethe first termrepresents the kinetic energy of the fioteractingsystem the

second ternrepresents thexternal potential from nucleiAf felt by the electron,
where there is a distance of R, between the electron and nucléie third term

representshe coulombdc repulsionbetween the particular electronic density with the

other electrons in the systeamd the last termrepresentshe exchangeorrelation

aE In(r
potential which is equa%. Exc[n(r)] is the exchangecorrelation energy

which accounts fothe differences between interacting and -imderacting systems

and as it isunknown,approximations must be made to desctibe term

2.2.3.Exchangecorrelation functionals: LDA and GGA

The exchangeorrelation termEXC[n(r)] consists ofa correction to the onparticle

kinetic energy anccoulombc repulsion. It is the difference between the energy
obtained fromthe noninteracting system and the exact energy from the real system
The exchangeorrelation term also inclugda correction for electron seilfiteraction

where an electron hasulombicinteraction with itself.
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Two of the mostcommonly usedapproximations for calculation of exchange
correlation functional are local density approximation (LDA) and generalised

gradient approximation (GGA)

In the LDA, the exchangeorrelation energy at poirnt is determined using only the
electron densityn(r), at that point, and not dependent on the density at other points.

In this approximation, the exchangerrelation of aeal system behaves locally as a
uniform, homogeneous electron gas of the same systém.LIDA exchange

correlation energy has the form
E-n(r)] = ) elem[nr)Jdr (2.14)

Where e)'(’fm is the exchangeorrelation energy per particle of a uniform electron
gas.The LDA works well for the systems where the density remains almost constant
over the space like metals. Although the LDA is good at caloglati geometries,
vibrational frequencies and charge densities, it has a tendency to overestimate
binding energies.

An obvious approach to improve the LDAt@sincludethe gradent of the electronic

density, |Dn(r)|, as an independentriable leading taGGA exchangeorrelation

approximation whichintroduces nofocal effects on the functional
Ex{nn)] = fn(r) e n(r),on(r)dr (2.15

This functional considers fast varying changes in the eledkasity,which arenot
accounted for by LDAresulting in bettegeometries, vibrational frequencies, charge

densities and binding energiggan LDA. The nost commonGGA functionalsare
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Pedew, Burke and ErnzerhofPBE) (Perdewet al, 1999, and Perdew and Wang

(PW9)) (Perdew and Wang, 1992

2.3. Dispersion correction (DFT-D2)

Standard DFTails to describgroperlythe weak nontlocal, longrange dispersion
forces which may be occurring within the system. The most common form of
dispersion correction for DFT ihe Grimme methocknown as DFID2 (Grimme,
2004 Grimme, 200%. It leads to a more accurageometry and structural energy,
with a minimal increase in computational coSompared tathe other dispersion

correction methaosl DFT-D2 requires fewer fittegharameters and is less empirical.

In this schemean extra energy tert(rEdiSp) is added to the conventional Koldtham

DFT energy( E.s per ):

EDFT- D2~ EKS— prr T Edisp (2.16)
Where
NN Cl .
Edisp =- %a a. _6(35 fdampR(IJ) (217)
i=1 j=i+1 Iy

WhereN is thenumber of atoms in systerﬁ;g is the dispersion coefficient for the
atom pairij and is proportional to atomic polarizabilities and ionization energies

S; is a global scalingactor that depends on the DRiinctional usedand RJ-

represents the distance between atomsdj. A damping function fdamp, must be

usedin order to avoid double countirigr small interatomic distances, as follows:
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1

Foame(Rj) = 146 R /Raw D (2.18)

Whered is the damping parameter amy,, is the sum of the atomian der Waks

radii of the atoms and;.

2.4. Basis sets

Basis set are one of the approximationsised in all quantum mechanical
calculations, whiclenablemolecular orbitaldo be describety linear combination

of atomic orbital{LCAO):

Yi=a Gy (2.19

i=1

Wherey . is thei™ molecular orbital,c,, are the coefficierstfor linear combination,
f. is theK" atomic orbital andn is the number of atomic orbital$he solution of

Kohn-Sham equation is based on tbeeelectronorbitals, which are also called
basis functionsand often corresponds the atomic orbitals in the equation above.
The main objective is to find the best set of coefficients for which the energy of

system is a minimum:

HE

2.2
MGy 22)

In order to have an accurate solution, we need to have an infinite number of basis
functions which is impossible, because more basis functions means more
computational costtherdore a right balance between accuracy and stquired

The basis sets used in quantum chemistry calculations include localized atomic
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orbitals and plangvaves basis set$he atomic orbitalsentre on each atom within
molecules in the localized basis sehile planewaves do not depend on the position
of the atomsand are completelgielocalized Basis set superposition error (BSSE) is
the main problem of using localized basis sets wiieeee is an overlap between
basis sets when two particles approach each other. Thevpteebasis sets were

usedin this thesighrough the vienna aimitio simulation package (VASP).

2.4.1.Periodicity and planewave basis sets

For simulation of a bulk solidnaterial with many atomssymmetry elements can

help us tosimplify the system by simulating a urniell of the solid that can be
repeated in three dimensiorddhen a periodic system is
theorem(Bloch, 1928 can be used where the wafumction of an electroncan be

written as product of periodic celland a wavelike part:

Y, (r)= fi,k(r)eik'r (2.2)

Where f; () has the periodicharacter of the cell andaybe expanedin terms of

a Fourier series:

fi(r)= a Q,k,GeiG'r (2.2)
G

WhereG is the reciprocal lattice vector amdrepresents the plarveave expansion
coefficients The wave functionof electron may therefore be written as a sum of

planewaves by substitutingquation(2.22) in (2.21):

Yi(r)= a Q,k+eé(k+6)'r (2.23)
G
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In principle, an infinite number of planeaves in the equation abowee needed
However it is impossible ands planevaves with high kinetic energy are less
important we introduce only those plaiveaves with kinetic energies less than
certain cuwoff in order to hae a finite basis sdahat sufficiently converges the total
energy calculation

>(k +G)?
2m

<E

cutoff

(2.24)

In order to solve Kohwsham equation and find the ground state density, an integral
overall k -point is required in the first Brillouin zone which is the primitive cell in
reciprocal spacesince the electron wayMenctions will be almost the same for the
-points that are close to each other, we can consider a kiagtent over a region of
reciprocal space and replace the integral with a finite sum over distipctints A

very popula schemeto define thesek- points is MonkhorstPack method
(Monkhorst and Pack, 19y6which is an equallyspaced mesho sample the

Brillouin zone.

There is still one problem with using planaves lasis set, where both core and
valence electrons need to be treatettreasing computational cost The
pseudopotential approximation reduces this problem by treating only valence

electons.

2.5. Pseudopotentials

It is known thatvery internalelectrons do nosignificantly contribute to chemical
bonding and the majority of physical propes of solidsdepend on the valence

electrons.Hence, the core electrons can be considered as being frozen and the
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coulomb potential of the core electrons and nuclewsy be replaced with a
pseudopotentiabcting ona set of pseudwavefunctiors of valence electrons,

resulting in fewer plangvavesreducing the computational cost significantly.

Differentkind of pseudopotentialsreavailable such asion-conserving Hamannet

al., 1979 andultrasoft pseudopotentg(Vanderbilt, 1990 Among he most used
pseudopotentiamethod, the projector augmentedave (PAW) methodBlochl,
1994 Kresse and Joubert, 199%roduces more accurate results than other
pseudopotentials, because even it is a fraxer method, it has access to the ful all
electron wavdunction, meaning that PAW describes core electronh wifrozen

nodal structure and valence electrons by aelalitron wavdunction.

2.6. Geometry optimization

In order to determine the optimized geometry, a minimization of energy is needed.
The conjugate gradients meth@ one of the several algorithms usedfind the
minimum of a function with several variabl&Sill et al, 198J). In our calculations
using VASP, the conjugate gradients meth®dised. 1 works by calculating the
energy and its derivative with respect to nuclei coordinakes later of which is
described as the force on the idnsHellmanaFeynman theorer(Hellmann, 1937
Feynman, 1939 In this method, the first stefp find the minimum energyakes
place opposite the direction of the largest gradafneénergy i.e. the direction for

which E decreases the fastdsat directionis obtained from:

d, =DE, +gd,_, (2.%5)
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Where thedirection d, , starting from pointr, , is computed from the gradient at the

point of previous direction ofl, , and g, is given by:

_ DEDE,

g
‘ DE.,DE.,

(2.26)

As the equations above show, tbea of this method is that each direction is chosen

from the information from all the previogsonjugatedirections

2.7. Analysis of systems

In this section we provide the methodologies derived from iaTwe have usetb

characterizesomeproperties of the systems under investigation.

2.7.1.Transition state

A transition statésaddle point)s the state on the minimum energy path (MEP) that
has the highest energy along the reaction coordit@atewing the energy of the

trarsition state helps us to calculate the activation energy barrier.

Many different method$iave been developed for calculating the MEP sadidle
points. A combination oftwo varieties ofthe nudgel elastic band (NEB) method
(Mills and Jonsson, 199Mills et al, 1995 and the improved dimer method (IDM)

(Heydenet al, 2009 were used in this thesis

The NEB methodinds saddle points between known initial and final states. The
method works by optimizing a number of intermediate imé&gdaeen reactants and
products There is a spring interaction between adjacent images of the path to keep

continuity of the bandike an elastic band. The optimization of the imatpses
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place decreasinghe forceson their atoms leading to thminimum energy on the

path.

The IDM is the modified version of the original dimer methodproposedby
Henkel man a (Henkeldhhannand donsson, 199%vhich has been
implemented in VASPThe method works by specifying only one initial state and its

dimer axis

In this thesiswe haveusedthe NEB method only for finding the images between
initial and final states and then ftirosetwo images, whichare clogstto thesaddle

point, the IDM method was used to fintthe optimisedsaddle pointThe transition
state was further verified by a single imaginary frequency associated with the
reaction coordinateThe activationenergybarrier €,) was defined as the energy

difference between theaddle poinand the initial state.

2.7.2.Vibrational frequencies

In anysteady statethe forces or first derivatives of the potential energy are aedo
the second derivatives apesitive. Sincevibrational frequencies are related directly
with the second derivatives of the potentthkyare all realat a minimum whereas
there is one imaginary frequency fortransition staterelated with the reaction

coordination

In VASP, each ionis allowed to moven the direction of eaclartesian coordinate
and thenthe second derivatives of a potentiale calculatedfrom the engyy

gradients variation in thes#isplacements leading tha Hessian matrix (matrix of
the second derivative of the energy with respect to the atomic positibims)

vibrational frequencies are determined by the eigenvalues of the Hessian matrix.
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2.7.3.Density of states

The censity of states (DOS) describes the number of states at each énaaigy
which are available for occupatidny electronsA high DOS means that there are
many states available to be occupadhat energy levelndzeroDOS means that no
states are available for occupation at that energy leveblid systems with a large
number of atoms, the energy levels are so close to eachtlo#theontinuous bands
are formedThere are two characteristic bands, the valdraocel, whichcontainsthe
highestin-energy occupied states and is below the Fermi levet),(Eand the
conduction band which includes unoccupied states and is above the Ferniitevel.
projected DOSPDOS can be projected ontatomic orbitalsto study thestates
involved in chemical bond€hanges in the position and intensity of the interacting
bands can help us tanderstandccharge transfers anidteraction characteris the

adsorption systems

2.7.4.Bader charge analysis

Decomposition of thelectronic densityf a material into separate atonrglicates
charge transfer process and theslights the characterization of the bonding
charactebetwe@ an adsorbate and a substrdiee kadercharge analysis methasl
based on a useful method of dividing molecules into atoms, called the theory of
atoms in molecules (AIM), this in turn originates from the electronic charge density
(Baderet al, 1987. The eéctron density is divided intsubsystems, whiclare
separated by zeritux surfaces A zero flux surface is a-B surface on which the
charge density is a minimum perpendicular to the surfélse volume enclosed by

this surface is termed the Bader bagimside of which the electron density is
summed in order to find thetomiccharge.
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2.8. Catalysis

Catalysis is the process in which the rate of a chemical reaction is increased by a
chemical substancealled a catalyst A catalyst offers an alternativenergetically
favourable mechanism to the reaction by formingdsowith the reacting molecules

It is not consumeduringthe reactiorand detacbsunalteredrom the product$o be

available for the next reaction.

Catalytic effectiveness is determined by two parameters: conversion and selectivity.
The conversions defined as the amount of reactant converted to the amount of

reactant fedi.e.,

X, =1 Fa (2.27)

Where, F,, is theinitial amount of reactant and, is the amount of reactant present

in the reaction system

The selectivity is the amount of formed desired product compared with the amount of

converted reactante.,

S=—te_ (2.28)

Where F; is the amount oproductpresent in the reaction systerm, and/, are

thestoichiometric coefficientsf thereactant and product, respectively.

Conversion and selectivigan be reported amensionless numbers ranging from 0

to 1 or O to 10®%.
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There are three sutlisciplines in catalysis depending on the number and types of

systems phases: homogenednis;catalysis andheterogeneous.

In homogeneougatalysisboth the catalyst and reactararein the same phase,
usuallyin the gasphase or liquid phas& n z y me s a catalystsawhioharee 0 s
highly specific and efficient as large proteins have very skppeific active site to
guide reactant moleculek heterogeneous catalysis, tteactand and products are

in different phase tharthe catalyst which is usually in the solid phase.Since
heterogeneous catalysts are the workhorses of the chemical and petrochemical
industies, there are lots of efforts in the research of surfe@ence towards the
understanding of heterogeneous catalyli® principal advantagef heterogeneous
systemsis that it is easy to separate the final products from the catalysts.
example of this is thélaberBoschprocesgAppl, 2000, where N and H react to
yield NHz on metallic iron, or thd=ischerTropsch reactiorfKanekoet al, 2000,
where H and CO eact to yieldmethanol or other hydrocarbons some metallic

oxides.

2.9. Microkinetic simulation

Kinetics studies provide the framework for describing the odite chemical reaction

and enablais tofind a reaction mechanism that describes how the molecules react to
the final product. It also allows us tcalculatethe rateof reactionas a function of
concentration, pressures and temperatures. Hence kinetics provides us with the tools
to link the microsopic world of reacting molecules to the macroscopic world of
industrial reaction engineering. Obviously, kinetics is a key discipline for catalysis

(Chorkendorff and Niemantsverdriet, 2007
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Kinetics describs the behaviour of large ensemblaf molecules during a reaction
where the energies and coordinates of all reacting moleeuksmportant. It
therefoe considers all the elementary steps of the process. How towdksathe
kinetics of processewith more than one elementary step degend the sort of

reactor employed.

There are two types of reactogmelytheflow andbatch reactor. The floweactor is
typically used in largescale industrial processes. Reats are continuously fed into
the reactor at a constant rate, and prodajgpear athe outlet, also at a constaate.
Such reactors are said to operate under stefatly conditions, implying thabth the
rates of reaction and concentrationsdee independent of time (unlete rate of
reaction oscillates around its steadgte value). The batch reactsrgenerally used
in the production ofine chemicéds. At the start of the procesise reactor idilled
with reactants, which gradually convert into products. Asm@sequence, the rate of
reaction and the concentiats d all participants in theeaction vary with the time.
In the current work, batch reactm used wherdt behaves as well stirred tank
reactor, such that all participanteeavell mixed and concentratiggradients do not

occur.

2.9.1.Rate equatiors

The rate of a reaction is defined as the rateeattants disappearance tioe rate of
products formation. For a reaction between molecllemnd B as reactants and

moleculesC andD as products, the reaction equation is:

i
n,A+nBU n.C+ny,D (2.29
-
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Where k™ and k™ are forward and backward rate constants, respectively; ang
n, andn, are stoichiometric coefficient3he rate of equatiqm, is therefore defined

as:

1d[Al__1d[B]_1d[c]_1d[D] (2.20)

n, dt n, dt n. dt n, dt

Where [X] is the concentration of componexit If the reaction occurs in the gas

phase, we may replace the concentrations by partial pressures.

A reaction is elementary it occurs in a single step that cannot be divided into
further substeps. Ifthere isan elematary step such asguation(2.29), the rate can

be written as:

r =k*[A*[B]" - k' [c}<[D]* =r"- 1 (2.31)
The temperature dependence of rate constant is given by Arrhenius equation:
k(T) = Ag =/’ 2.2

Where A is the preexponential factork, is the activation energy arkg is the

Boltzmands constant.

2.9.2.Reaction mechanisms

In heterogeneous catalysis, a catalyst is considered as a collection of active sites

(denoted by *on the surfacewvhere all sites are equivalefthe fraction of occupied

sites by the specigsis shown byg,. Since the total number sites is constant, the

fraction of unoccupied sites available for reacti@n is given via:
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g =1- a G (233)

i=1
Where g represents the coverage of the intermediates present in the reaction system.

Catalytic processsinclude a numberof elementary steps whiahay be difficultto
be identified. From computational results, vean knowthe elementary steps from
which we are able to derive rate equation for such proceBsesolve the kinetics

for a catalytic reaction as a set of elementary stpollow

A(0)+4* U A(ady (2.3
Az(ads)l? 2A(ady (2.35)

We need the differential equations describing the coveeagk pressuref all

species in the reaction

d—:? =-kP,g' +k,q, (2.36)
ddif = kP, g" - kg, - Kigu + Kk (2.37)
d(iA = 2k, - 2K,q2 (2.39)
q.=1- 4q, - 2q, (2:39)

Although hese equations can be solved numerically by a computer without any
approximationtherate constantmust be calculatedndthere are many reaction rate

theorieswhich are capable of predicting the value of kinetics parameters.
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2.9.3. Transition state theory (TST)

Transition state theory is a theory for the rate of a reaction, devaluemendently
by Eyring (Eyring, 1939 and also Evans and Polan{ivans and Polanyi, 1985
which provides a basis for the Arrhenius equatequation(2.32), to be able to

interpret the meaning of a pexponential factorTST considers the transition state

as an activated complex at the top of the energy potential surface between reactants

and products. The reaction event is describedhkbyeaction coordinate, which is
usually a vibrationlf the reaction ighe dissoci@ion of a bond, then the reaction
coordinate is the stretching vibration between the two atéewording tothe TST,
the rate constant (k) of each surface elementary stegy becomputedvia the

equation2.40 that bears great resemblance to the Arrhesqustion

& DE- §_k,7Q & DE @
k = =B = 2.40
MOBT 8 h o BT ¢ oo

Where DE' is the reaction activation energy and) and Q- are the partition

functions ofreactants and transition statesspectively.Therefore,to use TST we
need the partition functions that follow from the Boltzmann distributidance,

thesepartition functionsare introduced in the following section

2.9.4.Partition function

According to theBoltzmann distributionthere isa large ensemble of particles with

energy levelse, withi = 0, 1, 2, € , N, the chanceP; to find the system at a

temperaturd in a state with energg , is derived by
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- 6/keT
p=°" (2.41)

| a
é. e' e\/kBT
i=0

The summation of statesaalledpartitionfunction as follows;
a=4 ge (2.42)
i=0

Where,g; is the degeneracy factor to ensure that all states are taken into account even
if they have the same enerdggportant properties ad system such antropy §),
specific heat at constant pressutg)(enthalpy H) andfree Gibbs energ{G) can be

calculatedstraightforwadly from the partition function:

S=k,InQ+k THINQY 2.43)
¢ HT =
&S
C,=Ta—y (2.44)
P,
y
H=Eyr + E(S:O,T:O,ZPE) + (A CpHT (2.45)
G=H-TS (2.46)

Where, we consider the global partition function as the product of the partition

functions:

Q = qtranslatimal Ca]rot.sttional vibrationd (melectronic ca]nuclear (247)

64



Chapter 2: Comput®nal methods

2.9.4.1. Translational partition function

The coordinates availablerfa particle of massy moving in one dimensior over a
line of lengthl, can be divided into small cells with sike t h e s ¢dhst@nt. Jhe b
partition functionof translation iscalculated by integration over phase spaceand

particle momentump, = mn,:

qmﬁﬂgm%iﬁ (2.48)

For a particle moving over an arAan a surface, theanslationapartition function

obtained via:
qtzrgns = AZﬂ:ZKST (249)

And for a particle moving in a box with volunve

3D
qtrans

zﬂﬂaﬂﬁJV (2.50)

2.9.4.2. Rotational partition function

The otational partition functioms calculated from the rotational energy:

2
o = NP3 +D

=T e (251

WherelJ is the rotational quantum numbandl is the moment of inertia:

| = m? (252)
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With m the reduced masmsndr the atoms distance to the centre of m&sgational

energy leads to the rotational partitidanction, which for linear molecules is

calculated by:

inear — 1 8102|k T
Ohror —;TB (2.53)

The symmetry factors, can be estimated directly from the symmetry of the

moleculei.e. it is 2 for a homonucledinear molecule

The rotational partition function for a ndimear molecule is calculated via:

nonlinear 1 é8 2k T 63/2
Urot ! zgﬁpth 8 \/plalblc (254)
g =

Wherel,, 1,1 .are the moments of inertia along the three principal:axes
N

=& m@®’ +c) (2.55)
N

l,=a m@ +c’) (2.56)
N

l.=am@ +b’) (2.57)

Where,each atomif in the moleculdasa distance to new axis;(b; andc;).
2.9.4.3. Vibrational partition function

The vibrational energy in the lmonic oscillator approximation of a vibration with

frequency n from the bottom of the iso-surface potential is obtained by:

q=0+%mn (2.59)
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Then the vibrational partition function relative this energyis calculated via

-Ehni /kBT
~ e 2

din = O 1- e mkT (2.59)

If the energy is corrected e energy of the lowest occupied statero point

energy (ZPE)the partition @inction isthus calculated via:

A 1
dw =0 1- o T (2.60)

2.9.4.4. Electronic and nuclear partition function

The electronic partition functiorsan be considered #se electronigground state of

the moleculesince the energy separation between excited states is usually very large

comparedvith kT .

The nuclear partition function does not usually contribute to the partition function

and can therefore be taken amty

Once theQ (equation 2.47)s available, thé& (equation 2.46)s knownas a function
of temperature for each elementary sé@plwe can construct a microkinetic model
to describe the overall reaction. We need to set a rate exyrdes eachreaction

mechanismadsorption, reaction and desorption.

2.9.5.Adsorption proces®s

There are two types of adsorption, direct and indirect; the direct adsorption implies
that the molecule lands immediately at its final adsorption site and stays at the point
of impact as an adsorbed species while in indirect adsorptiemolecule adsorbs

via a physisorbed precursor and after some time in this state, it finds a free site to
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bond to the surfacgChorkendorff and Niemantsverdriet, 200We have considered

the direct adsorption for molecules througartiicrokinetic simulation in this thesis

For describing the adsorption processg need to considethe rate of collision

between gas and surfasehich is estimated usinghe classical HertKnudsen

equation(Laidler, 1987:

Feoll- surf =L (261)
2pmkgT

Using this equation we obtain the total number of collisions in time intamwvabn

the surface of ared as a function omolecule pressurd>().

In generalsince the molecules must have a specific orientation, or hit a specific site
on the surface in order to adsorb, an efficient coefficient called the sticking
coefficient S is needed, whiclis a measure of the fraction of incident molecules
which adsorb upn the surfaceTST offers a descrimin of the sticking coefficient,
equation(2.62), which considers the temperature dependencys efhere a free
molecule moves perpendicular to the surface towards transtata (TS) where is

then anchoredand its translaibn and rotation are frustratetience, s partition

function includes only vibration,q'>, derived byequation(2.59), from which the

reaction coordinate, perpendicularthe surface, has been excluded

DE

o 2.62)

|-QDO

TS 2
) a
S(T) = o __ -

2D
qtransqrot qvib

The ¢Z2 . is the 2Dtranslational partition function for the free molecule derived by

equation(2.49), wherethe third frustrated translational mode vanishes since it is the

reaction coordinateThe otational partition function for a free moleculgy®, is
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calculated usingequations (2.53) or (2.54) dependingon its symmetry The

vibrational partition function in the gas phaseqj;°, is also calculated by using the
equation(2.59) for the 3N, - 6 and 3N, - 5 vibrational degrees of freedom of a
norlinear and linear molecule in the gas pheespectively, wheréN. is the umber

of atoms in the molecule.

The rate of adsorption on a surfacéhisrefore calculated via:

A
I =

adsi W Pg S,(T) (2.63)

Where Ais the effective area afatalyst andy’ is the coverage of free sites
2.9.6.Reaction processes

The rate constant for each surfatementary step is computed using the TST

2 o= TS S =
Koo = KeT %exr% DE gz KeT Qi ex‘% DE g (2.64)
h Qs ckeT = h q, Tkl =

Where, DE* is the reaction activation energiphe translations and rotation$ the
adsorbed specieare frustrated on the surface and therefore we considered only

vibrational modegChorkendorff and Niemantsverdriet, 2007

2.9.7.Desorption processs

The desorption process is the end of the catalytic cyald forms the basis of

temperature programmed desorption (TPD) which is a powerful tool to determine the
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activation energies and pexponential factors of desorptiofhe rate constant for

desorption proceds computed using the TST

k., T Q a- DE**9 k,Tql° Aa- DE* @
Ko =T Qe BT 87 h g, T
Q|s C B - Qvin C B -

(2.65)

Where DE® is thedesorptiorenergy The partition functionQ,. includes only the

vibrational frequencie®f the adsorbed species on the surfaghile Q,4 is the

partition function for the transition state, which we have considered as in direct

adsorptionand includs only vibration, g%, from which the reaction codinate has

vib ?

been excluded
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Chapter 3: Adsorption of hydrazine
on theperfect lowindex Cu surfaces

Abstract

In this Chapterwe discuss the results for the adsorption of hydrazinEANbon low

index copper surfaces using density functional theory calculations with a correction
for the longrange interactions (DFD2). We have modelled the perfect Cu(111),
(100) and (110) surfaces, which are found in the experimentally produced structures
of copper nanoparticle€Salzemanret al, 2004f). The (111) is the most stable
surface with the weakest adsorption of hydrazine, while the (110) surface is the least
stable and hence more reactive surface with the highest adsorption energy, where the
hydrazine bridges along the shbridge. We found tat inclusion of the dispersion
correction results in significant enhancement of molesulestrate binding, thereby
increasing the adsorption energy. This strong adsorption results in a bridging
adsorption geometry for hydrazine, with a rotation around\ing bond where the
torsional angle changes from a gauche towards an eclipsed conformer to help the
molecule to bridge through both nitrogen atoms, in agreement with experimental

evidence.
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3.1. Introduction

Over the last two decades, nanoparticles smallertB@mm(Fahlman, 200yhave
received much attention due to their applications in a wide range ofiackading
catalysis, magnetics, optoelectronics, electronic mdderdmological identification
environmental detection and monitorifigeath, 1999 Matsui, 2005% Liu, 2006.

This wide applicability is in part due to theiogition between isolated atoms and
extended solids as well as their surface properties, since they are composed almost
entirely of surfaces. The formation of copper nanoparticles with specific properties,
which are influenced by their shapedsize(Lisiecki and Pileni, 1993Salzemanret

al., 2004a Germainet al, 2005 Kooij andPoelsema, 2006alzemanret al, 2006

El-Sayed, 2004 is of interest in the design of materials for particular applications.

Generating specific nanoparticles with defined morphologies depends on several
parameters sudiistemperature, pressure and synthesis devices. One particular factor
during synthesisis the \ariation in the concentration of reducing agents like
hydrazine (NH4), which experiment has showasults in significant changes in the
distribution of ©pper particle shapes and sifEgankemboet al, 2003 Salzemann

et al, 2004h. Although experimental worle.g.in reverse micelldased synthesis,

has achieved much in the way of controlling the size and shape of copper
nanoparticlegLisiecki, 2005, the underlying processes are still not fully understood
and moleculatevel information would help to generate tailored particles more

efficiently.

More generally, NH, itself has applications in fuel cells, for example in direct
hydrazine fuel cells using proton exchange membranes and-tevoperature

hydrazine/air direetiquid fuel cells based on the use of nanostructured copper
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electrodes(Andrew et al, 1972 Granotet al, 2012 Yamadaet al, 2003. The
copperhydrazine interface is thus of importance in a number of applications and in
order to produce copper particles withpecific properties or improveopper
electrodes for more efficient fuel cells, we need to gain fundamental understanding

of the inteactions between M, and Cu surfaces.

Computational techniques based on the density functional theory (DFT) have
become an important tool for unravelling the interactions between adsorbates and
surfaces. We have carried out fipsinciples calculations ahe interaction ofN>H,4

with the Cu(1L1), (100) and (110) surfacesvhich are found experimentally
(Salzemanret al, 2004h). Compared to the (111), different surface geometries such
as less clospacked atomic arrangements, loaordinated surface atoms and longer
Cui Cu distances, may modify the way the molecule is accommodated at the copper

surface.

Daff et al. (Daff et al, 2009 Daff and de Leeuw, 20)lave previously investigated
aspects of the coppéwdrazine system, but this earlier work did not include a
correction for the dispersion contribution, aadcomparison with the dispersion
corrected calculations is therefore deemed valuable since the standard DFT
calculations are not capable of describing the d@mge interactions proper{iohn

and Sham, 1963Hohenberg and Kohn, 1964n this study, we have applied the
DFT-D2 method by GrimmdgGrimme, 2004 Grimme, 200% which is a recent
approach to include dispersive interactions, to characterize the interaction of

hydrazine with the lowndex Cu surfaces.
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3.2. Computational methods

Density functional theory (DFD2) calculations including the loAgnge dispersion
correction approach by Grimn{&rimme, 2004 Grimme, 200% were employed to
simulate the copper bulk and surface structures as well as the hydrazine adsorption.
We have used the Vienna Atio Simulation Package (VASP}Kresse and
Furthmuller, 1996p Kresse and Furthmuller, 1996&resse and Hafner, 1993
Kresse and Hafner, 1994with the projector augmented wave (PAW) potentials and
the generalized gradient approximation (GGA) based on the P&dee
Ernzerhof (PBE) eXxtangecorrelation functiona(Kresse and Joubert, 199lochl,
1994 Perdewet al, 19969. We have usethe global scaling factor optimized for
PBE, (¢ = 0.75) and adamping function to avoid near singularities for small
distances;the total energy is therefore calculated as a function ofdikgersion
coefficient for each atom pailthe geometries of all stationary points were found
with the conjugate gradient algtinm and considered converged when the force on

each ion dropped balo 0.01 eV/A, whereas the energglf-consistency of the

electron density was set ft0°eV. The valence orbitals are calculated as linear
combinations of plane waves, ati size of the basis set is determined by aoffut
energy of 600 eVwhich gave bulk energies converged to within 0.001 eV/atom
whereas the core electrons are kept frozen during the calculations. Calculations were
carried out using Monkhorftack(Monkhorst and Pack, 19Y@rids of 11x11x1Xk

-points for the bulk simulationVe obtained a lattice parameter of 3.571 A from the
bulk optimisation of the fcc metal with an error of 12 % compared to the
experimental value of 3.614 Strauman.Me and Yu, 1959l the surfaces were

created by cutting the geometry optimised bulk using METAD{8&tsonet al,
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1996. The perfectCu surfacesvere modelled by foulayer slabs and each full
simulation cell was grown into a 3x3 supercell for (14/ith a 3x3x1k -point grid,

a 2x2 supercefior the (100) surface with a 5x5%1-point grid, and a 3x2 supercell
for the (110) surface with a 3x5x%d -point grid. Test calculations with a higher

number ofk -points led to an energy difference smaller tadil eV percell. The
surface areas then correspond to a hydrazine covémge) of 0.03, 0.125 and

0.083 ML on the (111), (100) and (110) respectively, where ML is defined as the
number of molecules divided by the number of Cu atoms at the surfdcthese
coverages, the closest NHNH, distances for neighbouring hydrazine molesdee

13.56, 5.91 and 8.84 A on the (111), (100) and (110), respectively, precluding lateral
interactions between molecules in adjacent unit cdlsring the geometry
optimisations, we allowed the adsorbate molecule and three top surface layers to
relax,while the rest of the atoms in the slab were fixed at their bulk lattice positions.
This setup, where one side of the slab is kept fixed, ensures the explicit geometry
optimisation of a realistic number of surface layers, whilst still retaining a redgonab
sized slab, which made it feasible to investigate a large number of initial adsorption
geometriesin addition, a vacuum of 20 A was included between the slabs to avoid
perpendicular interaction®ifferent slab and vacuum thicknesses were tested until
convergence withi®.0L eV per cell achieved. Althoughe copper surfaces do not
contain intrinsic dipoles, adsorption of the hydrazine molecule on one side of the slab
gives rise to a dipole perpendicular to the surface and we have therefore employed

thedipole correction in VASP to aid convergence.

To characterize the surface stabilities of the various Cu surfaces, we have computed

the surface energy)(which is a measure of the thermodynamic stability of a given
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surface; the smaller its value, the matable the surfacaVe have calculated the
relaxed surface energg) usingequation (3.}, where Ex>* is the energy of the
relaxed slab with one side fixed in the optimised bulk geom@&¥s> is the total
energy of the unrelaxed slab prior to surface geometry optimizakgp, is the

energy of the primitive cell containing one Cu atonis the number of atoms in the

slab andA is the surface area of one side of the slab.

relaxed unrelaxed
— Egab - nEbqu _ Esiab B nEbqu

9= A 2A

(3.1)

The adsorption energyE(,) was calculated as the difference between the total
energy of the optimised substratdsorbate systemg,,,, ,,,) and the sum of the
relaxed clean surface=(,,,) and isolated BH. in the gauche conformatiorg(,, ),

equation (3):

Evas = Esiapngn, = (Esian T Engi,) (3:2)

3.3. Results and discussions

3.3.1.Surfaceproperties

We have created the perfect Cu(111), (100) and (110) surfempsd 3.1). The
(111) shows the closgacked plane of the fcc structureigure 3.1.a) and is the
most stable copper surfaf@aff et al, 2009. The surface Cu atoms are located in a
hexagonal lattice with a separation of 2.52 A between nearest neighbour Eems.
(100) surface is agslare lattice obtained by cleaving the faemtred bulk plane with

a Cu Cu distance of 2.52 AR{gure 3.1.b), while the (110) surface has a rectangular
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lattice and atoms are aligned with a distance of 2.52 A between Cu @bars

bridge)and distance @.57 A between elevated roieng-bridge)(Figure 3.1.c).

(@ (b) (c)

Figure 3.1. Surface structures (top-view) of the perfect (a) Cu(111), (b) Cu(100) and (c)

Cu(110) and cells used in the calculations (all distances in A).

Table 3.1 summarizes the calculated surface energies of theindex perfect
copper surfaces. These surfaces show stabilities increasing from (110) < (100) <
(111). The small discrepanciesttveen our results and previous theoretical studies

reported inTable 3.1are due to the variation in methods used.

Table 3.1. Surface energies of the perfect (111), (100) and (110) copper surfaces.

Surface J111) (J m_z) U100 (J m_z) U110 (J m_z)

This work 1.97 2.08, 2.14,
Other works 1.96* 2.09" 2.237"

A (Skriver and Rosengaard, 1992
® (Vitos et al, 1999

3.3.2.Hydrazine molecule

The three major conformations of hydrazine in the gas phase: gauche, trans and
eclipsed, a shown inFigure 3.2. The gauche conformer is the lowestergy
structure, with the trans and eclipsed conformations 0.13 and 0.36 eV higher in
energy respectively. We have started our investigation by placing the diffetént N

conformers in a number of initial configurations at a variety of positions on the
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perfect Cu(111), (100) and (110) surfaces in order to identify the lowest energy

system.

Yoy

Figure 3.2. Representation of the N,H, conformations, from left to right: gauche, trans and

eclipsed.

3.3.3.Adsorption of N,H, at the perfect Cu(111)

We have investigated a number of initial adsorbed hydrazine configurations to ensure
as far as possible that the lowesiergy configuration is obtad rather than a local
minimum. Figure 3.3 shows the three loweshergy adsorption configurations
obtained on the perfect Cu(111) with structural and energetic details listedblie

3.2. The preferred adsorption structures on the perfect Cugltfigce are for pH,

in gauche or trans conformations, both releasinganof 0.85 eV/NH,. Gauche

N2H4 bonds through both nitrogen atoms to the surface wiitNQiistances of 2.16

and 2.17 A with the molecule almost parallel to the surface (0.Bigure
3.3.flat.1118). The molecule rotates around thé&NNbond, toward the eclipsed
conformer with a torsional angle of 41.5 ° from the gauche conformer and bhe N
bond distance is increased by 0.02 A, wheregs,;Nh the trans conformation has

one N atom in a position slightly displaced from the atop site on a Cu atom where the

molecule is at an angle of 26.2 ° to the surf&egufe 3.3.flat.111b).
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flat.111a (-0.85 eV) flat.111b €0.85 eV) flat.111c (-0.81 eV)

Figure 3.3. The three lowest-energy configurations for adsorption of N,H, on the perfect

Cu(111) surface. Adsorption energies are in parenthesis.

Table 3.2. Geometries and adsorption energies (E.qs) Of relaxed N,H, adsorbed structures
on the perfect Cu(111) surface. The angle between the Ni N bond and the surface plane is
U; t hNeborl length in gas phase is 1.44 A. (Bold numbers indicate a non-bonding

nitrogen atom).

Label Geometry Eads N-CutN-Ct N-N ©
(eVINH) — (A) A) A) ©
flat.111a bridge -0.85 2.16 2.17 1.46 0.3
flat.111b transatop -0.85 2.07 3.04 147 26.2

flat.111c  gaucheatop -0.81 2.09 3.01 144 294

Only marginally less favourable is the situation whergNis adsorbed in the
gauche configuration releasing an energy of 0.81 e\/Nwith the N atom placed
atop at a CuN distance of 2.0 and the molecule positioned at an angle of 29.4 °©

to the surfaceRigure 3.3.flat.1110.

Daff et al (Daff et al, 2009 obtained the lowestnergy configuration of hydrazine

in the gauche conformation bound to only one Cu surface atom by using pure DFT.
In thatcase, the pH, adsorption energy i€0.42 eV/NH,4 (Daff et al, 2009, which

is half of our calculated adsorption energy for IET-D2 calculation where the

N,H, adsorbs to the surface through both N atoms. The higher coverage used by Daff
et al. may also alter the adsorption structure, therefore we have calculated the

adsorption structures on the same supercell size of Cu(1Thetk the impact of
Qv,n, ON the results. We found that the molecule still adsorbs strongly to the surface,

releasing even larger adsorption energy, 0.91 ei{Nvith vdW contribution of-
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0.58 eV/NH,4. The pure DFT adsorption energy is risfere only-0.33 eV/N;H,4
differing only 0.1 eV/NH4 with earlier reportg¢Daff et al, 2009 due to the different
functional used. The van der Waals contribution may modify even the nature of
interaction as found in the flat adsorption of pyridine on the Cu(110) surface, where
the nature of the adsorptigprocess changed from physisorptiégq{~ -0.21 eV) to
chemisorptionEaqs~ -0.61eV)(Atodireseiet al, 2009, and a similar effect has been

found in the selassembly of molecules on Au surfa¢kseraet al, 20131).

3.3.4.Adsorption of N,H, at the perfect Cu(100)

The lowestenergy structures forydrazine adsorption on the perfect Cu(100) surface
are represented iRigure 3.4, with structural and energetic details listedTiable

3.3

flat.100a ¢1.17 &/) flat.100b ¢1.07 eV) flat.100c(-1.07 eV)

Figure 3.4. Surface geometry of the lowest-energy configurations for adsorption of N,H, on

the perfect Cu(100) surface. (Adsorption energies are given in parenthesis).

In the most favourable configuration, the hydrazine molecule lies paralltiet
surface, having rotated around thé& NNbond towards the eclipsed conformeit.
binds to the surface through both nitrogen atoms withNCdistances of 2.12 A and
releasing an adsorption energy Bfqs = 1.17 eV/NH, (Figure 3.4flat.1009.
Although the adsorption structure is similar to the one on the (111), the molecule
adsorbs more strongly to the (100) by 0.32 e¥MN In the most favourable structure

for the adsorption of hydrazine on the perfect Cu(100) identified byddaff usirg
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pure DFT (Daff et al, 2009, the molecule was in the gauche conformation and
bound to only one Cu surface atom, releasing an adsorption energy of 0.5HgV/N
which is ory half of our calculated adsorption energy, showing the importance of

including the dispersion correction in DFT calculations of this type of systems.

The next two favoured structures were obtained from hydrazine in the trans and
gauche conformations,ighed perpendicularly to the plane and placed atop a copper
atom Figure 3.4.flat.100b, 9. Despite producing the same adsorption energies, the
transconformer is bound to the surface with a slightly shortérmCdistance of 2.06

A compared to 2.09 A for the gauche conformer.

Table 3.3. Geometries and adsorption energies (E.gs) of the relaxed N,H, adsorbed
structures on the perfect Cu(100) surface. The angle between the Ni N bond and the surface
pl ane i siN@bond lengte in tNe gas phase is 1.44 A. (Bold numbers indicate a non-

bonding nitrogen atom).

Label Geometry Eads N-Ct N-CitN-N ©O
(eVINH,) (A (A) A ©
flat.100a bridge -1.17 2.12 212 145 0.20
flat.100b  transatop -1.07 2.06 3.05 148 23.77

flat.100c gaucheatop -1.07 2.09 3.01 145 26.75

3.3.5. Adsorption of N,H, at the perfect Cu(110)

Figure 3.5 and Table 3.4 show the lowesenergy adsorption structures on the
perfect Cu(110)surface. The strongest adsorption of all our calculations of the
perfect (111), (100) and (110) surfaces occurred on the (110), releasing an adsorption
energy of 1.34 eV/pH, (Figure 3.5flat.1109. This structure has the;N4 molecule

lying along the sha-bridge row, with CilN distances of 2.10 A, in a conformation
close to the gauche conformer with a torsion of about 22.5 ° towards the eclipsed

conformation. In the most favourable adsorption geometry on the perfect (110),
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obtained using pure DFT, the dnazine binds to the surface through both nitrogen
atoms along the shebridge row, releasing a smaller energy of 0.82 eYNDaff

et al, 2009.

Table 3.4. Geometries and adsorption energies (E.qs) of the relaxed N,H, adsorbed
structures on the perfect Cu(110) surface. The angle between the Ni N bond and the surface
pl ane i siNbond lengte in tNe gas phase is 1.44 A. (Bold numbers indicate a non-

bonding nitrogen atom.)

Label Geometry Eads N-Cu N-Cu N-N (O]
(eVINH) (A (A) (A) ©)

flat.110a shortbridge -1.34 2.10 2.10 1.45 0.20

flat.110b  long-bridge -1.32 2.15 2.15 1.45 0.20

flat.110c  gaucheatop -1.10 2.06 2.95 1.45 18.75
flat.110d  gaucheatop -1.09 2.05 2.97 145 39.94
flat.110e transatop -1.02 2.03 3.04 141 50.96

The geometry with BH, along a longoridge Figure 3.5flat.110b) is less stable,

but the hydrazine still binds more strongly than on either the Cu(111) or (100)
surfaces. The molecule remains parallel to the surface withi Bl @istance of 2.15

A, releasing an adsorption energy of 1.32 e¥MN The optimisation from a
structure with NH, bridging two copper atoms across the diagonal of the rectangular
lattice of the (110) yields a configuration with a single copper interaction, with an
adsorption energy of1.10 eV/NH, and the molecule in the gauche conformation
(Figure 3.5flat.1109. We also found two weaker ndmidging adsorption
structures, shown ifrigures 3.5flat.110d and e. The optimised structures from a
perpendicular hydrazine in gauche and trans conformations release energies of 1.09
and 1.02 eV/MH,, respetively, with the molecule remaining in its gauche or trans
conformation, whereas the nitrogen is slightly displaced from the atop position on the

copper atom.
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flat.110a €1.34eV/N;H,) flat.110b (1.32eV/N,H,) flat.110c ¢1.10eV/N;H,)

flat.110d ¢1.09eV/N,H,) flat.110e €1.02eV/N,Hy)

Figure 3.5. The lowest-energy configurations for adsorption of N,H, on the perfect Cu(110)

surface. (Adsorption energies are given in parenthesis).

3.4. Conclusions

We have carried out a systematic study efiNadsorption orperfect lowindex Cu
surface using DFT level calculations with lorrgnge interaction corrections. Our
study has shown thdlhe planar (111) surface offers the wealaddorption to the
molecule, while thdargestadsorption energy is obtained on the least stabl@) (11
surface, where bridging of hydrazinelong the shortbridge is the preferred
configuration. Our results, in comparison with previstigly, indicate that the lorg
range interactions are important in determining the most favourable adsorption
structures, which also lead to stronger bonds between Cu and N atoms inclining the
molecule to the surface in bridging modes. This mode of adsorptinragreement

with that found by experimen{#atloob and Roberts, 197Alhaydariet al, 1989,

which suggests that a twpoint attachment of the il of the NH, molecule occurs

on Cu surfaces. This bridging structure was also proposed by AkteahgAlberas

et al, 1999 for hydrazine on Pt(1)1 based on XPS and high resolution electron
energy loss spectroscopy (HREELS) measurements, and by Gfenaee, 1979
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on Fe(111), based on photoelectron spectroscopy experiments. In this study, we have
also used larger simulation cells to obtain lowerNcoverages than previous work,
which help to prevent interactions betwdabe molecules in neighbouring cells and
ensure that we calculate only the surfadsorbate interactions of the isolated

hydrazine molecule.

The electronic properties studies ofie perfect low-index Cu surfaces are

investigated in comparisomith those of defectiv€u surfaces in the nex@thapter.
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Chapter 4: Adsorption of hydrazine
on the defective lowindex Cu surfaces

Abstract

In this Chapter we discuss the results of investigation of the adsorption of hydrazine
on defectcontaining copper (111), (100) and (110) surfaces by-pnisciples
calculations. We have studied adsorption of hydrazine at three types of defects in the
surfacesj.e. monoatomic steps, Cu adatoms and Cu vacancies. Severah&rgy
adsorption structures for hydrazine on each defective surface have been identified
and compared. Our calculations reveal that hydrazine bridges surface copper atoms,
with the molecule twgted from the gauche towards an eclipsed conformation, except
on the adatom (100) and vacarmntaining (100) and (110) surfaces, where it
adsorbs through one nitrogen atom in gauche and trans conformations, respectively.
The strongest adsorption energy found on the stepped (110) surface, where
hydrazine bridges between the copper atoms on the step edge and the terrace, as it
stabilizes the lowcoordinated copper atoms. Our results show that, althtdugh

(110) surfacecontains a number of lowoordinded atoms that enhance the surface
molecule interactionsthe addition of defects on the more stable (111) and (100)
surfaces provides sites that enable hydrazine binding to almost the sameTdwdent.
corelevel binding shifts for the N(1s3tates upon MH, adsorption on Cu(111)
surfaces have been calculated at DFT level to provide further insight intalthe N
adsorption process on the copper surfacBsis study also confirmgyeneral

observationsof surface adsorption trends in terms ebahd center and binding
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energy as a function of coordination numbee. the stronger the molecular

adsorption, the higher thelthnd shifts at lowcoordinatedsites

4.1. Introduction

The coppeihydrazine system has attracted significant attentiom to the role of
hydrazine in the production of metallic copper nanoparti¢lgankembo et al.,
2003; Salzemann et al., 20Q4bsiecki, 2005)and in the direct hydrazine fuel cell
using ranostructured copper electrod@mndrew et al., 1972; Granot et al., 2012;

Yamada et al., 2003jor the detailed description, please refeCtapterl).

Following our investigation of the adsorption of molecular hydrammeerfect Cu
surfaces irChapter2 andsincecomputational studies have often focused on the ideal
surfaces, whereas real surfaces are never perfect and chemical processes often occur
at defective siteave have carried out a comprehensive computational study based on
DFT in thisChapter to obtain an atomistic understanding of the adsorptionHef N

at three defective Cu(111), (100) and (110) surfasedace steps, where the copper
terraces are offset by one atomic layer from plane to plane, Cu adatoms and Cu
vacanciesLow-coordnated atoms provide sites for stronger adsorption, especially to
those molecules that have lepair electrons(Tang and Chen, 2007which is

shown by larger adsorption energies and shorter distances for the adsorbates bound at

those sites.

4.2. Computational methods

All the calculations in thi€hapter were done based thre density functional theory

(DFT-D2) including the longange dispersion correction approach by Grimme
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(Grimme, 2004 Grimme, 200% using the Vienna Abinitio Simulation Package
(VASP) (Kresse and Furthmuller, 1996kresse and Furthmuller, 1996&resse and
Hafner, 1993Kresse and Hafner, 1994~or the detailed methodology employed in
this Chapter, please refer to the methodolog¥bépter 3The adatom and vacancy
surfaceswere represated by fourlayer slabs and each full simulation cell was
grown into a 3x3 supercell for (111) with a 3x3k1point grid, a 2x2 supercell for

the (100) surface with a 5x5xX4 -point grid, and a 3x2 supercell for the (110)
surface with a 3x5xXk -point grid wherewe allowed the adsorbate molecule and
three top surface layers to relax, while the rest of the atoms in the slab were fixed at
their bulk lattice positionsThe stepped surfaces were modelled by a 3x2 supercell
using a 3x5x1k -point grid. The gepped (111) has five layers, while the stepped
(100) and (110) have 6 layers. During the optimization the molecule and four top
layers of Cu atoms of the stepped surfaces were allowed ta @fethe stepped
surfaces, the hydrazine molecules are notracteng with their images in
neighbouring cells either, as the shortestN¥H, distances are 8.8%.44 and 7.05

A on the (111), (100) and (110) respectively.

The formation energy of a defect is the amount of energy required to create it. We
have calculated the vacancy and adatom formation eneigjies equations (4) and

(4.2) respectively;

Ef vac = (Evaqr + Ebulk) - Eperfectr (41)

Ef,adatom: Eadator’r:r - (Ebulk + Epen‘ectr) (42)

Where E,,, is the energy of the primitive cell containing one Cu atdf,, and

E.saone @r€ the total energies of the relaxed slab with one side fixed in the optimised
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bulk geometry, containing a vacancy and adatom at the relaxed site of the slab

respectively, ande is the energy of the relaxed deféee surface with one

perfectr

side fixed in the optimised bulk geometry.

The relaxed surface energy)(andadsorption energyH,,,) were calculatedusing

the equations (3.1) and (3i&)Chapter 3

4.3. Results and discussions

4.3.1.Surface Properties

Since experimental surface structures are never perfect, we have created three defects

on the surfaces: steps, adatoms and vacancies.

The stepped surfaces have been studied to investigate the presence of an extended
edge of lowcoordinated atoms on the fage stabilities and adsorption behaviour.

Each unit cell (shown irFigures 4.1.ac) in the stepped slab was offset by one
atomic layer with respect to the next céle Leeuwet al, 200Q de Leeuw and

Nelson, 2003de Leeuwet al, 2004.

(@) (b) (©

Figure 4.1. Side view of simulation cells used in the calculations of stepped surfaces where
the low-coordinated copper atoms are shaded darker: (a) Cu(111); (b) Cu(100), and (c)
Cu(110).
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(@) (b) ()

Figure 4.2. The surface geometry (top-view) of different sites for adatom (a) (111) and (b)

(100) as well as (c) (110) surfaces. Copper adatoms are shaded darker. A vacancy defect on
each surface is also shown. S-bridge and L-bridge indicate the short and long bridges sites

on the (110) surface respectively.

One point defect othe surface that we have investigated, is a Cu atom added at
different sites of the relaxed side of the slBlg@res 4.2.ac). As Figure 4.2shows,

we have studied three different adatom adsorption sites: hollow, bridge and top sites.
During relaxation of the top and bridge adatom, we restricted its movement, allowing
perpendicular movement to the surface only to keep it at these lateral positions.
These calculations enabled us to obtain energies for these higher energy adatom
positions which could provide information on pathways for adatom diffusion across
the copper surfacg/ildirim et al, 2006 Karimi et al,, 1995. Because of the uneven
structure of the (110) surface, adatooasm bridge two different sites on the rows:
between two copper surface atoms along either long or short edge, which are
separated by 3.57 A (loAgidge) or 2.52 A (sho#ridge) respectively Higure

4.2¢). Finally, we have studied a surface vacancy,relome of the atoms in the top

layer has been removed from the slab, also showigures 4.2.ac.

As shown by the formation energiesTable 4.1, the hollow site is the preferred
place for the adatom on the Cu surfaces with formation energies ofri$130 eV

on the (100) and (110) surfaces respectively, less endothermic than on the (111)
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surface. Although formation of a vacancy is energetically less expensive than that of
an adatom on the (100) by 0.06 eV, although less favourable by 0.05 eV on the
(110), both are more likely to form than on the (111); This is due to the higher
relative stability of the (111) surface and lower coordination to the adatom on the
(111) than on the (100) and (110). Our results are in agreement with previous reports
(Karimi et al, 1995 Eremeevet al, 1997, where the adatothollow and vacancy

formation energies on the (111) were larger than those on (100) and (110) surfaces.

Table 4.2 summarizes the calculated surface energies of thendex perfect and
defective copper surfaceBhe perfecsurfaceshow stabilities increasing from (110)

< (100) < (111). As expected, the presence of defects affects the stabilities of the
planes and the trend changes to (100) < (110) for the adatom and vacancies, although
the (111) remains the most stable surface lincases. The small discrepancies
between our results and previous theoretical studies reporfabla 4.2are due to

the variation in methods used.

Table 4.1. Formation energies of Cu-adatom and vacancy on the Cu(111), (100) and (110)

surfaces.
Surface E: (eV), (111) E: (eV), (100) E: (eV), (110)
site
hollow  0.83 (fcc), 0.85 (hcp), 0.54, 0.30,
0.93%,0.97° 0.66", 0.71° 0.31%,0.31°
bridge 1.01 1.01 0.50 (Horidge), 1.37 (sbridge)
top 1.19 1.37 1.68
vacancy 0.82,0.72* 0.48,0.58" 0.35,0.29"

~ (Eremeeet al, 1997
® (Karimi et al, 1999
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Table 4.2. Surface energies of the perfect and defective (111), (100) and (110) copper

surfaces.
Surface Q1 (IM?) Giz00) (JM?) Q10 (IM?)
perfect 1.97, 2.08, 2.14,
1.96%,1.952° 2.09%, 2.166° 2.31%,2.237°
stepped 2.10 2.45 2.58
adatom (hollow) 2.04 2.23 2.19
adatom (bridge) 2.05 2.37 2.22 (tbridge ), 2.34 (sbridge)
adatom (top) 2.06 2.48 2.39
vacant 2.04 2.21 2.19

A (Skriver and Rosengaard, 1992
® (Vitos et al, 1999

4.3.2.Adatom diffusion

The hopping mechanism for copper adatom-delff f usi on, al so call
reference(Ayrault and Ehrlich, 1974 were calculated according to how adatoms
migrate from one hollow site to an adjacent one by overcoming the saddle point of

the potential energy barribetween them. The calculated activation energy barriers

(Es) for the adatom hopping processes@An Figure 4.3 across the (0), (110)

and (11} surfaces are presented irable 4.3 and compared to the available

theoretical and experimental values.

Our value of 0.46 eV for the direct hopping activation energy of a Cu adatom over a
bridge on a Cu(100) surface (process A) is in good agreement with the results of
previous theoretical studi€éKarimi et al,, 1995 Yildirim et al, 2006 Kurpick et al,

1997. Due to the lower symmetry of the (110) surface, there are two different
diffusion paths, across the clepacked rowsi.e. over the shorbridge site(process

B) and parallel to the clogeacked directioni.e. over the longoridge sites (process

C). Theenergy barrier for hopping across the shwitige (1.07 eV) is larger than

that across the longridge (0.20 eV), which values are similar to those of earlier
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works (Karimi et al, 1995 Yildirim et al, 2006 Montalenti and Ferrando, 1999
We found the activation energy for the adatom to diffuse over a bridge on a Cu(111)
surface (process D) to be 0.17 eV, whighalso in agreement with the experimental

and theoretical observatiof®nest al, 1999 Hanseret al, 199]).

Based on the activation energies, we have calculated the diffusion coefficient (D) at
two temperatures (300 K and 600 K) according to the transsiate theory

(Glasstoneet al, 1941, usingequation (43) (Liu et al, 1991 Kurpick, 200);

Ao

a- E
D =D, eXIER. Ta (4.3)
¢hs =

The pre-exponential factor, B was calculated using equation4y.wherewe have

neglected either the entropy or the vibrational contributions of the internal energy;

kT nd?
h 2a

D, = (4.4

Where d is the jump distance to an adjacent site, i s t he di mensi on
motion which is 6 = 2 for (100nisthemd (11
number of jump directions available to the adatom with4 for diffusion on (100)

surfacesn = 2 for diffusion along or perpendicular to the rows on (110) surfaces and

n = 3 for diffusion on (111) planekg is the Boltzman constari,is the temperature,

his the Plank constant arif] is the activation energy of each hopping process. The
correponding diffusion coefficients and pexponential factors are given Trable

4.3. Our calculated diffusion coefficients and negponential factors are similar to

those from previous works although the overestimations due to the omission of the

vibrationd energy contribution in our study become more noticeable as the
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temperature increases, indicating that vibrational effects should be included in any
complete description of the temperatdependence of the diffusion coefficient

(Kurpick et al, 1997 Kurpick and Rahman, 19%9

© O O

(b)

Figure 4.3. Diffusion processes of an adatom via hopping on (a) Cu(100), (b) Cu(110) and
(c) Cu(111).
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Table 4.3. Activation energies, pre-exponential factors (Dg) and diffusion coefficients (D) of

adatom diffusion on Cu(100), (110) and (111). The results in this table are for the moves in

Figure 4.3 For comparison, the corresponding values from other references are also

reported.
Process E. (eV) Do (cm?/s), Do (cm?/s), D (cm?/s), D (cm?/s),
300 K 600 K 300 K 600 K

A Cu(100) 0.46 3.97 x 1C0° 7.94 x 10° 761 x10" 1.10x1C
0.48*8 25x10°F 743 x100¢ 239x10°° 4.26x10°¢

0.505°¢ 1.2 x10°F

0.39+0.068 5.2x10F

7.29 x 10° €

8.7 x 10 ©
B Cu(110) 1.07 7.97 x 1C¢° 1.59 x 1 8.92 x 107  1.69 x 10"
1.146° 997 x10°¢ 1.1x10°¢ 557x103¢ 24x10%°

1.15%
C Cu(110) 0.20 3.97 x 1C¢ 7.94 x 10° 1.75x1¢  1.67 x 1¢
0.23%" 1.1x10°F  6.39x10°¢ 861x10° 7.48x10°
0.24* 8x10*F

4.4 x10'F

6.29 x 10* ©
D Cu(111) 0.17 9.99 x 10! 2 x10° 1.41x1F  7.49x 10

0.1-0.15"7 3x10%F
4.6 x10°°
1.2 x 10°F

A (Karimi et al, 1995
® (Kurpick et al, 1997
© (Yildirim et al, 2009

P (Breeman and Boerma, 1992

£ (Kurpick, 200)
F (Liu et al, 199

¢ (Kurpick and Rahman, 1999

H (Yildirim et al, 200§
' (Jones et al., 1990
J(Hansen et al., 1991
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4.3.3.N,H, adsorption at the Cu(111) surfaces

4.3.3.1. Adsorption at the stepped (111)

We have investigated the adsorption of various conformations and configurations of
the NbH4 molecule at different positions on the stepped Cu(111) surfagere 4.4

shows a schematic ultration of the initial configurations where the molecule was
placed either bridging across or atop Cu atoms on the step or in the vicinity on the
surface.Figure 4.5 shows the lowestnergy structures obtained after relaxation,
whereas the adsorption egees and other structural parameters are summarized in
Table 4.4 It can be seen that the adsorption configurations whelrl Mteracts

with the lowcoordinated step atoms leads to adsorption energies that are much larger

than on the terrace.

Jo | ]
A
T ]

Figure 4.4. Schematic illustration of initial adsorption configurations where N,H, was placed

at different sites on the step and terraces of the stepped Cu(111) surface.
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step.111a{1.53 eV)

step.111c{1.22 eV)

Figure 4.5. The three lowest-energy configurations for adsorption of N,H,; on the stepped

Cu(111) surface. Adsorption energies are given in parenthesis.

The lowestenergy structureRigure 4.5.step.111p with Eggs of -1.53 eV/NHy,

was found by optimising the initial conformation where the molecule in its gauche
conformation bridges two Cu atoms on the step edge with resulting Gistances

of 2.12 and 2.09 A. The molecule rotates around itsl Idond and has a torsional
angle of ®.0 © relative to the eclipsed conformer. We have found that hydrazine can
also bridge between two atoms, one on the step and another on the terrace with
adsorption energy o0f1.34 eV/NH, (Figure 4.5.step.111h A local minimum
energy structure is foundhen the gauche N4 is adsorbed through one N atom atop

of a step edge Cu atom at a distance of 2.07 A, the molecule is inclined towards the
terrace, releasing aB,qs of 1.22 eV/NH, (Figure 4.5.step.111c In addition, we

have studied configurations where the molecule is placed in the step vicinity. As
shown inTable 4.4 the adsorption energies decrease #&#/ddsorbs away from the

step edge.
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Table 4.4. Geometries and adsorption energies (E.gs) of the relaxed N,H, adsorbed
structures on the stepped Cu(111l) surface. The angle between the NiN bond and the
surface pl ariNbonddendth,in the lyas phise is 1.44 A. (Bold numbers indicate

a non-bonding nitrogen atom).

Label Geometry Eags N-CuN-C N-N O
(eVIN:H,)  (A) A A& 0O
step.11lla bridgestep -1.53 2.09 212 146 15.2
step.111b bridgestepterrace -1.34 2.18 222 145 128
step.111c gaucheatopstep -1.22 2.07 3.02 145 514
step.111d  transatopstep -1.16 2.04 3.02 148 284
step.11le bridgeterrace -1.15 2.15 216 146 0.6

step.111f transatopterrace -1.09 2.09 3.07 147 278
step.111g gaucheatopterrace -1.06 2.12 3.06 144 276

4.3.3.2. Adsorption at the adatoms on (111)

The fcc site on the CuU(l1l) surface is the energetically preferred location for the
adatom, and we have therefore investigated the adsorptiogHafrigar this adatom

site in a number of different starting configurations. The description of the optimised
geometries and the adsorption characteristics for the range of structures studied are
given in Table 4.5 whereasFigure 4.6 shows the lowestnergy adsorption
configurations of the gauche and trans conformers g¢i,Non the fceadatom. The
strongest adsorption, releasing an energy of 1.26 #4/Ns obtained when the
molecule bridges between the -@datom and a surface copper atom ai NCu
distances of 2.08 and 2.16r8spectively. The molecule is tilted the surface at an
angleof 2360 and the NI N bond is rotated wi

towards the eclipsed conforméiiure. 4.6.fcc.111a
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Figure 4.6. The lowest-energy configurations of adsorption of N,H, on fcc-adatom Cu(111)

surface.

Table 4.5. Geometries and adsorption energies for the relaxed N,H, adsorbed structures on
the fcc-adatom Cu (111) surface. The angle between the Ni N bond and the surface plane is

U, t iNebontl length in the gas phase is 1.44 A. (Bold numbers indicate a nitrogen atom

fcc.111e {0.81 eV/INH,)

is bound to the adatom).

fcc.111f €0.80 eV/NH.)

Label Geometry Eads N-CIN-CiIN-N O
(eVINHL) (A A A O
fcc.111la bridgeadatomsurface atom  -1.26 208 216 145 236
fcc.111b gaucheatopadatom -1.18 202 292 146 05
fcc.111c transatopadatom -1.18 199 291 148 10.9
fcc.111d  gaucheatopsurface atom -0.82 209 3.01 144 293
fcc.llle bridge surfaceatoms -0.81 216 217 217 0.3
fcc.111f transatopsurface atom -0.80 207 3.08 147 26.9

Two slightly less favourable locations for the molecule are atop the adaioded
through one N atomand releasing 1.18 eV/N, for both gauche and trans

conformers Figure. 4.6.fcc.111bc). We have also studied the structures where the
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gauche molecule is bound through both nitrogen atoms to the surface atoms next to
the adatomKigure. 4.6.fcc.111or where a single N atom of;N4 in gauche and

trans caformations interacts with the surface far from the-adatom Figure.
4.6.fcc.111d, ¥. These turn out to be local minima with adsorption energies in the
range 0f-0.80 t0-0.82eV/N;Hy,, i.e. similar to the adsorption energy on the perfect
surface indicating the local effect of the adatom. They are also significantly weaker
than those for the molecule adsorbed at the adatom, either through bridging or atop

modes. The defects thus provide sg@nadsorption sites than the planar surface.

4.3.3.3. Adsorption at the vacancies on (111)

Finally, we have investigated the adsorption gfiNat the Cu vacancies on the (111)
surface. The lowestnergy structures are schematically showrrigure 4.7, with
geomdric and energetic details summarizedTmble 4.6 The strongest adsorption,
releasing an energy of 1.20 e\(H\, is found for a configuration where the molecule
bridges between two copper atoms next to the vacancyi &t @istances of 2.09 and
2.13 A andnclined to the surface by an angle of 12.5igj¢re 4.7.vacant.111}3 In
this adsorption structure,,N,4 rotates around theiM bond with a torsional angle of

29.9 ° from gauche to eclipsed conformer.

Two local minima were found for the molecule adsdriagop the atom next to the
vacancy with different orientations of the gauche and trans conforrraysre

4.7.vacant.111b, rand adsorption energies-©94 and0.93 eV/NH, respectively.

99



Chapter 4: Adsorption of hydrazine on the defective-loslex Cu surfaces

- - - " o
vacant.111c {0.93 eV/NH,)
Figure 4.7. The lowest-energy configurations for adsorption of N,H, on vacant Cu(111)

surface.

Table 4.6. Geometries and adsorption energies for the lowest-energy N,H, adsorbed
structures on the vacant Cu(111) surface. The angle between the Ni N bond and the surface
pl ane i siNbond lengte in tNe gas phase is 1.44 A. (Bold numbers indicate a non-

bonding nitrogen atom).

Label Geometry Eads N-C N-C N-N O
(eVIN:Hy)  (R) A A ©
vacant.111a bridge -1.20 209 213 145 125

vacant.111b gaucheatop  -0.94 207 297 147 329
vacant.111c transatop -0.93 206 3.01 147 244

4.3.4.N,H 4 adsorption at the Cu(100) surfaces

4.3.4.1. Adsorption at the stepped (100)

Figure 4.8and Table 4.7show the properties of the three lowesergy adsorption
structures on the stepped Cu(100) surface. We found two adsorption configurations,
where the hydrazinedaorbs in the gauche configuration on the step atoms, both
releasing the same adsorption energy20 eV/NH,) (Figures 4.8.step.100a,

which is, however, weaker by 0.24 eVi, than observed on thstepped(111)

surface
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A third configuration is foundrom an initial structure with the hydrazine in the
gauche conformer aligned perpendicular to the plane. Upon optimization, the
molecule adsorbs with one N on top of a terrace Cu akguie 4.8.step.100g

releasing an energy of 1.17 e\dH\,.

We found a number of weaker adgion structures (step.104y), which are

summarized iMable 4.7

When the molecule adsorbed atop of a Cu atom on the step edge (step.100e), it is less
strongly bound by 0.11 eVAM, than when it is located atop a copper atomhan t
terrace (step.100c), in contrast to the results forstepped(111) surface. As the
(100) surface is already relatively unstable itself, the step edges on this surface are

not necessarily more reactive than the terrace.

Table 4.7. Geometries and adsorption energies (E.ys) of the relaxed N,H, adsorbed
structures on the stepped Cu(100) surface. The angle between the NiN bond and the
surface pl ariNbonddendth,in the lyas phise is 1.44 A. (Bold numbers indicate

a non-bonding nitrogen atom).

Label Geometry Eads NiCu NiCu NIN C]
eVIN,H) (A A A O
step.100a bridge step -1.29 212 212 146 15.73
step.100b bridge step -1.29 210 216 145 11.93
step.100c gaucheatopterrace -1.17 2.08 3.04 1.45 28.08
step.100d bridgeterrace -1.14 211 220 145 8.07
step.100e = gaucheatopstep -1.06 204 294 145 3521

step.100f transatopterrace -1.05 205 298 147 40.73
step.100g gaucheatopterrace -1.05 208 296 144 38.57
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step.100c {1.17 eV)

Figure 4.8. The lowest-energy configurations for adsorption of N,H,4 on the stepped Cu(100)

surface. (Adsorption energies are given in parenthesis).

4.3.4.2. Adsorption at the adatoms on (100)

As Table 4.2 shows, the hollovadatom Cu(100) surface provides tmest stable
adatom site on thesurface, and we have therefore investigated adsorption of
hydrazine on this surface from a number of different starting configurations. The
lowestenergy adsorption structures are showrFigure 4.9 with the adsorption

geometries and energetics listedable 4.8

The most stable geometry is obtained with hydrazine in the gauche conformation,
with one nitrogen atom at a position slightly displaced from the top site of the Cu
adatom Figure 4.9.adatom.100aand the NN bond almost parallel to the surface.
This adsorption releases 1.18 eW, the same amount when the molecule binds to
the surface Cu atoms nearby the adatBigure 4.9.adatom.100p, where hydrazine

is lying flat with a torsion of 31.68 ° from the gauche conformation towards the

eclipsed coformer. This adsorption structure is similar to that of the molecule
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bridging in gauche conformation to the perfect (100) surface, releasing very similar
binding energiesThis result is in contrast to the (111) surface, where the adsorption
on the adatonms stronger and it shows that the introduction of an adatom on the
(100) surface does not have as prominent an effect on the hydrazine adsorption as on

the (111).

Table 4.8. Geometries and adsorption energies (E,gs) of the relaxed N,H, adsorbed
structures on the adatom Cu(100) surface. The angle between the Ni N bond and the
surface pl ariNbonddengdth,in the lyas phise is 1.44 A. (Bold numbers indicate

a nitrogen atom is bound to the adatom).

Label Geometry Eads NTCu NiCu NiIN ]
(eVIN,H,) (A A A O
adatom.100a gaucheatopadatom -1.18 207 3.01 146 8.15
adatom.100b bridgesurface atoms -1.18 210 211 145 0.20

adatom.100c bridgeadatomsurface atom  -1.12 219 219 146 16.75
adatom.100d bridgeadatomsurface atom  -1.06 213 215 145 256
adatom.100e  transatopsurface atom -1.07 205 3.02 141 27.42
adatom.100f gaucheatopsurface atom -1.04 208 3.02 145 2481

Figure 4.9 shows both adatom.100c and adatom.100d configurations where
hydrazine binds to the adatoom the surface. Whilst hydrazine in adatom.100d is
bound more closely to the copper atom$ QN distance of 2.13 A), with a rotation

of 22.6 ° from the gauche conformation, the adat@®®c (N Cu distance of 2.19 A)

is energetically more favoable, beingonly rotated 3.5 %owards the eclipsed
conformer. Hydrazine also adsorbs atop the saerfopper atom through only one

nitrogen atom, without bridging, in either trans or gauche conformer (adatom.100e,

f).
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e Wy

adatom .100d ¢1.06 eV/NH,) adatom.100e {1.07 eV/NH,)  adatom.100f ¢1.04 eV/INH,)

Figure 4.9. Surface geometry of the lowest-energy configurations for adsorption of N,H, on

the adatom Cu(100) surface. (Adsorption energies are given in parenthesis).

4.3.4.3. Adsorption at the vacancies on (100)

Finally, we have investigated the adsorption gHNat Cu vacancies on the (100)
surface. The lowestnergy structures are schematically showfigure 4.1Q with
geometric and energetic details summarize@liahble 4.9 In the strongest adsorption
configuration, releasing an energy of 1.23 eMlN the molecule in the gauche
conformation interactshrough only one nitrogen with the surface Cu next to the
vacancy, with a CilN distance of 2.07 A, and inclined to the surface by an angle of
41.53 °© Figure 4.10.vacant.100a The adsorption structure of hydrazine bridging
two Cu atoms next to the vacanaoyith an adsorption energy e1.19 eV/NH,4
(Figure 4.10.vacant.100h is weaker than the vacal@Oa configuration but
comparable to the same structure on the Cu(111) surface. A local minimum was
found for the molecule adsorbed in the trans conformatiotop of the atom next to
the vacancy Kigure 4.10.vacant.100g; releasing anadsorption energy of 1.15

eV/NoHa.
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e R
vacant.100c {1.15 eV/NH,)

Figure 4.10. The lowest-energy configurations for adsorption of N,H,; on the Cu(100)

vacancy surface. (Adsorption energies are given in parenthesis).

Table 4.9. Geometries and adsorption energies (E,gss) of the relaxed N,H, adsorbed
structures on the Cu(100) vacancy surface. The angle between the Ni N bond and the
surface pl aiiNbonddength,in the bas phise is 1.44 A. (Bold numbers indicate

a non-bonding nitrogen atom.)

Label Geometry E.gs N-Cu N-Cu N-N o
(eVINH) — (A) A (A) ©)
vacant.100a  gaucheatop -1.23 2.07 3.06 1.45 41.53
vacant.100b bridge -1.19 2.07 214 145 1221
vacant.100c transatop -1.15 2.05 3.04 147 11.24

4.3.5.N,H4 adsorption at the Cu(110) surface
4.3.5.1. Adsorption at the stepped (110)

The representative loweshergy structures for the,N, adsorption on the stepped
(110) surface are shown kigure 4.11with structural and energetics details listed in

Table 4.10

We found the strongest adsorption tire stepped Cu(110) when,i¥, bridges
between two copper atoms, one on the step and another on the terrace, with an
adsorption energy ofL..60eV/N,H, (Figure 4.11.step.110pand CuiN distances of

2.04 A and 2.07 AThe channels between rows of atoms acooafate the hydrogen
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atoms much better, resulting in a torsional rotation of only 3.5 © arounditNe N
bond towards the eclipsed conformation. The combination of these effects, and the
lower coordination of the uppermost surface atoms on the stepped Ca(tfHRe,

results in the strongest adsorption found on any atomic step on the copper surfaces.

Bridging along the step edge is the second most favourable adsorption structure with
adsorption energyof -1.58 eV/NH; (Figure 4.11.step.110p The bridging
corfigurations near the stee.g.stepl110c) are less stable with varying adsorption
energies, depending either on how far the molecule is located from the step edge or
in which direction it bridges. The adsorption becomes more endothermigHas N
moves awayfrom the step edge or if the,N, geometry is stretched on the leng
bridge. Adsorption of hydrazine through only one nitrogen atom leads to weaker

binding to the surface.

Table 4.10. Geometries and adsorption energies (Eays) of the relaxed N,H,; adsorbed
structures on the stepped Cu(110) surface. The angle between the NiN bond and the
surface pl aiiNbomnddength,n the bas phise is 1.44 A. (Bold numbers indicate

a non-bonding nitrogen atom.)

Label Geometry Eads NTCu NiCu NiIN ]

(eVINH,) (A) A A ©)
step.110a bridgestepterrace -1.60 2.04 2.07 1.46 52.06
step.110b bridgestep -1.58 2.06 2.08 1.47 29.87
step.110c bridgeterrace -1.31 2.08 209 145 356
step.110d bridgeterrace -1.28 2.11 213 145 4.66
step.110e bridgeterrace -1.27 2.08 210 145 235
step.110f bridgeterrace -1.26 2.10 213 145 2.44
step.110g gaucheatopstep -1.18 2.02 292 145 20.56
step.110h gaucheatopterrace -1.07 2.06 296 145 23.39
step.110i transatopterrace -0.97 2.03 297 148 34.05
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step.110c{1.31 eV)

Figure 4.11. The lowest-energy configurations of adsorption of N,H, on the stepped Cu(110)

surface. (Adsorption energies are given in parenthesis).

4.3.5.2. Adsorption at the adatoms on (110)

We have studied adsorption of hydrazine in a number of different positions on the
four-fold hollow-adatom (110) surface, which, as showrnTable 42, is the most
stable adatom position on the (110) surface. We found the strongest adsorption when
the molecule bridges only surface atoms, stronger even than adsorption involving the
adatom Figure 4.12.adatom.1103a This strong binding is due to the space between
rows of Cu atoms, which allows a favourakdelsorption geometry with an
adsorption energy ofl1.40 eV/NH;. When the molecule bridges along the long
bridge Figure 4.12.adatom.110p the Qi N distances are lengthened to 2.13 and

2.17 A, and this configuration releases an adsorption energy of 1.28HV/N

As shown inTable 4.11 similar to the adsorption on the (100) surface, bridging

from the adatom to a surface atom remote from tmatom Figure
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4.12.adatoml1109 is preferred over bridging to the closest copper atBigu(e

4.12.adatom110d).

Table 4.11. Geometries and adsorption energies (Eays) of the relaxed N,H,; adsorbed
structures on the adatom Cu(110) surface. The angle between the Ni N bond and the
surface pl ariiNbonddengdth,in the lyas phise is 1.44 A. (Bold numbers indicate

a nitrogen atom is bound to the adatom).

Label Geometry Eads NTCu NiCu NIN C]
(eVIN,H,)  (A) A A ©)
adatom.110a bridgesurface atoms -1.40 2.09 210 145 0.30

adatom.110b  bridgesurface atoms -1.28 2.13 217 145 1.20

adatom.110c bridgeadatomsurface -1.22 2.19 216 146 2241
atom

adatom.110d bridge-adatomsurface -1.18 2.12 211 145 21.94
atom

adatom.110e gaucheatopsurface -1.12 2.06 299 145 38.37
atom

adatom.110f transatopsurface -1.05 2.03 3.04 147 50.73
atom

adatom.110g gaucheatopadatom -0.96 2.05 3.01 1.45 48.53

adatom.110h transatopadatom -0.96 2.02 3.02 1.48 47.48

Figure 4.12 also shows the adsorption structures wheskl;Nadsorbs through a
single nitrogen atom, atop either a surface copper atom (adatom.110e, f) or an
adatom (adatom.110g, h). Asble 4.11shows, binding to the top site is stronger
than to the adatomAdsorption of hydrazine in either gauche or trans conformation
on the adatom releases 0.96 e while adsorption of bH4 on a surface copper
atom in the gauche conformation is more favourable than in the trans conformation

by 0.07 eV/NH,.

We foundthat the bridging site between the adatom and a surface atom is the
preferred position for the molecule on the (111) surface, but in the strongest

adsorption structures on the adatom (100) and (110) surfaces, hydrazine prefers to
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bridge between surface ats without involving the adatom, because these surfaces

already contain lovcoordinated atoms in the defdote planes.

. 0w W
adatom.110e {1.12 eV/NH,)

. L4 - - .

adatom.110f €1.05 eV/INH,)

adatom.110g {0.96 eV/NH,) adatom.110h (0.96 eV/NH,)

Figure 4.12. The lowest-energy configurations for adsorption of N,H, on the adatom Cu

(110) surface. (Adsorption energies are given in parenthesis).

4.3.5.3. Adsorption at the vacancies on (110)

The lowestenergy structures are schematically shown Figure 4.13 with
geometric and energetic details summarizedable 4.12 We found thestrongest
adsorption on the Cu(110) surface with vacancy, releasing an energy of 1.35
eV/N;H4, whenthe molecule in the trans conformation interacts through only one

nitrogen with a surface atom next to the vacancy at BNCdistance of 2.02 A
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(Figure 4.13.vacant.110p The channels between rows next to the vacancy

accommodate M, very well, leading to strong binding to the surface.

Table 4.12. Geometries and adsorption energies (E.qs) of the relaxed N,H, adsorbed
structures on the Cu(110) vacancy surface. The angle between the Ni N bond and the
surface pl ariNbonddendth,in the lyas phsse is 1.44 A. (Bold numbers indicate

a non-bonding nitrogen atom).

Label Geometry Eads NiCu NiCu NIN ©
(eVINH) (A A A 0O
vacant.110a  transatop -1.35 2.02 295 148 0.7
vacant.110b bridge -1.32 2.13 216 145 1.1
vacant.110c gaucheatop -1.29 2.04 296 145 25

Figure 4.13. The lowest-energy configurations for adsorption of N,H, on the Cu(110)

vacancy surface. (Adsorption energies are given in parenthesis).

We identified two other structures close in energy, where hydrazine bridges between
two atoms next to the vacancy, wah adsorption energy ef.32 eV/NH, (Figure
4.13.vacant.110p, similar to the molecule adsorbing on top of the atom next to the

vacancy in a gauche conformatidfigure 4.13.vacant.110g Eqgs=-1.29 eV/NH..
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4.3.6.Electronic structure analysis
4.3.6.1. Calculation of core level binding energy shifts

Identification of adsorption structures helps to understand the mechanism of surface
chemical reactions. Xay photoelectron spectroscopy (XPS) is one of the most
highly used spectroscopes to identify the electronicgamnetric structures of solid
surfaces wittadsorbed molecules. Fisgtinciples DFT calculations of the celevel
binding energies shifts (CLS) are able to reveal the microscopic details of the various
surface reactions, where it is hard to assign peaksomplicated structures on XPS,

due to existing a number of adsorption sites with different coordinations. In this
section, we have calculated the CLS floe N(1s) states upon,N, adsorption at

DFT level for deep understanding of theHY adsorption process on the copper

surfaces and helping to interpret XPS peaks.

The corelevel binding energy is the energy required to remove a core electron from
the atom of interest. At DFT level, the binding energy of core electigns is
calculatedas the energy difference between two separate calculdtimzst et al,

2001, Kohler and Kresse, 2004s per equation (%b). The first calculation is a
standard DFT calculation in which the number of core electrons corresponds to the
unexcited ground staté€e(nc)). In the second calculation one electron is removed
from the core of one particular atom aadded to the valence or conduction band
(E(n-1)). A total energy is then obtained via minimization of electronic

configuration in the presence of the ctiade.

ECL = E(nc - 1) - E(nc) (45)
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Corelevel binding energy shiftsEg, g are the changes in binding of specific core
electrons Ec.) of atoms of interest compared to reference atoms, whectypically

located in a different environment, equatioré)4.

ECLS = ECL - relf (4'6)

EcLs can be compared to the experimentally determirsdde, whichis sensitive to

the local environment. This calculation provides a unique way to gain detailed
knowledge of adsorption sites and structures in a direct relation with experimental
measurements. The chemical bonds are formed by orbital hybridization and oft
with charge transfer. In the case of molecular adsorption, the formation of a bond
depends on the active site and their coordination leading to variati&as fior both
adsorbates and substrates, which can nbeasured by >ay photoelectron
spectroscpy (XPS) and calculated computationally. To illustrate this, we present a
CLS calculation forthe most favorable adsorption structures on eacfilXl)
surface. InTable 4.13 we summarize the calculated CLS for N(1s) of both N atoms
in NoH4 on the perfectstepped, adatom and partially vacant Cu(111) surfaces. We
obtained the biggest CLS for the geometries where the molecule bridges through
both nitrogen atoms. A&igure 4.14 shows, for weaker adsorption through one
nitrogen, we found a shift to low&inding energies due to a major charge transfer
from the Cu to that particular N in the;l, molecule. These results contrast to the
experimental work by Littrell and colleaguésttrell and Tatarchuk, 1986where

they used in situ XPS to obtain a CLS-6f1 eV for adsorption of ¥, on coppeiat

6x10* Torr and 295 K. This significant difference between calculated and measured
CLS for N(Ls) was also seen in NO adsorption on the Pt(111) suiZace et al,

201Q Zenget al, 2009, where calculated CLS for N(1s) is-6.7 eV, which is
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quantitatively in line with our results. They did a comprehensive investigation and
revealed the sensitivity of the CLS versus the titled angle and the distance between
molecule and surface indicatirigat the discrepancy between DFT and experiment
results may come from the thermal vibration and rotation of adsorbed molecules.

XPS measurements at low temperatures therefore could be helpful.

Table 4.13. Core-level binding energy shifts (Ec.s) for both N(1s) for atoms of N,H4; on the

strongest adsorption structures on the perfect, stepped, adatom and vacant Cu(111)

surfaces.
Structure Geometry Eags(€V) Ecis(eV)
flat.111a bridge -0.85 -0.45,-0.44
flat.111c gaucheatop -0.81 -1.48,-0.92
step.11la bridgestep -1.53  -0.32,0.09
step.11t gaucheatopstep -1.22 -1.31,-0.90

adatom.111a bridgeadatomsurface ator -1.26  -0.47,-0.20
adatom.11d gaucheatopsurface atom -0.82 -1.50,-1.04
vacant.111a bridge -1.20 -0.55,-0.36
vacant.111c transatop -0.93 -1.73,-0.76

0.00

# bridge
-0.20 A
& matop

-0.40 -

-0.60
= -0.80 A
3
v -1.00 A
o
w -1.20 4

-1.40 A

-1.60 A

-1.80 A o

-2.00

Perfect Stepped adatom vacant

Figure 4.14. Core-level binding energy shifts (Ec.s) for N(1s) of N;H; in the strongest

adsorption structures on the perfect, stepped, adatom and vacancy Cu(111) surfaces.
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4.3.6.2. Morphology

The equilibrium morphology of a crystal is determined by the surface energy and the
related growth rate of the various surfaces and provides a measure of the relative
stabilities of the surfaces. Wulff's TheordWvulff, 1901) states that a pal plot of
surface energy versus orientation of normal vectors would give the crystal
morphology based on the approach of Gif@bbs, 1928, who poposed that under
thermodynamic control the equilibrium form of a crystal should possess minimal
total surface free energy for a given volume. Lattice dynamics simulations have
shown that the contribution of the excess entropy term to the surface frgg mne
small compared to the enthalpy term, as the differences between the entropies of the
bulk and the surface are small and, hence, for solid surfaces the surface energy is a
close approximation for the surface free eneflgfkhonto and de Leeuw, 2002

Thus, thesurface energies can be assumed to determine the equilibrium morphology
of the crystal. This approach has been employed in the calculation of the effect of
surface adsorbates on the thermodynamic morphologies of many different materials,
e.g.oxides, carbonates, phosphates and sulpliidksonto and & Leeuw, 2002de

Leeuw and Parker, 199€e Leeuw and Cooper, 2003antosCarbalal et al, 2014
Deveyet al, 2008 de Leeuw and Parker, 199@here good agreement was obtained
with experiment. We have therefore used the same approach here to obtain the
morphologies of the copper particles and investigate the effect of hydrazine
adsorption on the expression of the different surfaces in theingsoibrphologies.

Waulff crystal morphologies were calculated from the surface energies of the perfect
and defectontaining copper surfaces listed infable 4.2 The calculated
cuboctahedron morphology deriving from the surface energies of the perfecmadat

and vacancy surfaces, representedrigure 4.15.ashows that the (111) surface is
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highly prominent, but that the (100) and (110) planes are also expressed. It also
indicates that the introduction of point defects on the surfaces does not change the
morphology. However, the addition of an extended defect, such as steps on the
surfacesigure 4.15.9, does affect the crystal shape; in the extreme case, where all
surfaces are considered to contain high step densities, the (110) surface disappears

from theCu morphology due to its relatively high surface energy.

@ (b) (©) (d)

Figure 4.15. Calculated crystal morphology of copper before hydrazine adsorption: (a)

perfect, adatom and vacancy, (b) step crystals; and after hydrazine adsorption: (c) perfect,

adatom and vacancy, (d) step crystals.
We have also obtained the morphology of Cu particles after adsorptiogHgfoN

the surfaces, usingguation (47);

_ By, - |_n Bk + EN2H4] E;Zflaxed- ] =8 47
” B N @7)
A 2A

Since the surface energies change aas effect of hydrazine adsorption, the
morphology is altered. Due to a decrease in the surface energy, astbréher
increase inthe stabilityf t he (110) surface upon hydr a
morphology shows an increase in (110) surface @rigares 4.15.c, ¢. We should

note, however, that these results are based on the adsorption of only.kne N
molecule on the Cu surfaces, whereas increasing the hydrazine coverage on the

surfaces may conceivably lead to further expression of the (1Xffcsuin the
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morphology. These results are in agreement with previous experiments which
showed that BH, stabilizes the surfaces as a capping agent during Cu nanopatrticle

synt hesis, thereby modi fyi (Ligiecki,R@3.nanopar

4.3.6.3. Density of states

We have obtained the electronic density of states (DGiguies 4.16 — 4.18) to
investigate if the electrongtructures of the N-prbitals of the two nitrogen atoms in
hydrazine remain identical or become different upon adsorption, depending on how
the NbH4 molecules interacts to the surface, through both nitrogens or through
only a single nitrogen atom. €rsymmetry of the bridging configurations is shown

by the identical electronic structure of the Miitals. However, the local electronic
density of states projections (LDOS) on the Magnd of theadatom11l (igure

4.16), adatom and acant100 (igure 4.17) and vacanfil0 (igure 4.18 surfaces
show a shift to lower energies for the nitrogen atom closer to the surface. This shift
can also be seen on the stepped (1EQufe 4.18 for the N atom interacting with

the Cu atom on the step edge.
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Figure 4.16. Site-projected electronic LDOS of the lowest-energy adsorbed structures on
each perfect and defective (111) surface for nitrogen p-band. N(1) is the nitrogen closest to

the surface and N(2) is the second nitrogen atom of N,H,.
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Figure 4.17. Site-projected electronic LDOS of the lowest-energy adsorbed structures on
each perfect and defective (100) surface for nitrogen p-band. N(1) is the nitrogen closest to

the surface and N(2) is the second nitrogen atom of N,H,.
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Figure 4.18. Site-projected electronic LDOS of the lowest-energy adsorbed structures on
each perfect and defective (110) surface for nitrogen p-band. N(1) is the nitrogen closest to

the surface and N(2) is the second nitrogen atom of N,H,.

4.3.6.4. Charge density analysis

In order to characterize the bond betweeRiNand the Cu surfaces, we have carried

out an analysis of the electron density, where the charge density difference was
obtained by subtracting from the charge density of the total adsorbate system, the
sum of the chrge densities of the molecule and the clean surface in the same

geometryequation (4):

(4.8)

rtransfer = rsurf+mol - (rsurf + rmol)

Figures 4.19— 4.21 show the induced charge density with an isovalue of +0.02 e/A
on each surface upon,N, adsorption. It indicates the transferred charge densities

which on the perfect Cu surfaces originate primarily from the Cu atoms in the
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uppermost layer, whereas on the Cu step, adatom and partially vacant surfaces, the

charge is transferred mainfiyom the unsaturated Cu atoms.

(©)

Figure 4.19. Induced charge density presentation of the adsorption of N,H,; molecule on (a)
perfect, (b) adatom, (c) step and (d) vacant Cu(111) surfaces by an isosurface of +0.02 elA®,
where yellow and blue denote lost and gain of electron density. Low-coordinated atoms are

shown in red.

169 3

(d)

Figure 4.20. Induced charge density presentation of the adsorption of N,H, molecule on (a)

perfect, (b) adatom, (c) step and (d) vacant Cu(100) surfaces by an isosurface of +0.02 elA®,
where yellow and blue denote lost and gain of electron density. Low-coordinated atoms are
shown in red.
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Figure 4.21. Induced charge density presentation of the adsorption of N,H4; molecule on (a)
perfect, (b) adatom, (c) step and (d) vacant Cu(110) surfaces by an isosurface of +0.02 elA®,
where yellow and blue denote lost and gain of electron density. Low-coordinated atoms are

shown in red.

In order to analyze the observed MNognd shift in the atop hydrazine adsorption
structures and identify any changes in the charges of the adsorbed molecule
compared to hydrazine in the gas phase, we have carried out (Badieret al,

1987 charge analyses implemented in the Henkelman algo(ittenkelmanret al,

2006. The charge analysis Tables4.14—4.16 show that on those structures where
hydrazine interacts through only one atom to the surface, the N atom interacting with
the surface is more negatively charged cared with the nofnteracting N This
charge dstribution is in agreement with the DO8here there is #arger shift in
energy of the fbands of the interacting N atom, whereas in the bridging
configurations both N atoms of hydrazine have practically the same charge. On all
investigated Cu surfacedhe resulting net charge transfer between thel;Nand

surface is very small (less than @/IN) suggesting only a local charge redistribution
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within the NH4/Cu systems, where the observed distortion of the molecule indicates
electronic rearrangement upadsorption, suggesting a chemical interaction between

the molecule and the surface and covalent character of ¢ [&nd.

We found no trend between the amount of charge transferred and the calculated
adsorption energies of N4 at the different Cwsurfaces, whichindicates that the
variation in strength of MH, binding may be an effect of the coordination of the
interacting surface Cu atoms. In order to clarify this suggestion, we have analysed
the adsorption energy per N atom in relation to the coaidmaumber (CN) of the

interacting Cu atoms on all Cu surfaces in the next section.

Table 4.14. Atomic charges of adsorbed hydrazine and the interacting surface Cu atoms on

different Cu(111) surfaces. The atomic charges of gas-phase hydrazine are also reported.

system N1 N2 H1 H2 H3 H4 Cul Cu2
€ (€ () (€ (€ () () ()

flat -0.79 -0.75 041 041 045 041 0.12 0.12

step -0.77 -0.77 043 040 043 042 0.13 0.13

adatom -0.79 -0.75 042 039 043 043 0.18 0.14

vacant -0.79 -0.78 042 042 0.43 042 0.13 0.13

gasphase hydrazine -0.73 -0.73 0.37 0.36 0.37 0.36

Table 4.15. Atomic charges of adsorbed hydrazine and the interacting surface Cu atoms on

different Cu(100) surfaces. The atomic charges of gas-phase hydrazine are also reported.

system N1 N2 H1 H2 H3 H4 Cul Cu2
(e) e () () (€ () () (e)
flat -0.79 -0.78 04 041 042 04 013 0.13
step -0.78 -0.78 043 041 044 04 011 0.11
adatom -0.81 -0.72 0.36 042 041 0.38 -0.03
vacant -0.81 -0.75 04 041 04 038 0.18

gasphase hydrazine -0.73 -0.73 0.37 0.36 0.37 0.36
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Table 4.16. Atomic charges of adsorbed hydrazine and the interacting surface Cu atoms on

different Cu(110) surfaces. The atomic charges of gas-phase hydrazine are also reported.

system N1 N2 H1 H2 H3 H4 Cul Cu2
€ (€ () (€ (€ (€ () (e
flat -0.79 -0.79 043 041 044 041 0.5 0.16
step -0.78 -0.75 042 04 041 038 0.14 0.14
adatom -0.79 -0.77 042 041 043 041 0.15 0.14
vacant -0.81 -0.72 0.36 042 044 038 0.19

gasphase hydrazine -0.73 -0.73 0.37 0.36 0.37 0.36

4.3.6.5. Coordination Number

It is clear that the hydrazine molecule adsorbs more strongly on the perfect (110)
surface compared to the perfect (100) and (111) Cu surfaces. The Cu atoms in the
perfect (110)purface have a coordination number (CN) of 7, while the perfect (100)
surface atoms are-f8ld coordinated, showing a weakegHM adsorption, with the
weakest adsorption taking place on the perfect (111) surface where the CN is 9; This
trend is in line with other theoretical studigaff et al, 2009 Daff and de Leeuw,

2012. Although the lowcoordinated atoms on the perfect (110) allow the molecule

to bind strongly to the surface, the introduction of defects can also provide sites for

strong adsorption on the more stable (111) and (100) surfaces.

In order to clarify the effect of CN on the adsorption energy, we have analysed the
adsorption energy per €N bond with respect to the coordination number of the
interacting Cu atoms. Within this approximation, where hydrazine interacts through
both N atons to surface Cu atoms with the same CN, because the N atoms of the
hydrazine molecule in that case have the same LDOS and charge, the binding energy
per Cu N bond is obtained bialving their respective total adsorption energies. In

the structures wherda¢ two N atoms bind to surface Cu atoms with different CNs

and where one Cu has the same CN as on flat surface, we assume that the energy per
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CuiN bond is obtained by the difference between the total adsorption energy of
hydrazine at the surface and thes@gbtion energy per G bond on the flat surface.
However, the calculation of the adsorption energies per interacting N atom is
difficult on the (100) adatom and vacamoyntaining surfaces, where hydrazine
interacts through a single N atom to the surfdmcause, in principle, we cannot
calculate the contribution of the ndmonding N atom to the total adsorption energy.
On these surfaces, we have therefore used the second-étowegy structures,
where hydrazine interacts through both N atoms, whiclblesaus to calculate the
adsorption energy per CN bond for all surfaces. A plot of the adsorption energy
per CuN bond as a function of the CN of the interacting Cu is showhigare
4.22.3 from which itis evident that creating defects with lower Cités leads to
stronger binding. Interestingly, the same CN leads to practically the Bgmen

different surfaces, to within 0.1 eV, independent of the adsorption site.

It has been shown that thebdnd center model of chemisorption, developed by
Hamme and Ngrskov(Hammer and Norskov, 199%reeleyet al, 2002, can
predict the trend in adsorption energies of various adsorbates on metal surfaces. In
general, the closest the energy of thibathd center of the site to the Fermi level, the
stronger the binding of the adsorbate to the surface. In the present study, we have
found a trend of 4band center as a function of CN of interacting Cu surface atom,
presented inFigure 4.22.h The lineastrend line indicates a direct relationship
between CN and theland center of the metal atom. This linear relationship allows
us to predict future adsorption affinities based on the CN alone, without the need to
calculate the electronic struce of the metallic surface projected on a particular

interacting site.
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Figure 4.22. (a) adsorption energy per N interaction, (b) d-band centre of interacting Cu
atoms as a function of coordination humber (CN) of interacting Cu atoms, for the lowest-
energy adsorption structures on the perfect and defective Cu(111), (100) and (110) surfaces,
except on the adatom (100) and vacancy surfaces, where we used the second lowest-
energy adsorption structures (see text). The linear trend-lines in the plots fit the equation (a)
y=-0.09x - 1.71, R?= 0.84 and (b) y = 0.0605x i 1.0648, R*= 0.68.

4.4. Conclusions

We have used DFD2 calculations to investigate the adsorption of hydrazingen
defectcontaining(111), (100) and (110) surfaces of copp&he creation otlefects

in the form of steps, Gadatoms and vacancies provides loweordinated Cu sites,
allowing stronger hydrazine adsorptidhan that on the perfect surfaceBhe
presence of an extended edge of-lmyordinated surface atoms in the form of a step
onthe (110) surface results in the strongest binding of hydrazine to any of the copper

surfaces. The effect of the introduction of defects is more impootarihe more
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stable surfaces.e. while the presence of a step on the (111) surface almost doubles
the strength of adsorption compared to the planar surface, the increase in binding
strength to the stepped (100) and (110) surfaces is only 1.10 and 1.19 times that of
the binding on the flat (100) and (110) surfaces, respectively. However, adsorption of

hydrazine to the stepped (110) surface remains the strongest.

The preferred geometry for hydrazine adsorption on any of the perfect and defective
(110) and (100) surfaces is through the molecule bridging two surface copper atoms
through both N atoms, excemh the (100) adatom, and the (100) and (110) vacancy
containing surfaces, where a structure with only one N on a top site is preferred, with
the hydrazine in gauche and trans conformations respectivelift occurs of the N
p-orbital towards lower engres for those N atoms of hydrazine that are closer to the

surface, where they gain more charge.

The thermodynamic morphology of the Cu namgstal can be affected by the
presence of defects and further changes upon hydrazine adsorption. A linearrtrend fo
hydrazine adsorption as a function of CN, as well as for the diend electronic
structure, indicates that lower CN atoms provide sites witardl centres closer to

the Fermi level, which allows stronger binding. The linear trend lines offer a

predidive route to match adsorptionresigth to CN and-tband centre.
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Chapter 5: Hydrazine network onthe
Cu(lll)surface

Abstract

We have used firgtrinciples calculations, including a correction for the dispersive
forces (DFTD2), to investigate tharrangement of hydrazine §N;) molecules upon
adsorption on the Cu(111) surface, showing that surfaaecule interactions affect

the process most. Our calculations provide insight into the interplay between lateral
adsorbateadsorbate and vertical adbatesubstrate interactions. We found that
main contributors to the assembly of the hydrazine layers atritimg interactions
between tk adsorbates and the substrdtee dispersion forces are predominant in
both vertical and lateral interactions, wéas hydrogetvonding is least important
andorganisation othe N,H, monolayerss therefore primarily du® the longrange
interactions.Optimised geometries for several hydrazine conformations were found
to be coveragelependent. The electronic propest such as charge density and
density of states have been calculated for different hydrazine coverages, which
indicate that no charge transfer occurs between molecules. Scanning tunnelling
microscopy images were simulatedhere the observed protrusionssa from the

trans conformersWe also found that the hydrazimeverage affectshe Cu(111)
surface energy and further investigatairother Cu facets is needed to determine the
NoHs coveragee f f ect on the nanoparticlesd mor ph
the temperature programmed desorption of different coverages of hydrazine from the

Cu(111) giving a desorption peak between 150 and 200 K.
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5.1. Introduction

The assembly of organic moleculem solid surfaces is finding increasing
applications in nanoscience, due to the ease of preparation and their power to control
surface chemical and physical properties. The driving forces that induce the
formation of highly ordered assembled molecularcitnes on the substrate are the
adsorbateadsorbate and the adsorbatdstrate interactions. The molecular
orientation during the assembly process may be governed byrdogg binding
forces such as hydrogdronding, dipoledipole, van der Waals (vdW) dn
electrostatic interactions which act at a molecular le@sling to the directional
nature of these interactions, especially hydrelgemding, they may be used as
control tools in the design of assembled monolay@iali et al., 20129. A
fundamental understanding of these interactions will help to better control the
structure and properties of these systgffisanthiriwate et al, 2011). Density
functional theory (DFT) is a suitable techue to investigate the assembly process at
the atomic level and the electronic structures of the systems at different coverages of
molecules, as successfully shown on a number of subgtirmezaet al, 2013a Kim

et al, 2008 Kuhnle, 2009 Mura et al, 201Q Smerieriet al, 201Q Trancaet al,

2013.

Molecular assembly of adsorbates may also be applied in the synthesedll-of
defined nanoparticles for specific applications. Understanding the nanoparticle
production process helps us to generate particles with specific sizes, morphologies
and desired properties for particular applications. Reverse mimsked synthesis,
for instance, has achieved much in the way of controlling the size and shape of

copper nanoparticles, although the underlying processes are still not fully
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understood. Many factors affect the size and shape of nanoparticles and one
important factor is theancentration of the reducintppping agente.g. hydrazine
(N2H4), which experiment has shown has a strong effect on the nanoparticle
morphology(Lisiecki, 2005 Filankemboet al, 2003 Kitchenset al, 2003 Lisiecki

and Pileni, 1993 Salzemannret al, 2004; Tanori and Pileni, 1995Tanori and
Pileni, 1997. Thus, understanding the molecular adsorptionbf;n the dominant
Cu(111) surface at different coverages may help identify measures to control the

growth direction and design of copper and other metal nanopaticles.

In this Chapter we have applied electronic structure calculations based on the
Density Functional Theory (DFT), with additional seampirical terms to take into
account essential dispersion interactions, to investigate the interactions between
hydrazine moleculedVe have investigated the systems with different concentrations
of hydrazine, forming a network layer at the molecular level, to provide insight into
the interplay between lateral adsorbatisorbate and vertical adsorbat#strate
interactions, and to dece the effect of the concentration of hydrazine on the copper
crystal shape. The application of a full monolayer allows us to mimic the hydrazine
assembly and understand the intermolecular interactions. We have also modelled
scanning tunnelling microscygp (STM) images for future comparison with

experiment.

5.2. Computational methods

The calculations in this l@apter were done usirthe Vienna Abinitio Simulation
Package (VASPJKresse and Furthmuller, 1996Kresse and Furthmuller, 1996a
which allows calculations based on tensityfunctionaltheor (DFT) (Kresse and

Hafner, 1993Kresse and Hafner, 1994resse and Furthmuller, 19964resse and
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Furthmuller, 1996p To improve the description of the lomgnge interactions, we
have employed the DFD2 (Grimme, 2006 Grimme, 2003 method of Grimme,
which has been showed to make important contributions to the sunf@leeuke
interactiong Tafreshiet al, 2014h Tafreshiet al, 2014aIrreraet al, 2013a Dzade
et al, 2013. For the detailed methodology employed in W@lsapter please refer to

Chapter 3.

Following our workin the previousChaptes, we have used a slab model of four
atomic layers, in which the three uppermost layers were free to relax during the
optimization, while the bottom layer was kept frozen at the optimized bulk positions.
The slab used is a 3x3 supercell from thé duit cell, p(6x6) containing 36 atoms

per layer (144 Cu atoms/unit cell) and exposing an area of 1$8\8hch cell size

enables us to investigate a realistic hydrazine network.

We started building an overlayer of hydrazine molecules from a sindlazige on
the planar Cu(111), as investigateth Chapter 3 (Tafreshi et al, 2014bH, and
increasing to two, three, four, five, six and nine moles per cell, resulting in a
wide range of coverages: from 0.50 to 4.53 moleculés/iive carried out a

relaxation of the geometry after each addition.

The adsorption energ¥4{q9 per molecule was calculated as the difference between
the total energy othe optimised substrasesorbate systentdap+nmo) and the sum

of the energy of the relaxed clean surfd€g,f) andn times the energy of an isolated
NoH; (Emo) in the gauche conformation, which is the most stable hydrazine

conformer in the gas phas is the number of hydrazine moleculeguation(5.1):

Eads = [ Eslab+nmol - (Eslab + r‘I'Emol)]/ n (51)
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The binding and cohesion energies per molecule have also been calculated to discuss

the interplay between transverg#l,, ,) and lateral interactiofE,_,,.) (Bader, 1990

cohe

which are defined as
Eqin :gEsabmmm - (Eqw + B )H/ n (5.2
Ecohe = [Enmol - nEmol]/ n (53)

Where, E,., is the energy of the hydrazine network in the vacuumiggggdis the

energy of the copper surface, both with the same geometry as found in the adsorbate

substrate calculation (denoted by the asterisk). Within this definition, neBgtive

E... and E.. valuesmean a release of energyring the processThe Bader

cohe
population analysis as implemented by the Henkelman algofitenkelmaret al,
2009 is also used to clarify the nature of the binding between molecules and the

surface.

The scanning tunnelling microscopy T81) images were simulated using the
TersoffHamann formalism(Tersoff and Hamann, 1985in which tunnelling
currents are proportional to the local density of states (LDOS) of the surface over a
range that corresponds from the Fermi endigy to the bias. We integrated our
DFT-based partial charge density froth5 eV toEr using Hive(Vanpoucke and

Brocks, 2008

5.3. Results anddiscussiors

An isolated hydrazine molecule prefers to adsorb parallel ta1Q)(in a gauche

conformation, but rotated towards the eclipsed conformation, interacting through
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both nitrogen atoms witBLi N distances of 2.16 and 2.17 A, as showiable 5.1.

This structure withthe calculated adsorption energy-6f85 eV/NH, and along

range interaction energy contribution 961 eV/NH,4 is shown inFigure 5.1. As

we have shown irthe Chapter3, the dispersion correctioenhances thaydrazine
adsorption on the Cu(111) surface and increases the adsorption energy, while it
changes the preferred orientation of the molecule from the atop geometry obtained
by pure DFT(Daff and de Leeuw, 20)20 a bridging adsorption configuration by

using dispersioitorrected DFID2.

We have modelled several hydrazine configurations to produce the hydrazine
assembly. We started from two molecules and identified the skeswergy
configuration, followed by a further increase in the coverage through addition of
another molecule onto the surface and exploration of the different orientations under
the new coverage. The hydrazine network was grown in this way until full
monokyer coverage was obtained. The lowsstrgy structures are shown in
Figures 5.1 — 5.3. We have reportethe geometric details ifable 5.1 and the
adsorption, binding, and cohesion energies for each system, as well as the dispersion

contributions to the energies, Tiable 5.2.

5.3.1. Adsorption Structures of hydrazine molecules on Cu(111)

First, we investigated the relative orientation between two ma@san the supercell,

as shown inFigure 5.1. We positioned different hydrazine conformers, including
gauche, trans and eclipsed conformers, onto the surface, providing several choices
for pairing of the NH4 molecules. We found three legnergy configurations with

only small differences in the adsorption energifE..2™>® = -0.06 eV and

[E.¢2?2© =.0.03 eV, as shown ifiable 5.2. Structure 2(A) has one hydrazine in
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the gauche and its neighbourimgplecule in the trans conformation. In structure 2(B)
one hydrazine is in the gauche conformation, adsorbing through one N atop a Cu
atom, while theother molecule rotates towards the eclipsed conformation, thereby
enabling the molecule to bridge througbth N atoms to the surface. In the third
structure, 2(C), both molecules are in the gauche conformation and, like structure

2(A), they adsorb on the surface through one N atom.

Configuration 2(A) binds most strongly, due to the higher contribution of the
dispersion interactionT@ble 5.2). Although there is negligible difference in charge
transfer (CT) from the hydrazine clusters to the surfa@y) *®2® = .0.02 e and

D(CT) 2W2©) = +0.03 & the molecules in structure 2(A) are closer to théase.

The structure of the trans conformer makes it feasible to fofordls with nitrogen
atoms of the neighbouring gauche conformer and enables molecules to interact by
lateral interactions. Structure 2(A) is stabilised by the dispersive forces which
contribute half of the adsorption energy. Since in structure 2(B) the hydrazine
assembly has become bound covalently to the surface through three bonds, compared
to two bonds in 2(A) and 2(C), it leads to more charge transfer (+0.&8dea larger
binding energy to the surfacel(19 eV), the largest of the calculated structures
(Table 5.2). However, the longer distance and weaker interaction between the
molecules results in a smaller adsorption energy. Owing to the closer distance
between the molecules istructure 2(C), this has the highest cohesion energy,
although the repulsion between the hydrogens of the two gauche conformers

decreases the adsorption energy.
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Table 5.1. Distances (d) and charge transfer (CT) between the surface and the cluster on

the most-stable structures with one, two and three N,H, molecules on the Cu(111). The

distances between the interacting Cu atoms and the N atoms of each N,H, molecule are

reported.

No. dn-cu dy-cu dn-cu d(H-bona) CT
hydrazines (A (A (A (A (€)

1 2.16 2.17 b b +0.14

2(A) 2.08 2.12 b 2.09 +0.17

2(B) 213 211,225 b 2.80 +0.19

2(C) 2.10 2.14 b 1.94 +0.14

3(A) 2.14 2.07 2.12 2.33,2.14 +0.23

3(B) 2.12 2.16, 2.16 2.12 3.34,3.32 +0.21

3(C) 2.10 212 214  2.30,1.94 +0.19

2(B)

2(C)

Figure 5.1. Top and side views of the lowest-energy N,H, adsorption configurations of (1),

single N,H, molecule adsorption, and 2(A), 2(B) and 2(C) configurations for two molecules

on the Cu(111) surface. The hydrogen-bond distances are indicated and labelled in A. (N =

blue, H = white, Cu = orange).
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We next increased the coverage by adding a third molecule to the previous three
configurations, where the most stable networks formed are indicated as 3(A), 3(B)
and 3(C) inFigure 5.2. In the 3(A) network, which is growfrom the optimized

2(A) geometry, the adsorption energy decreasésdo= -1.10 eV through addition

of another gauche hydrazine, which forms afbdthd between one of the nitrogen
atoms and one of the H atoms of the trans conformer. The charge transfer from the
molecules to the surfaces is also the largest of these threguwatibns(Table 5.1),

making this the most stable structure at this coverage.

Configuration 3(B) grown from 2(B), decreases the adsorption energy.(8 eV
compared to 3(A),LE.c™3® = .0.07 eV. In this case, one of the hydrazine
molecules bridge through both nitrogen atoms to the surface, whereas the others, in
gauche conformatiorhind only by one nitrogen to the copper atoms, allowing the
formation of hydrogen bonds through thei
hydrazine in the middle. t&icture 3(C) grows from 2(C), with all hydrazine
molecules in gauche conformation and interacting through only one nitrogen atom to
the surface, releasing a smaller adsorption ener@y9f 1.01 eV,i.e.-0.09 eV less
favourable than configuration 3(A). The energy difference is related to the smaller
charge transfer from the molecules to the surface (showahbte 5.1). The 3(C) has

the highest cohesion energy among the calculated configurafighRs= -0.10 eV,

which is due to the short distance between the molecuokksherefore stronger-H

bonds.
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Table 5.2. Adsorption (E.gs), binding (Epng) and cohesion (Econe) €nergies. Long-range

interaction energy contributions to these energies are also reported with vdW superscript.

No. hydfaZine Eads EadsVdW Ebind EbindvdW Ecohe EcoheVdW No.
(types) (eVINoH,)  (eVINH,)  (eVINHG)  (eVINDH,)  (eVINH,)  (eVINH,)  hydrogen
bonds

2(A) -1.12 -0.57 -1.14 -0.53 -0.02 -0.02 1
2(B) -1.06 -0.50 -1.19 -0.54 0.06 -0.01 1
2(C) -1.09  -045 -1.10 -051  -0.04  -0.03 1
3(A) -1.10 -0.55 -1.10 -0.51 -0.04 -0.03 2
3(B) -1.03 -0.56 -1.15 -0.53 0.06 -0.01 2
3(C) -1.01 -0.59 -0.97 -0.52 -0.10 -0.04 2

4 -1.07 -0.57 -1.06 -0.52 -0.05 -0.04 3

5 -1.06 -0.57 -1.05 -0.52 -0.05 -0.04 4

6 -1.01 -0.52 -1.00 -0.48 -0.05 -0.04 4

9 -0.95 -0.58 -0.92 -0.52 -0.07 -0.05 6

3(C)

Figure 5.2. Assembly of hydrazine configurations 3(A), 3(B) and 3(C) for three molecules on
the Cu(111) surface. The hydrogen-bond distances are indicated and labelled in A (N =

blue, H = white, Cu = orange).
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Based on the lowesnergy structure found for the JN4, assembly by three
molecules (r3), we increased the coverage by adding one and two extra molecules
to this network Figure 5.3 shows the lowestnergy assemblies of §N4], clusters

(n=4, 5), with three and four-Honds respectively. The calculated energies for these
structures, Table 5.2), show that the clusters are energetically degenefiig<™ =

-0.01 eV), indicating that the extralbbnd in the structure does natntribute much

to the stability of the structure and confirming that the hydrazine assembly is mostly

due to dispersion forces.

The lowestenergy [NH4]s assembly on the surface is showrFigure 5.3 with an
adsorption energy df,qs = -1.01 eV, i.e. the same adsorption energy as 3(C). lItis
grown from 3(A) and consists of two trans structures in the centre, neighboured by
four gauche conformers, with all the molecules binding to the surface through one N
atom. Although there are four H atomsemted towards the N of a neighbouring
molecule, the calculated cohesion energyie = -0.05 eV) varies little and is of a
similar magnitude compared to the other hydrazine assemblies with fewer hydrogen
bonds, which is due to the relatively long and wédgkirogenbonds between

molecules.

By adding three more hydrazine molecules and increasing the coverage to nine
molecules 4.53 molecules/nfi), aimed at attaining full coverage, we found the
lowestenergy configuration with an adsorption energygfs = -0.95 eV/NH,4 and
dispersion contribution oE.¢® = -0.58 eV/N,H,4, represented irFigure 5.3.
Together withE.ohe=-0.07eV/N,H4 andEping = -0.92eV/N,H,4, these results indicate

that the binding of the M4 molecule to the Cu surface is the main contributor to the

stabilization of the hydrazine network, owing to the covalent character of the
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interaction of all molecules with the surfa@hapter 4) Dispersion forces make up
almost half of the adsorption and binding energies, showing that the dispersive forces
are also essential in the description of the hydrazine organization. The high
contribution of dispersion forces to the small cohesion erergécatethatvan der
Waalsforces are the main interaction between molecules, whereas hydrogeimg

is only a weak factor in the formation of the hydrazine assemblies, because of the

relatively long distances between molecules.

(6) 9)

Figure 5.3. Self-assembly of hydrazine for four, five, six and nine molecules on the Cu(111)

surface. The hydrogen-bond distances are indicated and labelled in A. (N = blue, H = white,
Cu = orange).
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5.3.2.Electronic structure characterization

We have calculated the charge density differences for hydrazine on the Cu(111)
surfaces by subtractingahndividual electron densities of the molecular cluster and
the surface, both calculated in the geometry of the combined system, from the
density of the total system, s€egure 5.4. Yellow and blue regions correspond to
positive and negative electronic charge modifications, respectively, between Cu
substrate and moleculeBhe charge density difference has been calculated for two
different coverages of hydrazine on the Cu(11&),with 5 and 9 molecules. The
electronic density rearrangement takes place individually, with negligible
polarization of the molecular electron clouds, which is quite similar to the single
molecule adsorption. This electronic behaviour matches the energbegng that

the moleculesurface interactions (binding energy) contribute most to the hydrazine
assembly.

We also derived the topographical STM images, providing information about the
spatial distribution of the valence band states in the viciniti@fermi energysg),

from the optimised structures of the different coverages composed of 5 and 9
hydrazine molecules. The positions of the atomic species adsorbed on a surface can
be affectedIrreraet al, 20133 in low temperature experimental STM, where they

do not show the real space images of single molecules and small clusters on surfaces
(Hodgson and Haqg, 200%Henderson, 2002for several reasons, such as high
mobility of the molecules during adsorption resulting in immediate formation of
larger clusters and error in cluster assignment. Moreover, tip interactions can perturb
the image by vibrational excitatio§Gawronski et al, 2005 or restructuring

(Gawronskiet al, 200§ and dissociating adsorbed molecul@sorgenstern and
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Rieder, 2002 However,simulated STM images do not suffsom any external

perturbations.

Figure 5.4. Top and side views of the charge density difference induced by deposition of 5
and 9 hydrazine molecules on Cu(111). The isosurface was set to +0.02 e/A®, where yellow

and blue denote loss and gain of electron density respectively.

We have testedlifferent potentials with respect to the Fermi level energy and
concluded that a bias e1.50 eV is enough to provide a clear STM imdgigure

5.5 shows the STM images at a density of 8XE&= and distance of 1.7 A for the
hydrazine assembly composed of 5 molecules and for full coverage with 9 molecules
at a density of 2xIHeA3, where the tip is at 1.4 A from the highest atom. The insets

in Figure 5.5 clearly show the trans and gauche comfers that determine the STM
images. As there is no experimental STM to compare with, our simulated STM for
the hydrazine networks on Cu(111) are at the moment a good reference for future

experiment.
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0.00008 e Y 1.7 A

Figure 5.5. Simulated STM images of the hydrazine network with a) 5 and b) 9 hydrazine
molecules at a simulated bias of -1.5 V. Insets show enlargement of the STM images.

Densities and tip distances are also indicated. (N = blue, H = white).

The density of states (DOS) kigure 5.6 explains some features of the STM owing

to its relationship to the partial chargeBhe negligible appearance of DOS of
hydrogen atoms in the energy rangk%i 0] eV explains why they are not observed

at that bias in the STM images. The N atomgheftrans conformers show more and
sharper peaks than the gauche structures in the ersrgg of {1.57 0] eV, which
explains why the protrusions from N atoms of trans conformers are more intensive in

the STM image.
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Figure 5.6. The average PDOS of N and H atoms of trans and gauche conformations of
N,H,4 corresponding to [N,Hy4]s cluster in (a) and (b); and the full coverage [N,H4]o cluster in

(c) and (d) on the Cu(111) surface. E = 0 eV corresponds to the Fermi level.

In order to clarify the effect of the hydrazine coverage on the binding and cohesion
energies, we have analysées$e energies for each structure in relation to the number
of molecules in the assembled layer. A linear trend is present&dgime 5.7,
indicating that while the cohesion energy remains almost constant with increasing
number of molecules, the adsorptienergy as well as binding energy between
assembled hydraze layer and the surface becontess. This trend confirms that the
moleculemolecule interactions are weak and the hydrazine network is led by the

binding energy, which contributes more to theaapg8on energy than the cohesion

energy.
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Figure 5.7. Adsorption (E.gs), binding (Eping) and cohesion (Econe) €nergies of the lowest-

energy adsorption structures as a function of the number of hydrazine molecules.

Since according to thé/ulff's Theorem(Wulff, 1901) the surface energies che

assumed to determine the equilimm morphology of the crystal andhe

experimental study by Lisiecki (Lisiecki, 2005 showed that controlling the

hydrazine concentration is a key parameter enabling the size and shape control of

copper nanoparticleswve

Cu(111) surface for thdowestenergy adsorption configurations at different

hydrazine coveragassing the equatiorb(4) to investigate how increasing hydrazine

have

c al

cul

ated

coverage affestthe morphology of Cu nanoparticles
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WhereEsgap+nmol IS the total energy of the optimised substratisorbate system and

Emai iS the energy of an isolated,N, in the gauche conformation, which is the most

A

2A

t

he

r el

(5.4)

stable hydrazine conformer in the gas phasd N is the number of hydrazine

molecules

geometry optimization, ,, is the energy of the primitive cell containing one Cu

unrelaxed

axed

b is the total energy of the unrelaxed slab prior to surface
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atom,n is the number of atoms in the slab aai$ the surface area of one side of the

slab.

Figure 5.8 shows the variation of the Cu(111) surface energy as a functiopgHaf N
coverageSince ncreasinghe number ohydrazinemoleculesresuls in decreasing
the surface energyCu(11) will increase its area ratio with respect to the other
surfaces changing h e parti cl .elBowevemtw predittotheo cppper
nanoparticlesdéd morphol ogy <c¢changeaotheras

surfaces with lower coatinationhave to be studied under differerdHy coverages

2.2
2.0
1.8 -
1.6 -
1.4 4
1.2 4
1.0

F (Im?)

01 2 3 4 5 6 7 8 9 10
Number of molecules

Figure 5.8. Surface energy (*) of the Cu(111) surface for the lowest-energy adsorption
structures as a function of the number of molecules. The linear trend-lines in the plots fit the
equation y = -0.0779x+1.9534, R*= 0.99.

5.3.3. Temperature programmed desorption

In order to extrapolate the electronic structure results to real conditions we have

simulated the temperature programmed desorption (TPD}téf fdom the Cu(111)
surface, considering piadsorbed BH4; molecules with different coveragéo mimic

an experimentateactor with a high pumping speed to avoieadsorption of the
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N2H4; molecule. The energy interaction is coverage dependent, as deriveaduro
results for coverages between 0.06 and 0.25N@H, coverage, a monolayer (ML)
is defined as the number of molecules divided by the number of Cu atoms on the

surface.

The NoH, pressure and coverage as a function of time with the rate constaateof

derived from the following set of differential equations:

dR

% = qu2H4 (55)
dg,
% =- qu2H4 (56)

Whered is the coverage in ML ands the time.

In the heterogeneous catalytic system, the constant rate of desorption process is
computed using transitiestate theory byErying (Eyring, 1939 and Evans and

Polanyi(Evans and Polanyi, 1985as follows;

N
B (5.7)

Whereh is the Plank constankg is the Boltzmann constari, is the temperature,

A, is the preexponential factorE, is thedesorptiorenergy and;q,s and ¢ are

the partition functions of reactants and transition states, respeciileypartition
function g, includes all the vibrational modes, whitgg is the partitionfunction

for the transition state, where the only degree of freedom the molecule has is

vibrational, from which the vibration between the molecule and the surface

representing the reaction coordinate has been excluded. The values oftthe N
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desorption rat constant and prexponential factor at 150 and 300 K are reported in

Table 5.3.

Figure 5.9 shows the simulated TPD spectra of moleculaHNon the Cu(111)
surface, where the derivative of theHY partial pressure with respect to the
temperature results in a peak showing the temperature at whichlthephssure
reaches its maximum. Since experimental reports show that hydrazine starts to
decompose at around 300 (lhaydari et al, 1985, we have considered a
temperature range between 100 and 300 K to investigaig désorption, without
involving hydrazine reactions on the Cu surface. A heating rate of 1 K/min was
applied, measuring the pressure every second. Figare 5.9 it is clear that NH,4
desorption takes place between 150 and 200 K from the Cu(111) suriader S
desorption temperatures have been reported for hydrazine on rh{fliasad and

Gland, 1991pand Ir/Al,O3 (Leeet al, 2009 surfaces.

Table 5.3. Calculated pre-exponential factors (Ag) and desorption rate constants (k) for NoH,4
from Cu(111) at 150 and 300 K are reported.

Ao (s") k(s")
150 K 300K 150K 300 K

N,H, (ads)Y N,H,(g)  8.39x10"" 2.31x10° 4.14x10° 5.68x10
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Figure 5.9. Simulated TPD curves for N,H, desorption from Cu(111) surface for a reaction

time of 1 s and heating rate of 1 K/min at different initial coverages.

5.4. Conclusions

We have presented a theoretical study using-DETof the assembly of hydrazine
networks adsorbed on the Cu(111) surface. Our results show that the molecule
molecule interactios are very weak and arise mostly from dispersive forces. We
conclude that binding of the,N, molecules with the Cu surface, plus dispersive
forces between absorbate and surface are the main interactions driving the assembled
adsorbate networks, althougfre cohesion energies between the molecules, arising
primarily from longrange interactions, also affect the arrangement of the molecules
in the surface overlayer. The relatively large dispersion contributions to the cohesion
energies indicate tha&he mokculemolecule interactions arise mostly from vdwW
forces and that hydrogdyonding is the smallest contributory factor in the hydrazine
assembly. Our charge density difference calculations show that the molecule and
substrate share electrons, while no gearansfer was observed between molecules.

The STM images for the two hydrazine networks composed of five and nine
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molecules were calculated, where the observed protrusions arise from the trans
conformers. We have also investigated the surface energfuasten of hydrazine
concentration, indicating that variation in the hydrazooeserage on the Cu(111)
affects significantly the shapes of the copper nantplass, and further investigation

of other Cu facets of the nanopatrticles is therefore requirexbtiain the effect of
hydrazine coverage on their surface energiesapbgature programmed desorption

of hydrazine from the Cu(111) surface was simulated for different hydrazine

coverages, showing a desorption peak between 150 and 200 K.
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Chapter 6: Hydrazine decomposition
mechanism on the planar and stepped
Cu(111) surfaces

Abstract

We have investigated thedsorption of hydrazine @Ml;) and its reactivity on the
terraces and steps of Cu(111) surfaces by firsiciples calculations in der to gain
insight into the hydrazine decomposition mechanism. We have investigated different
possibilities for the NN and N H bond cleavage for the intermediate states by
analysing the reaction and barrier energies of each elementary step. We have found
that hydrazine dehydrogenation vid Hl bond scission is neither energetically nor
kinetically favourable on the flat and stepped surfaces, but hydrazine prefers to form
NH;viaNi N bond decoupling on the Cu(111) with an activation energy below 1 eV.
The NH; molecule reacts fairly easily with @xsorbed Nkito form NH; as well as

with NoHx (x=1i 4) by abstracting hydrogen to produce \&hd N molecules on

both the flat and stepped surfacé#e also found that all intermediates except NNH
prefer NN bond beaking as the most likely dissociation pathway, where the
producedamide and imide intermediatesan be hydrogenated to form Rlkh the
presence of hydrogehNH is the only intermediate, that prefers to dissociate via a
highly exothermicNiH bond breakig process to produce an, Mholecule after
overcoming asmall barrier energy We also studied production of ;Hby
recombination of hydrogen atoms, whichconsidering the activatiornergiesis
particularly favoured under conditions of moderate tempemst@rer resultsagree

well with experiments suggesting thatHN adsorbs dissociatively on copper above ~
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300 K leading to W NHz and H. In general, the lower coordination of the steps is
found to lead to higher reactivity than on the flat Cu(lduirface. Furthermore, the
calculations show that the influence of stelgesatoms is very different for thatra-

and intermolecular dehydrogenation mechanisms. It also increases the baier of

N decoupling of all the existing species in the reaction.

6.1. Introduction

Hydrogen has received much attention over the last decades as an energy resource
(Dutta, 2014 Schlapbach and Zuttel, 200QXor instance, in thd>roton Exchange
Membrane (PEM) fuel cells which are one of the new caflem technologies for
power generators. However, finding materials with a high storage capacity of
hydrogen at room temperature is difficult and much effort is spent on developing
new materials or employing organic and inorganic compounds for onboard hydrogen
generation. Hydrazine @Mj) with a hydrogen content of 12.5 wt % is a good
hydrogen source for PEM fuel cells and since it is liquid at temperatures ranging
from 2°C to 114°Cjt is ideal for portable applications, for example for its current
use in space vehicles or satellif@henget al, 2005 Schmidt, 2001 Pakdehiet al,

2014). Although hydrazine is a toxic substance, its decontipasproducts, N H,

and NH; are nonpoisonous and carberee (Zhenget al, 2003. Its decomposition

over catalysts at room temperature is exothermic without the need for external
energy. Hydrazine is also used in a monopropellant thruster to control and adjust the
orbits and altitudes of spacecrafts and satel(itéary et al, 1999 Schmidt, 200},

which is based on the production of larger volumes_ oy and NH gases from the
decomposition of a relatively small volume of liquid hydrazine. The most important

catalyst used for this reactias Ir/Al,O3 with a high loading of iridium (2040%)
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(Mary et al., 1999 Balconet al, 200Q Schmidt, 2001 Contour and Pannetie.G,
1972. However, due to the ¢in price and limited resources of iridium, scientists are
seeking to develop new, cheaper, active and readily available alternative catalysts for

N,H4 decomposition.

We aim to investigatat the molecular level the catalytic activity of Cu towards
NoHs decomposition to understand the thermodynamics and Kkinetics of the
elementary steps, and to evaluateapperbased catalysts, which are much cheaper
than iridium, could be used for hydrazine decomposittoqperimental studies have
revealed that adsoiph of NoH4 on copper at relatively low temperatures is likely to
be reversible and nedissociative up to ~300 K, above which the hydrazine
decomposes and generates the gaseous products NNHnd H (Matloob and

Roberts, 1977Alhaydariet d., 1985. There are two typical reactions for hydrazine

decomposition;

N,H,- N,+2H, (6.2)
and

3N,H, - 4NH,+N, (6.2)

The competition between the two decompositr@actions is influenced by the
catalyst and the reaction conditions.few comprehensive computational studies
have been performed on the mechanism of hydrazine decomposition on transition
metal surfaces,e.g. the density functional theory (DFT) study ofydnazine
decomposition on the Ir(111) surfa@&hanget al, 2011), which showed that NN

bond cleavage of hydrazine is moresigy accomplished than that of thé i bond,

and the NH radicals can abstract hydrogen atoms one by one frgtg fdsulting in
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the formation of M and NH molecules. On Fe(211(McKay et al, 201J), the
dehydrogenation and nitrogen decoupling are competitive routes, withahtHN

being the dominant surface intermediates at mildpratures, leading to gahase

N2 and NH; at higher temperatured. DFT study of the dissociative adsorption of
N2H4, by breaking of the hydrazineiN bond, on lowindex planar copper surfaces
with and without Cu adatoms, showed that dissociative adsorpis
thermodynamically strongly favoured over molecular sorp(Daff and de Leeuw,
2012. In this study, we have used improved DFT methodology, including long range
interaction corrections to model more accurately the van der Waals forces and

analyse the thermodynamics and kinetics of the complete dissociation reaction.

Beside the more stable perfect and planar surfaces, defects and steps are common
surface featuresPrevious experimental and theoretical results have suggested that
low-coordinated sites show higher catalytic activity and can influence the overall
surface chemistryNorskov et al, 2002 Liu and Hu, 2003 Zubkov et al, 2003
Gambardelleet al, 2002 Ciobica and van Santen, 2Q@#2 Leeuw and Purton, 2001
Parkeret al, 1999. Dahl.et al (Dahl et al, 1999 showed that the energy barrier for

N, dissociation is more than 1 eV lower on the Ru(0001) step edge than on the
terraces. On the same surface, Zamlatlal (Zambelliet al, 1999 have reported

that the step edges are the active sites for NO dissociation. Xu and Mavrikakis
showed that the tensile strain at stepsstauritially facilitates the Oactivation on

gold surfaces(Xu and Mauvrikakis, 2003h although the effect of steps omn, O
dissociation on Cu surfaces is not expected to be as pronounced as in othetajas
systemgqXu and Mavrikakis, 2003aThe results for CO dissociation on Ni surface
indicates that the energy barriers for CO dissociation strongly favour reactions

occurring near surta stepgqLi et al, 2004). Fu and SomorjafFu and Somorjai,
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1992 were able to provide evidence of enhanced interaction of &CCu steps,

which results in the sensitivity of the methanol synthesis process to copper surface
structures. Some studies have shown that the effect of step edge atoms is very
different for the different reaction pathways. For example, \&nal. in thar study

on ethylene dissociation on flat and stepped Ni(111) found that on the steps the
barrier for GC bond breaking is lowered significantly more than the barrier for

dehydrogenation.

Following our investigation of the adsorptionrablecular hydrazie on realistic Cu
surfacesn the previousChapters here we have carried out density functional theory
calculations including dispersive interactio(@rimme, 2004 Grimme, 200§, to
characterize the most favourable adsorption sites, geometries and energies of the
N,H4 decomposition intermediates. We have suggested and analysed three different
decomposition mechanismsncluding dehydrogenation via intraand inter
molecular pathways andiN bond cleavage on both flat and stepped Cu(111)

surfaces.

6.2. Computational methods

We have carried out electronic structure calculations uBIRG-D2 method of
Grimme (Grimme, 2004 Grimme, 2008 as implemented in the Vienna Ab initio
Simulation Package (VASP)Kresse and Furthmuller1996h Kresse and
Furthmuller, 1996aKresse and Hafner, 199Bresse and Hafner, 199t improve
the description of the loAgange interactionFor the detailed methodology employed

in this Chapter please refer t€hapter 3.
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The flat and stepped slabs were modelled wix2 and 3x2 supercell from the full
unit cell, p(4x4)and p(6x4)where he adsorbate and the top three layers out of four
and four layers out of fiveayersof theflat andstepped slabs, were allowed to relax
during structural optimisatignin line with previous studiegKoitz et al, 2013
Gajdos and Hafner, 20R5A 5x5x1 and 3&x1 MonkhorstPack grid(Monkhorst
and Pack, 19760f k -points was used to sampllee Brillouin zone forflat and

stepped surfaces respectively.

We have calculated the adsorption energies of the intermediates from the hydrazine

decomposition process relative to the hydrazine molecule in thehgas:

Eaao(NyH,) = (EV), +(4- XEF" +(2- Y)EF")- ((4- x)+(2- y)+D)E* +ET,)
(6.3)

Where Eﬁ,‘;f,x is the total energy of thlyH, species adsorbed on a relaxed surface
and E}" and EJ" are the energies of an isolated End Natom adsorbed

somewhere else dhe relaxed surfacet anonvinteractive distanceE™" and Eﬁ‘:ﬁ,4
are the energies of the naked surface and isolateghga® hydrazine respectively.

Within this definition, a negativeE,,, value means a release of energy during

s
adsorptionA combination of twovarietiesof the nudgel elastic band (NEB) method
(Mills and Jonsson, 199Mills et al, 1995 and the improved dimer method (IDM)
(Heydenet al, 2009 were used to identify transition state (TS) structundsch we
verified by a single imaginary frequency associated with the reaction coordinate. The
reaction energyH;) was obtained from the difference in energy between final and

initial states and a negati\®& hence indicates an exothermic process. Tinedal

153



Chapter6: Hydrazine decomposition mechanism on the planar and stepped Cu(111) surfaces

and reverse activation barriefs; were defined as the energy difference between

the TS and the initial state final state, respectively.

6.3. Results

We have first created the perfect Cu(111) surface, which is themdeked plane of

the fcc struture Figure 6.1.a) and is the most stable copper surféioaff et al,

2009. The surface Cu atoms are arranged in a hexagonal lattice with a separation of
2.52 A between nearest neighbour atoriifie steppedCu(111)surface has been
studied to investigate the presence of an extended edge-abtmdinated atoms on

the NH4 dissociation behaviour (shown iRigure 6.1.b). Each unit cell in the
stepped slab was offset by one atomic layer with respect to the neitece#euwnet

al., 200Q de Leeuw and Nelson, 200&e Leeuwet al, 2004.

The three major conformations of hydrazine in thegzsse are gauche, trans and
eclipsed Figure 6.2), where the gauche conformer is the lowasérgy structure.

The transand eclipsed conformations are 0.13 and 0.36 eV higher in energy,
respectively, than the gauche conformation. We have identified the strongest
adsorption geometries by placing the different intermediates at a variety of positions
on the planar and steppedu(111) surfacesAdsorption energies and structural
parameters for various intermediate species in their most stable configurations on the
flat and stepped Cu(111) are presentedable 6.1 and Figure 6.3. We note that
because of the lower coordination of the stepped surface atoms, all intermediates are

more stable on thetep than on the terrace sites.
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Figure 6.1. The simulation cells and surface geometry of different sites used in the
calculations of (a) perfect (top view) and (b) stepped (side view) surfaces. Note that low-
coordinated atoms in the stepped surface are shaded darker.

/ / é i/

v/

Figure 6.2. Representation of the N,H, conformations, from left to right: gauche, trans and
eclipsed.

Table 6.1. Adsorption energies (E.qs) and average geometric parameters of the most
favourable adsorption structures of different N,H, decomposition intermediates on the flat
and stepped Cu(111) surface. Adsorption energies are relative to the gas-phase hydrazine;
bold numbers show the adsorption energies relative to the species in their gas-phase: NH;,
N, and H..

adsorbate  Eags E.ss Cu-N Cu-N N-N N-N N-H N-H
ev), (ev), (A, (A), (A), (A), (A), (A),
flat  step flat step flat step  flat step

NoH4 -0.98 -1.53 2178 2104 1452 1455 1.026 1.028
N2H3 -0.85 -1.21 2023 2033 1455 1462 1.024 1.027
NHNH -0.10 -0.68 1966 1.922 1.359 1308 1.027 1.030
NNH, -0.18 -066 1946 1904 1.345 1299 1.019 1.028
NNH 037 -0.39 1971 1938 1.240 1.237 1.041 1.042

NH3 -0.81 -1.06 2.092 2.072 I I 1.023 1.025
NH, -0.13 -1.42 1.982 1.942 T T 1.021 1.022
NH 0.38 -0.58 1.898 1.566 T T 1.022 1.023
N> -0.15 -0.39 1985 1931 1.121 1.123 T T
H> -0.10 -0.12 T T T T T T
N 132 0.87 1.838 2.002 T T T T
H -0.28 -0.36 T T T T T T
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N,H;onistep Cu(lll)

H on flat Ca(111)

Nyon step Cu(111) Hj'on step/CGu(111)

- - E
NH'on'flat Cu(111)

) - E : !
H on step Gu(111) - NH;on'step Cu(lll) NHj; on step'Cu(l11) NH'on step (.u(lll).

Figure 6.3. Surface geometries of the most preferred adsorption configurations of the
various intermediates on the flat (top-view) and stepped (side-view) Cu(111) surfaces with
their Ni N and Ni H bond distances in A.
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6.3.1. Adsorption on the planar and stepped Cu(111)

NoH4. We placed different pH, conformers Figure 6.2) in a number of non
equivalent initial configurations otine planar and steppé@l(111) surface in order

to identify the mode of strongest adsorptiofhe preferred NH; adsorption
structures on the flat and stepped Cu(111) surfaces are in the gauche conformation,
releasing arE,q4s 0f 0.98 and 1.53 eV/NH, respectively. While it binds through both
nitrogen atoms to the flat surfaséth Cui N distances of 278 A, it prefers to bridge

to the copper step edge atoms with shorteérNCdistances of 2.104 A. Hydrazine
adsorbs almost parallel to both the flat and stepped surfaces, elongatingNhe N
bond to 1.452 and 1.455 A respectively, compared to a length28 A.4n the gas
phase. These configurations are a resultidfl Mond rotation from gauche toward
the eclipsed conformer with arsional angle of 39.6 © and ®4° on the flat and

stepped surfaces respectively.

N2H3. As the first product of dehydrogenatjathe most stable adsorption structure

for the NH; conformer is the NHNH structure, which has different binding
geometries on the flat versus the stepped Cu(111) surfaces: on the terrace, it prefers
the hollow site with the Nkend closer to the surfadaridging two surface Cu atoms

with Cui N bond lengths of ~ 2.8, whereas the Nffpart has &ui N bond length of
2.070A. On the step, it binds on the edge atoms with its-éid inclined to the

lower terrace, withCui N distance of 2.078 AThe N'N bond onthe step edge
elongates to 1.462 A compared to 1.455 A on the terrace. While the energyzof N
adsorption on the terrace-i3.85 eV relative to gaghase hydrazine, it adsorbs more

strongly to the step edge by 0.36 eV.
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N2H,. The next intermediate N,H,, which has two different conformers: NHNH,

with one hydrogen atom at each nitrogen or NNikhere both hydrogen atoms are
located on the same nitrogen. While the latter one adsorbs perpendicularly on the
terrace with the lower N atom in a thrfegd hollow site Eaqs=-0.18 eV), it prefers

to bridge through the N on the step edge, lying parallel to the lower terrace with a
larger adsorption energy €0.66 eV. The adsorption of the NHNH structure on the
terrace releases only 0.10 eV when it adsorbs tirdogh nitrogen atoms in an hcp

site parallel to the surface. NHNH bridges on the Cu step edges more strongly,

releasing an energy of 0.68 eV.

NoH. The adsorption geometries dkH are identical on both terrace and step
surfaces, adsorbing on a bridg#e through both nitrogen atoms parallel to the
surface. While this process is endotherniigy{ = 0.37 eV) on the terrace, the
adsorption on the step edge is exothermic, releasing an energy of 0.39 eM.N'he N
bond lengths on terrace and step edge a2d0land 1.237 A respectively.ge.
elongated compared to the 1.150 A of th#iMnolecule in the gaphase(Pople and

Curtiss, 1991

N.. We investigated the \Nmolecule adsorption at different sites on the surface and
foundthat N\adsorbs on a top site on both terr
axis perpendicular to the surfacg Cu N distances of 1.985 and 1.931 A
respectively The N adsorption energy with respect to gdsse nitrogen is0.15

and -0.39 eV on the flat ah step surfaces respectively. It shows that nitrogen
adsorption on the Cu surfaces is weak and it could easily desorb by increasing the
temperature. The NN bond length is 1.121 and 1.143on the terrace and step edge

respectively (experimental bond lendt.098 A in the gaphase(Huber, 1979). In
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other sites, Ninteracts more weakly and the molecule moves away3té from the

surface.

N. Nitrogen atom adsorbs on a thufeéd hollow site on the terrace and on a four
fold site at he foot of the step edge, both endothermically requiring 1.32 and 0.87 eV
on the terrace and step edge, respectively, relative tplgese M. This preference

by N for a thredold adsorption site on Cu(111) was also found in previous work

(Wanget al, 2005.

NH3. The adsorption geometry of ammonia is identical on both the flat and stepped
Cu surfaces with preference for a top site, withi iibond lengths of 2.092 and
2.072 A on the flat and stepped sués respectively. Theoretical studies have shown
that strong electrostatic contributio@iemolt etal., 19923 and the Pauli repulsion

of the lonepair orbital of NH by the copper 3d electroriBiemolt et al, 1992

directs the NH towards ondold adsorption on the copper surfaces. ThezNH
adsorption is exothermic with energies-06f81 and-1.06 eV relative to gagphase

NH; on the terrace and step edge, respectively. These results show that the ammonia
molecule adsorbs relatively strongly to the Cu surface and its desorption would be

endothermic.

NH,. The presence of lowoordinated Cu atoms stabilizes the JNRtermediates

more than any other species, by increasing the atldorption energy fror0.13 to-

1.42 eV, while the adsorption geometry remains the same on both terrace and step
edge with NH bridging between Cu surface atoms. Thé i€dond and NH bond

lengths are 1.982 A and 1.021 A on the terrace and 1.942 A and 1.022 A on step
edge, which are slightly shorter than the experimentally reporiétl dond in the

gasphase (1.024 AjLide, 1996.
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NH. The adsorption of imide is endothermic by 0.38 eV on the flat Cu(111) surface,
while on the stepped Cu(111) surface it is exothermic by 0.58 eV. The adsorption
geometry for NH is identicabn both terrace and step edge, where it adsorbs on a
threefold hollow site, with a CUN bond length of 1.566 A on the step edge

compared to 1.898 A on the flat surface.

H,. The hydrogen molecule releases an energy of 0.10 eV relative 4ohgss
hydrogen when it is perpendicularly adsorbed on the fcc site of the temnaitean

HiH bond length of 0.755 (experimental bond length 0.741 A in gasase
(Huber, 1979Lide, 1996). The adsorption on the step edge does not change,the H
geometry on ta Cu(111) surface, but makes it slightly more exotherfig € -0.12

eV) relative to gaphase hydrogen. As such, hydrogen is physisorbed to the Cu
surfaces at a distance of ~ 2.80 A, indicating that it should easily desorb from the

surface.

H. For the hydrogen atom, similar to the nitrogen atom, the lotdehollow site is
the preferred site at low coverage. The hydrogen adsorption on both the flat and
stepped surfaces is exothermic relative togjasse hydrogen, by 0.28 and 0.36 eV,

respedtely.

6.3.2. N,H, (x=1-4) decomposition pathwayson the planar and
steppedCu(111)

6.3.2.1. NoH, dissociationand dehydrogenation

Table 6.2 summarizes the energetics of the different reaction pathways on both
planar and stepped Cu(111) surfaces. We started from thestabkt geometry of

hydrazine, where hydrazine bridges through both nitrogen atoms to the Cu surface
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atoms. The pathways for hydrazindg NN bond breaking on both flat and stepped
surfaces, leading to NHntermediates, are shown Figure 6.4.a. Thereaction is
exothermic (0.87 eV) on the flat surface with an energy barrier of 0.86 eV. The
presence of lovcoordinated atoms in the step make thiéN\Nbond breaking process
more exothermic, releasing an energy of 1.66 eV, although the energy barrier is
increased by 0.04 eV. This indicates that although a stepped surface favouisithe N

bond breaking thermodynamically, it does not modify the kinetics of the reaction.

Dehydrogenation of pH, was also investigatedrigure 6.4.b). The energy barrier
for thispath on the flat surface is 1.55 eV and the process is endothermic by 0.31 eV.
The activation energy on the stepped surface decreases to 1.11 eV, but the process

becomes less favourable thermodynamicatly|0.74 eV).

These results indicate that on tB8ei(111) with or without surface steps, th&é\N

bond cleavage of hydrazine is energetically and Kkinetically preferred over its
dehydrogenation which is in line with a previous experimental study showing that
Ni H bond breaking needs more energy thamNreaking(Block and Schulzek.G,

1973. From the charge density calculationsGhapter4, which shows thénduced

charge density on the Cu(111) surface upeH/Nadsorption, it can be observed that
more charge is accumulated between the N and H atoms of hydrazine than between

the two N atoms, which agrees well with these energetic results.
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N;H;on flat A
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Figure 6.4. Schematic representation of the initial, transition and final states for N,H,4
dissociation pathways on the flat (top-view) and stepped (side-view) Cu(111) surfaces via (a)
NN, (b)) NT H b r eBokdilengihs are given in A.

6.3.2.2. N;H3 dissociation and dehydrogenation

The NH3; decomposition may proceed by N or Ni H breaking. Initial, transition
and final states for thelNN scission are representedRigure 6.5.a leading to NH
and NH. While this process has an activation barrier of 1.06 eV and the reaction is
exothermic by B0 eV on the flat surface, the barrier increases by 0.21 eV but the

reaction becomes more exothermic (0.76 eV) on the stepped surface.

There are two distinct pathways for dehydrogenation sf;Nrespectively shown in
Figures 6.5.b, c. The one leading thiINH, and an H atom has a barrier and reaction

energy of 1.53 and 0.74 eV, respectively, on the flat surface, and 1.77 and 0.75 eV on
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the step. The alternative dehydrogenation pathway leads to NHNH and H as
products. The barrier for this endothermic prodqgss= 0.84 eV) is 1.61 eV on the
flat surface, while the step decreases the barrier to 1.56 eV although it is still

endothermick, =0.69 eV).

Although NHNH and NNH are products of the dehydrogenation ofHBl on
Cu(111) surface, theiNN bond breaking oN,H3 is energetically more favourable.
Our results indicate that leaoordinated atoms make thé@ N decoupling of NH3

more feasible thermodynamically, although they do not affect the kinetics.
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Table 6.2. Calculated reaction (E,) and barrier (E,) energies for the forward and reverse reaction pathways considered. Note that (*) indicates adsorbed state.

The E, of the adsorption and desorption processes are the corresponding E,qs Which for each species were calculated relative to them in the gas-phase.

Flat Step
Reactions E, Ea Ea E, E. E.
(evV) forward reverse (eV) forward reverse
(eV) (eV) (eV) (eV)

Adsorption-Desorption
R1 NoHsZ PG -0.98 _ _ -1.53 _ _
R2 NHz*Z  N;H 0.81 _ _ 1.06 _ _
R3 N*Zz N 0.15 _ _ 0.39 _ _
R4 H*z H 0.10 _ _ 0.12 _ _
N,H, Dissociation
R5 NoH* 2 2 DFH -0.87 0.86 1.73 -1.66 0.90 2.56
R6 NoH 2 MHe* + H* 0.31 1.55 1.24 0.74 1.11 0.37
N,H3 Dissociation
R7 NoHz* 2 NoH+ NH* -0.30 1.06 1.36 -0.76 1.27 2.03
R8 NoHz* 2 N N*H- H* 0.74 1.53 0.79 0.75 1.77 1.02
R9 NoHz* 2 N H K-HH* 0.84 1.61 0.77 0.69 1.56 0.87
N,H, Dissociation
R10 NNH,*Z  NoH+ N* 0.13 1.42 1.29 0.18 1.52 1.34
R11 NHNH*Z 2 NH -0.34 0.85 1.19 -0.76 0.93 1.69
R12 NNHx*Z N N H H* 0.58 1.35 0.77 0.86 0.89 0.03
R13 NHNH*Z N NHH* 0.60 1.68 1.08 0.43 1.39 0.96
NNH Dissociation
R14 NNH*Z  N*H N* 0.16 1.47 131 -041 1.89 2.3
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R15

N, Dissociation

R16

H-H Coupling

R17

NH,(x=1-3) Dehydrogenation
R18

R19

R20

Interaction of NH, molecules
R21

Interaction of NH, with N,H, (x=1-4)
R22

R23

R24

R25

R26

R27

NNH*Z N+ H*
N*z 2N
2H z H

NHg*Z  NoH+ H*
NH*z N H*
NH*z R+ H*

2NHx* 2z N*H NH;*

NoHz* + NH* 2 MHg* + NHg*
NoHs* + NHy* 2 N H NHNH*
NoHs* + NH,* 2 N N*H- NH*
NNH,* + NH* 2 N N H NH*
NHNH* + NH* 2 N N H NHg*
NNH* + NH* 2 N + NHg*

-1.5

3.22

0.43

0.74
0.67
1.46

-0.05

-0.35
0.11
-0.12
0.15
-0.26
-2.13

0.37

4.78

1.08

1.63
1.59
1.97

0.55

0.59
0.80
0.70
0.44
0.36
0.14

1.87

1.56

0.65

0.89
0.92
0.51

0.6

0.94
0.69
0.82
0.29
0.62
2.29

-1.11

1.96

0.81

0.67
1.06
1.36

0.37

-0.22
-0.01
-0.06
-0.47
0.01
-1.60

0.62

6.02

1.28

1.59
1.81
2.07

2.05

0.03
0.64
0.67
0.15
1.00
0.57

1.73

4.06

0.47

0.92
0.75
0.71

1.68

0.25
0.65
0.73
0.62
0.99
2.17
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A

NHNHEH 6n flath”

NENEY Hion step ¢

Figure 6.5. Schematic representation of the initial, transition and final states for N,Hs;
dissociation pathways on the flat (top-view) and stepped (side-view) Cu(111) surfaces via (a)
NN, (b)and (c)NT H b r eBokdilengihs are given in A.
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6.3.2.3. NoH; dissociationand dehydrogenation

We have studi the processes of iNN and NH breaking of two MNH,
conformations: NNHand NHNH. The pathway foriNN bond breaking of the NNH
intermediateyielding NH, and N, sed-igure 6.6.a, has an activation barrier and
reaction energy of 1.42 and +0.13 edspectively. When the stepped surface is
considered the NN breaking barrier increases by 0.1 eV and the process is 0.05 eV
more endothermic compared to the terrace. The dehydrogenation process £f NNH
leads to NNH and an H atorRi§ure 6.6.b). For this process on the flat surface, the
required energy is 1.35 eV and the products are 0.58 eV higher in energy than the
reactants. On the stepped surface, the barrier energy decreases to 0.89 eV but the

process is more endothermic by 0.28 eV.

&..

NNH, onistep . . INNH ##H on step

(b)

Figure 6.6. Schematic representation of the initial, transition and final states for NNH,
dissociation pathways on the flat (top-view) and stepped (side-view) Cu(111) surfaces via (a)
NiN,and (b)) NT H b r eBokdilengihs are given in A.
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As to Ni'N bond breaking of NHNHKigure 6.7.a), while the reaction barrier is 0.85

eV and the reaction is exothermic B§.34 eV on the flat surface, these values
increase to 0.93 and.76 eV respectively on the atomic step system. However, the
dehydrogenation of NHNH resulting in NNH and an H species has a barrier of 1.68
eV and is endothermic by 0.60 eV on the flat surfdéguie 6.7.b). The lower
coordination of the steps decreases both the barrier and the reaction energy to 1.39
and 0.43 eVrespectively. Thus, the production of NH molecules viaNNoond
breaking of NHNH is more favourable than other dissociation mechanismg-ef N

from both a thermodynamic and kinetic point of view.

NN ohisten - Hion stey
NHINH onjstep NNH Hyon step

Figure 6.7. Schematic representation of the initial, transition and final states for NHNH
dissociation pathways on the flat (top-view) and stepped (side-view) Cu(111) surfaces via (a)
NiN,and (b)) NT H b r eBokdilengihs are given in A.
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6.3.2.4. NNH dissociationand dehydrogenation

Schematic representation of the NNH dissociation on the Cu(111) terrace is shown in
Figure 6.8.a, where breaking the iNN bond leads to NH and N. The process has to
overcome an energy barrier of 1.47 eV and it is slightly endotheEnic Q.16 eV).

The step edge makes the process more favourable thermodynamically with an
exothermic reaction energy €.41 eV, but the energy barrier increases to 1.89 eV,
making it therefore less feasible kinetically. The dehydrogenation reaction of NNH,
which completes the dehydrogenation process sg#i,Nis represented ifrigure

6.8b. This reaction pathway has energy barriers of 0.37 and 0.62 eV and is highly
exothermic by-1.5 eV and-1.11 eV on terrace and step edge, respectively, which
therefore beames the most feasible intraolecular dehydrogenation reaction of any

intermediate on the Cu(111) surface.

6.3.2.5. N, dissociation

We have also considered the reaction pathway foN Necoupling in the N

molecule on Cu(111) surfaceBidure 6.9). As expecteddue t o the mol e
strong interatomic bond, the process is highly unaffordable with energy barriers of

4.78 eV on the terrace and 6.02 eV on the step edge. The process is also highly
endothermicl, = 3.22 eV) on the terrace, although the step redingesridothermic

reaction energy to 1.96 eV.
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NNHion step N#t+ H onlstep” ™

Figure 6.8. Schematic representation of the initial, transition and final states for NNH
dissociation pathways on the flat (top-view) and stepped (side-view) Cu(111) surfaces via (a)
NN, (b) NT H b r eBokdilengihs are given in A.

-

LN
N .\oastep >

Figure 6.9. Schematic representation of the initial, transition and final states for N,
dissociation pathways on the flat (top-view) and stepped (side-view) Cu(111) surfaces. Bond

lengths are given in A.
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6.3.2.6. NHy (x=1-3) dehydrogenation

We have also investigated the consecutive dehydrogenation of ammorkégisee

6.10.a. The barrier and the endothermic reaction energy associated with the fitrst N
bond breaking process are 1.63 eV and 0.74 eV respectively on the flat sueface,
slightly higher than the barrier of 1.59 eV and a reaction energy of 0.67 eV on the
step. The exothermic reverse (hydrogenation) reaction is more likely to happen with
energy barriers of 0.89 and 0.92 eV on the terrace and step respeciitiely.
dehydrogenation of NHFigure 6.10.b) and further dehydrogenation of NHigure

6.10.c) are also unlikely to succeed based on their associated high barrier energies,
i.e. 1.59 and 1.97 eV on the flat surface and 1.81 and 2.07 on the stepped surface,
respectively.The DFT calculated barrier energies for the dehydrogenation gf NH
NH, and NH to form HCN on Pt(111) are smaller than our results, i.e. 1.39, 1.30 and

1.40 eV rspectivelyGomezDiaz and Lopez, 20)1although not significantly.

The reerse process, hydrogenationMifl has activation energies 6f92 and 0.75

eV on the terrace and step, respectively. The hydrogenation of N is energetically
favourable E;, = -1.46 and-1.36 eV) leading to NH via energy barriers of only 0.51
and 0.71 eV on the flat and stepped surfaces, respecftivedge energies show that

the Cu surface could be a good catalyst for ammonia synthesis compared to the
Ru(0001) surface, whetbe calculated barriers for hydrogenation of N, NH and NH
were found to be more than 1.2 and 1.1 eV on terraces and steps, respectively

(Logadottir and Norskov, 2008lonkalaet al, 2009.
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» >
NEion' step) Nt=H on step

(©)
Figure 6.10. Schematic representation of the initial, transition and final states for (a) NHs;, (b)
NH, and (c) NH dehydrogenation pathways on the flat (top-view) and stepped (side-view)
Cu(111) surfaces. Bond lengths are given in A.

6.3.2.7. H—H coupling

We have also considered another secondary process, the pathwalysl fooupling,

seeFigure 6.11 As Table 6.2 shows, combining two hydrogen atoms on the stepped
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surface exhibits higher barrier and endothermic reaction energies of 1.28 and 0.81 eV
than onthe flat surfacefE; = 1.08 andE, = 0.43 eV. The reverse reaction, the
exothermic H dissociation reaction, has energy barriers of 0.65 and 0.47 eV on the
terrace and stepped surfaces, respectively, indicating thashduld adsorb
dissociativelyon Cu surfaces and the presence of step edge makes this process more
likely to proceed, due to the stabilisation provided by the-doardinated atoms,
where the electronic structure is different than that for the terrace &i@insshiet

al., 2014h Tafreshiet al,, 20144.

Figure 6.11. Schematic representation of the initial, transition and final states for Hi H
coupling pathways on the flat (top-view) and stepped (side-view) Cu(111) surfaces. Bond

lengths are given in A.

6.3.2.8. Inter -molecular dehydrogenation pathways

Having investigated the barriers for bothNNand N H bond scission of the different
possible intermediates of;N,4 dissociation, it is evident that breaking the hydrazine

Ni N bond and producing NHragments is the most likely process to occur on both
the flat and stepped Cu(111) surfaces. Furthermorejeéhgdrogenation of Niiis
unfavourable to proceed at low temperatures due to the high energy of the transition
states. We have therefore investigated other pathways involving thegfdhips.

There are two possibilities: NHcan either react with another i (x=1-4)
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intermediate subtracting a hydrogen, or react with anothey fXtn hydrazine

decomposition.

6.3.2.8.1. NyH (x=1-4) dehydrogenation by NH

The intermediate Ni may interact with hydrazine or other decomposition
intermediates, and the pathways for subsequent dehydrogenation steps are shown in

Figure 6.12.

In the first suggested proce$sdure 6.12.a), NH; interacts with NH, and abstracts

one of its H atoms leading to,N; and NH;. The energy barrier for this process is
0.59 eV on the flat surface, but it decreases to only 0.03 eV on the stepped surface,
and releases energies of 0.35 and 0.22 eV, respectively. This stdpréheald

proceed fairly easily on both the flat and stepped Cu(111) surfaces.

In the second process, representelligures 6.12.b, ¢, the NH molecule subtracts a
hydrogen from NH3 leading to NNH or NHNH. If NNH; is formed, the process
requires overcoming a barrier of 0.70 eV, but the products are 0.12 eV more
favourable than the reactants on the flat surface. The presence of steps on the surface
leads to NNH via a slightly lower barrieref, = 0.67 eV), but relesing only 0.06 eV.

The alternative pathway, leading to NHNH, has barriers of 0.80 and 0.6 ¢hé

terrace and step, respectively, while the process is endothermic by 0.11 eV on the
terrace and practically in thermodynamic equilibritgn%£ -0.01 eV) onthe stepped

surface.

In the next dehydrogenation pathwdgigures 6.12.d, €), NH, reacts with either the
NNH; or NHNH structure, leading to the formation of NNH. The dehydrogenation

process starting with NNHs endothermic by 0.15 eV with an energy barrier of 0.44
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eV on the terrace, while on the stepped surface it has a barrier of only 0.15 eV and an
exothermic reaction energy of 0.47 eV. However, the interaction between NHNH
and NH is exothermic by 0.26 whta barrier of only 0.36 eV on the flstirface that
increasedy 0.64 eV for a thermodynamically equilibrated reaction on the stepped
surface E; = 1.00 andE; = 0.01 eV). The reaction between NEnd NHNH is
therefore likely to succeed on the flat surface, although the reaction between NNH

and NH is more feasible on the stepped surface.

In the last dehydrogenation process, the reaction betwegraPNHNNH yields N

and NH (Figure 6.12f). This reaction is highly exothermic releasing energies of
2.13 and 1.60 eV on the flat and stepped surfaces, respectively which may be used
for the desorption of Nand NH;, which requires energies of 0.15 and 0.81 eV on the

flat and 0.39 and 1.06 eV on the gied surfaces, respectively.

6.3.2.8.2. Interaction of NH, molecules

The NH moleculesj.e. produced by hydrazineiMl bond scission, may also react
together leading to NH and NHseeFigure 6.13. The calculated energy barrier for
this reaction is only 0.55 eV arnithe products are practically in thermodynamic
equilibrium with the reactantE( = -0.05 eV) on the flat surface. Although this
process is therefore feasible on the flat Cu(111) surface, it is rather difficult to
succeed on the stepped surface, due tala barrier energy of 2.05 e\E(= 0.37

eV).
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Figure 6.12. Schematic representation of the initial, transition and final states for
dehydrogenation pathways on the flat (top-view) and stepped (side-view) Cu(111) via NH,
attacking to (a) NxH,, (b) and (c) N;Hs, (d) NNH,, () NHNH and (f) NNH. Bond lengths are

givenin A,
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Figure 6.13. Schematic representation of the initial, transition and final states for
dehydrogenation pathway via NH, attacking NH, on the flat (top-view) and stepped (side-
view) Cu(111) surfaces. Bond lengths are given in A.
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6.4. Discussiors

The most stable adsorption structures of the intermediates dehydrogenation showed

that their order of stability on the surface with respect to the hydrazingHs>N

N2Hsz> NoH2>> NoH, indicating that more oxidised intermediates are less stable on the

Cu surfaces. The same trend is found for Nié&l average bond lengths, showing
that dehydrogenation results in shorter and stronged Mond and less stable

intermediates on the surface

We summarised the energy profiles of the reaction mechanidfigimes 6.14 —
6.16. The plot inFigure 6.14 contains the different pathways for intreolecular
dehydrogenation, whereas theHY decomposition via NN scission and further
dehydrogenation reactions are showrfigure 6.15, andFigure 6.16 summarises

the intermolecular dehydrogenation pathway.

The NH,4 dehydrogenation, Ms* Y  Ms* + H* and subsequent ones are unlikely
to occur under moderate conditions, owing to the high reaction barrier$abke
6.2 and Figure 6.14. The ratedetermining step for the JM, intramolecular
dehydrogenation mechani sm i gsuffaeeNvittan Y
energy barrier of 1.68 eV, ande* Y N N*##+ H* on the stepped surface with
activation barrier of 1.77 eV. It is therefore unlikely that a large amount,a$é N

produced via thisintraamolecular dehydrogenation pathway. Overall, frone th

investigation of NH bond scission of all species on the surface, NNH is the only

fragment which is easily dehydrogenated to thenMlecule, with barriers of only

NNH

0.37 and 0.62 eV on the flat and stepped surfaces, respectively, and a relatively

exothermic reactionE, ~ 1.3 eV). These results also suggest that at moderate

temperatures the recombination of produced H atoms will ledtdet formation of
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Hy; this reaction has activation energies of ~ 1.1 eV on the flat and stepped surfaces

and the products desorb easily from the surface.

From investigation of NN bond scission in any intermediate on the surface, we
found that the NN decoupling in NH; (N2Hs* Y 2 NHseeTable 6.2 andFigure

6.15, is the predominant mechanism, leading to amide intermediate production in
agreement with experimen(Block and Schulzek.G, 1933 The exothermic
decomposition of BH3; and NHNH fragments via INN decoupling also have low
activation energies compared to the other intermediates on the flat and stepped

surfaces.

The production of Nklitakes place from the exothemreaction of NH radicals on
the flat surface by an activation energy of only 0.55 eV. Furthes ptbiduction
from the interaction of PHyx (x=1i14) and NH is also possible, resulting in the
production of N; all these steps have barrier energies belev bn either the flat or
stepped surfaces, s@able 6.2 andFigure 6.16. The ratedetermining step for the
intermolecular dehydrogenation via Mk the reaction pHz* + NH* Y NHNH*
+ NHz* which has an activation energy of 0.80 eV on the flat surfabde on the
stepped surfaces NHNH* + NH Y N N H *%* has a Nafier of 1.00 eV where
it is the ratedetermining step. The Nmolecule produced from one single hydrazine
molecule via an intemolecular dehydrogenation mechaniskigure 6.16, is in
agreenent with experimental reports where theH) remains stable during the

dissociation procegdlaurel and Menezo, 1978lock and Schulzek.G, 19Y.3

Thus we mayconclude that the NHradical governs the MM, dissociation, which
agrees well with experimentahd theoreticaktudies about the role of NHin the

hydrazine decompositiofAika et al, 1970 Konnov and De Ruyck, 2001The
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released energies from the exothermic reactions provide enough energy for the
evolution of NH, N, and H gases from the surface. Experimental works also
revealed that the decomposition of hydrazine on copper films occurs above 300 K
with gaseous products of NHN, and some K(Alhaydari et al, 1985, which is

consistent with the mechanismRigure 6.16.

Furthermore, the calculations showed the influence ofdowrdinated atoms on the
different NH, decomposition pathwaysg. at the step edges. These surface atoms
stabilise some intermediates more than others along the different pathways, although
there is no clear trend in the activation energies except to increasHi e

decouplig barriers of thentermediatesn the presence of step edge atoms
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6.5. Conclusions

We have employed DFT level calculations with leagge interaction corrections to
carry out a systematic study of theHN decomposition mechanisms on the flat and
stepped Cu(111) surfaces. We dadentified the most stable adsorption sites for all
intermediates along the different mechanisms DHNind N N bond scission. We
have found that pH, dehydrogenation is kinetically an unlikely process on both flat
and stepped Cu(11l) surfaces due tohhigarrier energies. However, N
decoupling is energetically feasible, leading to Nidtermediates.The inter
molecular dehydrogenation reaction is the predominant mechanism between either
NH, fragments on the flat surface, or NENd NHy (x=1i 4) intermaliates on the
flat or stepped surfaces, leading to the formation odmMél NH;, as shown irFigure

6.16 This process is highly exothermic, releasing.50 eV per hydrazine molecule,
which agrees well with the use ob, as a rocket fuelMeanwhilethe amide and
imide intermediates are hydrogenated tozNiHthe presence of hydrogen, which
competes with the recombination of H atoms leadingtmmblecules. We also found
that, while the introduction of lowoordinated atoms, as on the step edge on the
surface, increases the barrier f N decoupling along the reactioi has different

effects on the barriers of intrand intermolecular dehydrogenation mechanisms
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Chapter /: Microkinetic simulation of

hydrazine dissociation on the Cu(111)
surface

Abstract

The investigation by microkinetic simulations prosd#etailed information about
the hydrazine (bH,) decomposition reaction on the Cu(111) surfabe.the
microkinetic model we have considered 52 etentary reactions derived from
densityfunctional theorycalculations where the energetic terms of all steady states
were correctedwith reference tothe working temperature. Thepectraof the
simulated temperature programmed readipfPR) showed how the piagdsorbed
N.H4 coverage and heaty rate affect the evolution of productscluding NH;, N,
and H. The batch reactor simulations revealed that [dRid N are the dominant
products, whilethe H, yield is minor,i.e. the highest K selectivity obtained in the
simulation at 350 K is 5.38 %eompared to 81.9% and 36.27% of NHz and N
respectively Adsorbed intermediates such agHiland NH are species with longer
residence time on the surface duringHN decompositionin the batch reactor

simulation in the 190i 265 and 270 370 K tempeature rangegespectively.
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7.1. Introduction

Microkinetic simulatiois are convenient tod to approach a catalytic process from

the atomic level to reactor conditions. In recent years, there has been increasing
interestin the development of microkinetic models fowarious industrially relevant
processes such as ammonia synthgisltze, 1987 Honkalaet al, 2005 Hellman

et al, 2006 Hellmanet al, 2009 , oxidation (Wanget al, 2014 Novell-Leruth et

al., 2008 , and decorposition(Rasimet al, 201Q Hellmanet al, 2009, methanol
synthesigAskgaardet al, 1995 and decompositio(Greeley and Mavrikakis, 2004
Kandoi et al, 2006 Gokhaleet al, 2009, ethylene oxidatior(Stegelmanret al,

2004 and water gas shift reacti¢g@okhaleet al, 2008 Grabowet al, 2008 Madon

et al, 201). To construct a reliable microkineticodel, it is necessary to investigate

all the relevant processes involved, such as adsorption, desorption, and surface
reactions. Density functional theory (DFT) is commonly used to determine the
energy profile along the reaction pathwtagt will be empbyed in the microkinetic

modelling(Roldanet al, 201Q Dzadeet al, 2013.

Hydrazine (NH4) decompositionby heterogeneous catalysis is one of the most
widely employed techniques for ammonia synthesis taeghrodudion of hydrogen

in industrial proceses such athe proton exchange membrane fuel cell (PEMFC)
due to its hydrogen content of 12.5 wt%. Moreover, sia#razineis liquid under
mild conditions andits decompogion over catalysts at room temperatui®
exothermic without the neeidr addedenergy it is ideal for portable applications
such as space vehicles or satell{i@#senget al, 2005 Schmidt, 2001Pakdehket al,
2014 Block and Schulzek.G, 19735runze, 1979 Hydrazineis also used in a

monopropellant thruster to control and adjust the orbits &rnddes ofspacecraft
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and satellites, based on the production of much larger volumes of nitrogen, hydrogen
and ammonia gaséMary et al, 1999 Schmidt, 2001 The most important catalyst
used inthe hydrazine decomposition reactialIr/Al,O; with a very hgh loading of
iridium (200 40 %) (Mary et al, 1999 Balconet al, 2000 Schmidt, 2001 Contour

and Pannetie.G, 19j2However, owing tahe high price and limited resources of
iridium, considerable research has been focusedhe development of cheaper,
active and readily availablalternativecatalysts for hydrazine decomposition.- Al
Haydariet al. showed that hydrazenmoleculs adsorbmolecularlyon a Cu film at

243 K with 20% of the adsorption reversibléyrther dissociative adsorption
continues above 303 Igroducingmainly NH; with N, and H gaseous products

(Alhaydariet al, 1985.

We have successfully investigated the dissociative adsorption of hydrazkhg (X

the planar and stepped Qa() surfaces by firgbrinciples calculations Chapter6.

The thermodynamic and kinetic potential energy surface (PES) show that inter
molecular dehydrogenation of hydrazine to yieldNtad N is the favouredoute
among the exploredeaction pathwaysBasedon the reactiors investigated in
Chapter 6(Tafreshiet al, 20159, we haveestablisheda microkinetic model to
simulate a batch reactor where hydrazine is in contact with the planar Cu(111)
surface where we have use®2 elementary reactions including adsorption,
desorption and reactions on the surface. We hase evaluated the effect of
temperature, initial BH, coverage and heating rate on a temperature programmed

reaction (TPR)as well as the selectivity towarttee formation of NH, N, and H.

187



Chapter 7: Microkinetic simulation of hydrazine dissociation on the Cu(111) surface

7.2. Computational methods

In the heterogeneous catalytic system, the constant rate of each surface elementary
stepis commonly computed usinthe transitionstate theory (TST) approximatien

of Eyring (Eyring, 1939 and Evans and PolanyEvans and Polanyi, 1985
Although TST is widely applicable and provides a useful description of the chemical
reactiongates, it has limitations, especially in reactions waitbw energy barrier, as
according tothe quantum mechanics particles can tunnel across the barrier even
though their energy is considerably less than the energy needed to go over the barrier
(Sholl and Steckel, 2009TST also failsin its description ofreactions at high
temperature, wherthe motion of molecules becorsenore complex and collisions

may lead to transition states far away from the lowestrgysaddle point on the
potential energy surfac@ineda and Schwartz, 2006TST assumes that each
intermediate is longjved in each elementary step to reach a Boltzmann distribution

of energy,andit thus fails in situations where intermediates are very dived

(Anslyn and Doughtery, 2006 TST also assumes that the transition states can
evolve only to products, vile in some cases they may return to the reactants.
However, this theory still remains veryseful in calculating the thermodynamic

properties of the transition state and reactiorsrate

Based on the mechanisms investigate€lapter6 (Tafreshiet al, 20153 on the
decompositiorof No,H4 on theCu(111) surfacethe microkinetic model constitutes of
the 52 reactions summarized Trable 7.2. In this model, we have ignored the lateral
adsorbatkadsorbate interactioria accordwith our studyin Chapter 5(Tafreshiet
al., 20150). Surface diffusion is also neglectedssuminghat thereactionenergy

barrier of diffusion is much smaller than any other barrier in the decomposition
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processAs for some species in our model, the active sites cannot be easily defined;
we have considered an active site as a hexagonal site made up from 7 Cu atoms

where thereactants and products in every elementary step occupy only one site on

the surface. Consequently, the coverage of free gjtél3,, is defined by

a®=1- 4 q (7.2)

Upon defining he rate equations, we have used Mathemdtdalfram Research,
2012 to solve the differential equations set, which describes the relationship

between the species coverages and time.

All the thermodynamiand kinetic parameters were extracted from calculations
Chapter 6based on the density functional theolFT) using the VASP code
(Kresse and Furthmuller, 1996kresse and Furthmuller, 199@&resse and Hafner,
1993 Kresseand Hafner, 1994where he Cu(111) surface was modelled by four
layers slabwith an area of 88.37 A a 2x2 supercellThe adsorbate and three top
most surface layers were allowed to relax during structural optimis#ti&@x5x1
MonkhorstPackgrid (Monkhorst and Pagki976 of k- points was used to sample
the Brillouin zone For the detailed methodology employed in tGlsapter please

refer toChapter 3.

Spin polarization has been tested and found to be unimpodinthe optimised
structures were verified to be located at the local minima on the potential energy
surface (PES) by the vibration analysfs.combination of twovarieties of the
nudgel elastic band (NEB) methddills and Jonsson, 199Mills et al, 1995 and

the improved dimer method (IDMjHeydenet al, 2005 were used to identify
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transition state (TS) structures which we verified by a single imaginary frequency

associated with the reaction coaralie.

We have calculated the adsorptiof, () and desorptionk,. =- E,,,) energies for

ads

the species using tleguation(7.2);

E — surf _ (Esurf +Egas (72)

ads olecule molecul

Where E3*"  is the total energy of thepecies adsorbed on a relaxed Cu(111)

olecule

surface andE*™"" and E9%_ _are the energies of the naked surface and isolated gas

molecule

phase moleculerespectively. Witin this definition, a negativeE,,, value means
release of energy durirgdsorption.The reaction energiesK, ) were estimated by
the difference in energy betwednme final and initial states; hence, a negatikse

indicates an exothermic process. The forward activation barrgrswere defined

as the energy difference between the transition state (TS) and the initialTb&ate.

accuracy indetermining E E, and E,, is further improved by correcting the

ads?
static DFT electronic energy using the zero point energies. The zero point energy

(ZPE) accounts fothe vibrational energy that exseven at 0 K and is calculated as

ZPE=4a %hni where n; corresponds to the vibrational modes of the spedies.

obtain more accurate sellts, we have also taken ineccount the temperature
dependence of the energy. Thus, filee Gibbs energyG, as a temperature function

for each different system in a temperature range can be calculated using the global
partition function Q, and several relevant physical parameters such as en®py
specific heatat constant pressur€{) and enthalpy(H) derived by the following

equationgKuhnet al, 2009 Chorkendorff and Niemantsverdriet, 2007
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S=k,InQ+k THINQY (7.3)
¢ HT =
elSo
C =TEH~ (7.4
P &uTH
N
H=Eyr + E(S:O,T:O,ZPE) + (A CpIJT (7.5
G=H-TS (7.6)

The thermodynamic properties of the intermediates on the surface or in the gas phase

were calculated using the abovaiations.Figure 7.1 shows both the calculated and

NIST databasgChaseet al, 199§ thermodynamic properties of NHn the gas

phasewhile the free rergy of N, H, in the gas phass shown inFigure 7.2 Table

7.1 contains the relative error of the derived properties compared with the extracted

datas from Shomate equations in the NIST datafi2isase=t al, 1999.
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Figure 7.1. Calculated thermodynamic properties of NH; in the gas phase compared with
the NIST database (Chase et al., 1998).
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Figure 7.2. Calculated thermodynamic properties of N, and H, in the gas phase compared
with NIST database (Chase et al., 1998).

Table 7.1. Relative errors (in %) of the calculated thermodynamic properties of NH3, N, and

H, in the gas phase compared with the NIST database (Chase et al., 1998).

(CP°%ar-CP°nisT/CP nisT) (Sca-Snist/Snist) (H%a-H ust/H NisT) (G%a-G nist/G nisT)
*100 *100

*100 *100

NH3 -1.37 -0.13 -0.76 -0.08
N, -0.48 -4.55 -0.30 -4.82

H, -0.61 -6.76 -0.42 -7.33

7.3. Results anddiscussiors

The 52 elementary steps for hydrazine decomposgiommarised inTable 72
include adsorption and desorption of reactants and produci$y Mecoupling,

dehydrogenation of MHy (x=1-4) and NH (x=1-3) and inteimolecular interaction

ZPE
r

on the surface. We hawdso included ifTable 7.2 the reaction E“~) and barrier (

E’"") energiescorrected withzero point energythe preexponential factorsAp),

and the reaction rate constarky ¢f each elementary step at 300 and 650 K. From
the variation of the reactiomate constants with temperatynee can conclude which

stephas the limiting rate anthe least favourable reaction feach mechanism. We
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have represented the reaction ratestamts as a function of temperatureFigure
7.3. The adsorption sticking coefficient§) of NoHs, NHs;, N, and H on the
Cu(111) surface at 300 and 650 K are also providedable 7.3, wheresimilar
results have been reported for Nbin Ru(000] (Danielsonet al, 1978, N, on
Fe(100) and Fe (111Bozsoet al, 1977 and H on low-index Cu surface@Angeret

al., 1989.

We have calculated two different microkinetiodels. In the first part of our work,

we have modelled a temperature programmed reaction (TPR) where any gas is
pumped out to the detector, avoiding itsagsorption. In the second section, we have
explored the catalytic activity of copper surfaces tasaNH, dissociation in a
batch reactounder differentonditions staring from a situation where the naked Cu

surface is in contact with a given pressure gfi]N
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Figure 7.3. Calculated reaction rate constants (k) as a function of temperature (T) for
reactions of, (a) N,Hy (x=1-4) dehydrogenation, (b) N,H, (x=1-4) Ni N decoupling, (c) NH,
(x=1-3) dehydrogenation and, (d) interaction of NH, with N,H, (x=1-4) mechanisms.

7.3.1. Temperature programmed reactionsimulation

The first part of themicrokinetic simulation started frorthe NoH, molecule pre

adsorbed on the Cu surface withh molecular hydrazine in the gas phase and

excludingthe agorption steps (RO, R3, R5, R7).

The rate equations of the elementary reactions and corresponding nddiere

equations are listed in tiAgpendix
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Table 7.2. Calculated ZPE corrected reaction (E,*"%) and barrier (E."7) energies for the reaction pathways considered. The pre-exponential factors (Ao) and

“PE of the adsorption and desorption processes are the corresponding Eags” - and Eges” -

reaction rate constants (k) at 300 and 650 K are also included. The E,
which for each species were calculated relative to them inthe gas-p h a s e . N o tarel (Xt) lindidate & freé site and the adsorbed specie on the surface

respectively. The units of A and k for first order and second order reactions are s™ and ML™s™ respectively.

Reactions ESE EST Ao Ao k k
(eV) (eV) 300 K 650 K 300 K 650 K

Adsorption-Desorption

RO NoHg+ % oM, N 094 b 1.04x1d  7.06x16  1.21x10°  4.91x10
R1 NoHs* Y HAN * 0.94 b 2.31x16' 1.75x16° 5.33x1d  2.71x18’
R2 NHz* Y sNH 0.78 b 4.98x13* 9.19x1d° 2.01x16  9.10x1d*
R3 NHz;+ * % NH -0.78 b 1.43x1¢  9.69x1G 2.68 7.15%x107
R4 Ny* Y, +N 0.11 b 6.72x13° 6.93x10  8.26x13?  8.10x13°
R5 N,+ * % N 011 b 1.11x1d  7.55x1G  6.10x10'  8.83x10’
R6 H* + HM*Y H 0.45 b 5.81x132 6.01x13%> 1.04x106 1.02x16*
R7 Hy+ * Y HH* 045 b 4.16x1d 2.82x1d  9.83x16 1.42x16
N,H, (x=1-4) Dehydrogenation

R8 NoH* Y HP+ H* 0.16 1.30 8.33x10° 2.14x13° 1.30x10°  2.54x1d
R9 NoHz*  +  H3HAY N -0.16 1.14 3.12x13° 1.06x13* 6.13x10°  9.15x16
R10 NoHs*  MNHp* + H* 055 1.26 2.54x163° 1.14x16* 8.37x10° 1.78x16
R11 NNH,* + H3Hs*Y N -0.55 0.71 1.45x13° 6.00x13° 1.23x10  2.84x10*
R12 NoH* Y NHNH* + H® 064 135 147x16° 4.26x13° 7.84x10"°  4.75x1d
R13 NHNH* + #% Y N -0.64 0.71 5.52x13* 9.61x106? 4.74 1.95x1d
R14 NNH,* Y NNH* + H* 045 112 9.77x1d° 2.12x13 2.46x1¢° 7.04x1d
R15 NNH* + H*»* Y NNH -045 0.67 1.81x13° 6.00x13® 8.64x1d  2.35x1d°
R16 NHNH* Y NNH* + + 046 147 2.03x13® 4.88x13® 3.3x10° 6.33x10
R17 NNH* + NHKH*Y -0.46 1.01 1.75x13° 4.51x13° 8.12x10 4.60x10
R18 NNH* ¥+ 162 0.17 1.54x13° 4.16x13° 4.64x13° 5.81x132
R19 Ny + H* Y NNH* 1.62 1.79 2.13x1d%> 3.51x132 9.17x10°  1.44x1C°
N2Hy (x=1-4) N-N Decoupling

R20 NoHsF Y NFHNHL* -0.98 0.69 1.68x13° 5.74x13° 1.22x16 1.11x18
R21 NH,* + NH,*  Y,HMX 098 1.67 3.72x13°® 8.93x13® 1.90x10"  6.54x1G
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R22 NoHz* Y NFHNH* -0.39 0.90 1.10x1G° 3.54x10°  9.1x10° 7.86x10
R23 NH* + NHH*Y N 0.39 1.29 1.17x16° 2.59x16° 3.68x10°  4.40x1d
R24 NNH* Y NFHN* 0.12 1.35 2.87x16° 4.42x16° 3.58x10"  5.54x10
R25 NH* + N* ¥ NNH -0.12 123 1.40x13° 3.64x13° 1.07x10°  3.48x1d
R26 NHNH* Y NH* + NI -0.38 0.79 242x16* 3.05x16> 9.97x10°  7.09x16
R27 NH* + NNHKNH*Y 0.38 1.17 8.86x16° 1.43x16° 6.14x10"  1.86x1d
R28 NNH* Y NH* + N* 015 142 147x16° 1.62x10° 4.48x10" 1.83
R29 NH* + N* Y NNH* -015 1.27 7.53x16* 1.28x16° 4.08x10° 1.69x10
NH, (x=1-3) Dehydrogenation

R30 NHz* Y NrHH* 0.60 141 3.26x10° 9.05x10° 3.27x10"  6.85x10
R31 NH* + H*z*VY NH -0.60 0.81 1.04x13® 2.57x13d® 6.00x10"  2.99x10
R32 NH Y NH* + H* 056 1.40 3.12x16° 4.64x16° 6.60x10°  1.52x1¢
R33 NH* + H*% Y NH 056 0.84 1.08x13° 2.99x13° 2.14x10'  2.43x10
R34 NH* ¥ N* + H* 134 179 6.31x10° 1.22x13° 5.16x10°  1.70x10°
R35 N* + H* Y NH* -1.34 045 6.89x102 1.44x13°  2.62x16 6.53x1(
Interaction of NH, molecules

R36 2NH* Y NH** + NH 0.00 0.45 154x16° 2.58x16° 1.08x13  4.69x13°
R37 NH*+NHz* Y 2ZNH 0.00 0.45 1.19x13® 2.88x13° 6.20x1  1.97x10°
Interaction of NH, with N,H, (x=1-4)

R38 NoHs* + NHo* Yo HJ+ NH3* -0.36  0.42 2.42x10° 2.73x13° 4.81x1d 2.38x10
R39 NoHg* + NHg* Yo HAX+ NH* 0.36 0.78 2.72x10° 4.52x10° 3.17x10°  8.22x10
R40 NoHg* + NH* Y NHNH# 008 064 5.64x16° 9.39x16° 1.10x16 7.79x10
R41 NHNH* + NHg*  Y,HJ+ NH,*  -0.08 0.56 1.04x10° 8.98x13' 3.73x14 2.06x106
R42 NoHg* + NH.* Y BN NHg* -0.13 053 1.37x13° 3.14x13° 5.58x10 2.35x10
R43 NNH,* + NH3* Y, HJ+ NH* 0.13 0.66 1.98x16° 2.46x16° 5.18 3.44x106
R44 NHNH*+ NH,* Y NNH?% -023 0.25 153x13° 2.39x13° 2.11x10  4.60x16*
R45 NNH*+NHz* Y NHNH# 023 048 4.44x16° 5.50x16° 2.41x1d 4.00x16
R46 NNH*+ NH,* Y NNH*% + 012 0.30 2.55x13° 5.38x13° 1.05x10  1.06x10°
R47 NNH*+ NHz* Y N NHNH* -0.12 0.8 7.72x13*> 1.60x13®> 1.21x13° 8.63x1d*
R48 NNH* + NH*  Y,* NNH* -2.09 0.08 1.60x13® 3.11x13° 4.38x13> 2.54x13°
R49 No* + NHg*  MINH* + NH* 2.09 217 1.00x16° 1.43x16° 1.25x10®° 3.26x10°
N, Dissociation

R50 N Y N* + N * 320 4.69 6.71x16' 7.03x16' 1.09x10°®  1.53x10°°
R51 N* + N* Y N -3.20 149 3.01x13° 9.02x13° 1.08x10"  1.51x1G
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Table 7.3. Calculated sticking coefficients (Sp) of N,Hs;, NHs, N, and H, adsorption on
Cu(111) surface at 300 and 650 K. Note that 0 and (X*) indicate a free site and the

adsorbed species on the surface, respectively.

Reactions S S S
This work, This work, Other works
300 K 650 K
RO NHs+ * oM | 1.17x10  6.96x10° ) b
R3 NHs+ * ¥ N 1.88x10° 7.38x10° 02x10*, 30071 500 K*
R5 N,+ * N N 55x10° 1.2x10°  1.0x10°7 1.0x10’, 500 K®
R7 H,+ * Y 21 236x10° 5.03x10° 1.0x10°7 5.0x10% 190 K©
A (Danielsoret al, 1979
® (Bozsoet al, 1977
(Angeret al, 1989
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Figure 7.4. Simulated TPR spectra for N,H4;, NHs, N, and H, desorption from Cu(111)

surface starting from adsorbed N,H, at different initial coverages at a reaction time of 1s with

a 1K/min heating rate.

Figure 7.4 shows the simulated TPR spectra gHN NHs;, N, and H gases from
different initial NbH4 coverages. The TPR plots shoesorption of species from the

surface as the temperaturancreases The desorption peaks therefore show the
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temperature at which the molecules has the highest desorptiosategure 7.4
shows, different initial PbH; coverage do not change the temperature tte
maximum desorption ratd-igure 7.4 in conjunction withFigure 7.5 relates the
pressures of desorbed gases and the coverages of the most abundant species on the
surfacej.e. NoHa, NoH3z and NH as a function of temperaturéigure 7.4.a indicates

that NbH4 desorption takes place at around 213 K, similarly to the desorption peak on
aRh foil surfacgPrasad and Gland, 19914s Figure 7.5.b shows NH, disappears
completely from the surface at around 220 K by desorbing or converting to such
speciesas NHsz and NH;, which desorbsjuickly from the surface ~10° s%). The

high amount of BH; on the surface between 200300 K (Figure 7.5.b) and
desorbed NKlIfrom the surfacei.e. the first peak of NBHI TPR at 211 K Figure

7.4.b), indicate that amnter-molecular dehydrogenation mechanism is taking place.
It produces NH from N-N decoupling ofanotherN,H, interacting with NH4
molecule (R38) which, at this low temperature, is feasible from kinetic and
thermodynamic points of view. This reaction is the most favoured step in the
temperature range of 200265 K where the pH; coverage increases. However, at
higher temperatures,hé¢ NH; coverage decreases by reacting with ,NH
intermediateslosinghydrogen atom§R40, R42, R44, R46 and R48) and resulting in

the formation of other specids.theNH; peak at 84K (Figure 7.4.b).

The N, and H have three desorption peaks, two smaller peaks at around 219 and 440
K and a maximum desorption peak at 284TKe N, and H desorption peaks at ~

219 K are due tthe recombination dfl and N adatoms on the surface produced by
decomposition of intermedies. The maximum Nand H desorption peaks at
around 284 K, which amar at the same temperaturettas second NEldesorption

peak, are due to reactions of inteolecular dehydrogenatipnresulting in
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production of NNH and reaction between NNH and,NR48) as well as NNH
decomposition (R18). The smaller peaks at higher temperature correspond to the
recombination of atomic H and N followintbe decomposition reacti@of NH to N

and H on the surface (R34). NH is stable on the surface WitiK4 as sbwn in

Figure 7.5.b, in line with other studies of hydrazine dissociation or(®landet al,

19895, Rh(Prasad and Gland, 1991b
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Figure 7.5. (a) The partial pressure of desorbed N,H,4, NH3, N, and H, gases and (b) surface
coverage of N,H4;, N,H; and NH as a function of temperature with an initial N,H, full

coverage in the TPR simulation at a reaction time of 1s with a 1K/min heating rate.

Figure 7.6 reports the spectra of gases produced during the, BPRn initial
condition ofafull coverageof N2H4, for a temperature rangeom 100 to 600 Kand

with three heating rates of 1, 5 and 8 K/min. As the heating rate increases, so does
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the temperature at which the desorption ratat he maximum (peak temperature),
whereas the intensity of the pdaincreases as wellin agreement withan
experimentalTPD study of hydrazine decomposition @m Al,Oz-supported Ir
catalyst(Falconer and Wise, 19Y.6These changes, peak temperatme intensity,
are related to audden variation of ther@ssures and the derivative slople higher

the heding rate, the more abrupt atiee changes in pressure and the higher the slope

of % Note the abrupt desorption of,N,4 reduces the time for further reaction on

the surface to produce NH\, and H, indicating thata slower heating rate helps to

increase the yield of N§IN, and B, Figure 7.7.
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Figure 7.6. Simulated TPR curves for N,H,4, NH3, N, and H, desorption from Cu(111) surface
starting from an initial N,H, coverage of 1 ML (full coverage) at reaction time of 1s for

different heating rates.
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Figure 7.7. N,H;, NHs;, N, and H, evolution from Cu(11l) surface as a function of
temperature for an initial N,H4; coverage of 1 ML (full coverage) in the TPR simulation at

reaction time of 1s for different heating rates.

The composition ofthe reaction gast different temperatures as a result of the
hydrazine interactingvith the Cu(111) surface is given ifable 7.4 and isin
agreement with the experimental report bytfdydariet al. (Alhaydariet al., 1985.
NH; is the main and His the leastpresentgaseous product dahe hydrazine
decomposition. According to experiment, the temperature at whicltatigér starts
to decompose 803 K when NH, N, andsome H desorbfrom the Cu film. Inour
simulation, as shown iRigure 7.6, hydrazine starts to decompose at around 190 K
whenthe first NH; can be observed, while,ldnd H desorb at higher temperature of
219 K. This discrepancybetween experiment and simulation may chee to the
adsorption of gases in liquid hydrazjres well as the use of an experimealfilm

without welkdefined Cu surfacesvhich will includedefects Our previous worksn
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the Chapters 3 and 4ave shown thatthe introduction of defects on the surface
provides more favourable sites for stronger hydrazine adsorptesulting in higher
temperature for decomposition and desorptigimafreshiet al, 2014 Tafreshiet

al., 20143. Moreover, the heating rate and the reaction time of the experimental

study were not reported.

Table 7.4. Percentage of composition of gaseous products throughout the hydrazine
decomposition on Cu(111) surface from an initial N,H, full coverage in the TPR simulation at
a reaction time of 1s with a 1K/min heating rate at different temperatures in comparison with
experimental reports (Alhaydari et al., 1985).

T (K) ~ NH; (%) - N2(%) - Hz (%)
This work Ref? Thiswork Ref”  This work Ref!

303 77.28 75.60 15.33 18.75 7.38 5.62
333 77.28 72.63 15.34 2293 7.39 4.58
363 77.23 69.49 15.36 2723 741 3.25
393 75.25 69.56 16.37 27.34  8.38 3.10

A (Alhaydariet al, 1985
7.3.2. Batch reactor simulation

The microkinetic simulationf abatch reactqrdiscussedh this section considers all
elementary steps ihable 7.2 and starts from a situation where the naked Cu surface
is exposed to PH; gas. We havecarried outthe microkinetic simulations of
hydrazine decomposition at a small initiadHy pressure of 6 Pa in the temperature
range of 100i 800 K. Thecorresponding differential equations are lisiadthe

Appendix.

We have represented the pressure gfiiNNH3;, N, and H as a function of the
temperature and the reaction time in 3D p(&igure 7.8). They showthatat 100 K
N.H4 adsorbs very quicklyin less than 1s, on the surfaeehich fully coveredby
N2H4 molecules. Thalecompositiorof the N,H, molecules on the surface starts at

around 200 Kandthe NbH4 moleculesstill in the gas phasean occupy the resulting
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empty sites on the surfadse;H, pressure reaches an equilibrium state at around 300
K, when its pressure decreases below 0.1 Plae NH starts to desorb frorthe
Cu(111) surface at around 200 K, while &hd H appear in the gas phasetiaé
higher temperature of 220 K. Nldnd N desorption reach equilibrium at around 300
K, with pressures of 7.5 and 2.1 Pa respectivatyl anyincrea® in thetemperature
does notfurther affect their desorptionThe H, pressureincreases with increasing
temperature up to 300 K (0.38 Pa), then decreases to 0.33 Pa at @Terk it

reaches equilibrium.
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Figure 7.8. N Hs;, NHz, N, and H, evolution from Cu(111) surface as a function of

temperature and time for an initial N,H, pressure of 6 Pa with a 1K/min heating rate in the
batch reactor simulation.

1.2 0.25 A
(b)
1 0.20 A
) ary
0.8
E’ -E- 0.15
g 0.6 g
m — w
= N
g M T 010
=
o 04 0 o
[v] == UNHa [w]
02 0.05 A
[v] T 1 0.00 f T T i
100 200 300 400 500 100 200 300 400 500
T(K) T (K)

Figure 7.9. The surface coverage of (a) N,H4 and N,Hs, (b) NH3, H and NH as a function of

temperature with an initial N,H, pressure of 6 Pa, in the batch reactor simulation at a
reaction time of 1s with a 1K/min heating rate.
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To understand the /N, overall decomposition mechanisms, the coverage of some
intermediates is plotted iRigure 7.9 showing how the coverages obH, NoHj3,
NH3, H and NH change with temperature at a reaction time of 1s after the surface

was covered fully with adsorbedMNy.

The observed trends for the coverages gfifNN,H; and NH in the batch reactor
simulation are the same as those in the TPR simulation, although the coeoéthges
speciesare different owing to the quick adsorption ofHY¥ on the naked Caurface
Thehydrazine NN decoupling (R20) is again the most preferred reaction among the
ones studied due to a lowenergybarrier. The produced NHntermediate attacks
another intact hydrazine molecule and subsrane of its hydrogensesulting in the
production of NH; and NH3 molecules on the Cu(111) surface (R38hich is an
exothermic reactiong, =-0.36 eV) with low energy barrier of 0.42 eNigure 7.9.a
shows that as soon as the coverage gfi;Nnolecules on the surface starts to
decrease, the coveragetbe N,H; intermediate starts to increase until all;N, is
converted to BH; and NH; at 230 Kwhen dmost the entire surface is covenadh
N2Hz; and some Nkl molecules which desorbquickly from the surface. MHs is
stable on the surfade thetemperature range of 190265 K. The coverage of N1
Figure 7.9.b, starts to decrease whéhe temperature reaches 215 K and;Nids
obtainedenough energy to desorb from the surface. The ptElsenion the surface
obtained fromthe H,Ni NH, band breaking attacks NH; (R40 and R42)in a
mechanism of intemolecular dehydrogenatipmesulting in adecreasen the NoH3

coverage at around 23Q Hlsoleading to other species on the surface.

The existence of H atoms on the surface in the temperature range Hf35M0K

(Figure 7.9.b) indicates the dehydrogenatiaf species inthis temgrature range

205



Chapter 7: Microkinetic simulation of hydrazine dissociation on the Cu(111) surface

with reactionenergybarriershigher than 1.2 eV (R8, R10, R12, R14 and R16). The
productionof NH from the dehydrogenation of Ntind NH on the surface (R30
and R32) takes place at temperatures higher than 2b@dause of an even higher
energybarrier of 1.40 eV, which results in the observelH peak inFigure 7.9.b
centred at 315 KFrom herethe NH coveragstarts to decreasga decomposition

to N and H atoms on the surfa¢R®34) with an energybarrier of 1.79 eV. The fact
that NH is stable during hydrazine decomposiiothe temperature range of 270
370 K is in line with the experimental work by Glaedal, where they showed that
NH is stable during hydrazine decomposition on the Ni(111) surface in the 285 to
365 K temperature rangé&landet al, 1985, as well as on R§Rauscheret al,
1993, Rh (Prasad and Gland, 1991baniel and White, 1986Ir (Wood and Wise,
19750, W (Cosser and Tompkins, 1971and Mo (Contaminard and Tompkins,

1971 surfaces.

The associative desorption of H atgrpeoduced by dehydrogenatiaresults in the
peak centred at ~ 300 K, shown Figure 7.8. The highly endothermic reton
between N and H on the surface (R19)ith an energy barrier of 1.79 e\¢ould
only occur at high temperatures, and leads to a decreasepoédsure at around 300
K, shown inFigure 7.8, due to dissociative adsorption of, lh order to provide

enough H atoms on the surface.

We have also examined theHN conversion and N§l N> and B selectivities at a
fixed temperature of 350 K as a function of initigH¥ pressure, varied from fao
100 Pa,shownin Figure 7.10.a. Thesystem reaches the highest Nd¢lectivity of
81.92 % for an initial BH, pressure of 0.1 Pa, the;Melectivity reachests

maximum (36.27 %) af,,, =100Pa and the maximum Hselectivity (5.38 %)
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occursfor an initial NbH4 pressure of 0.001 Pa.,N, conversion is complete for

Ry, ¢10 Pa.

Figure 7.10.b plots the NH4 conversion and Nk N, and H selectivities with
temperaturan an initial NbHs pressure of 6 RParhe NyH4 conversion reaches its
maximum at ~330 K (98.5%), while Nkl N, and H selectivities converge to 64.5

%, 35.1 % and 2.63 % respectively at around 265 K.
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Figure 7.10. N H, conversion and NH3, N, and H, selectivities as a function of (a) initial N,H,4
pressure at 350 K, (b) temperature with an initial N,H, pressure of 6 Pa in the batch reactor

simulation at a reaction time of 1s with a 1K/min heating rate.
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7.4. Conclusions

A microkinetic model based on density functional thearglculations was
establishedtaking into account adsorption, desorption and reaction processes of all
the reactants, intermediates and produktissimulate MH, decomposition on the
Cu(111) surface. Tweimulation models have been considered; the first model
started from a situatioaf preadsorbed PH, and considered eonstant removal of
gases fromthe reactor i.e. simulating TPR spectrdn the second model we have
considered a naked Cu(111) surface in contact wiH,Nwhere all the gaseous
products fronthe N,H, decompositiorare allowed to adsorb and desorb freely until
the system reaches equilibrium in the batchtmradhe simulated TPR showisat
gas desorption peaks depend on the heating rate and initidl boverage. The
simulations ofthe batch reactor shothat NH; and N are the major gaseous
products in agreement with experiment. The coveragf intermediates with
temperature showtkat NoHz and NH are the most stable intermediates on the surface
during NH4 decompositiorin the batch reactor simulation the 197 265 and 270

I 370 K temperature rangemespectively. Temperature and initiabH\, pressures
affect the NH4 conversion and NgI N, and H selectivities. The highest NHN,
and H selectivities obtained in the simulation at 350 K &t€92 %, 36.27 % and
5.38 %, respectivelyand in the simulation with an initial N4 pressure of 6 Pa, the
N2H4 conversion converges to 98.5 % at 330 K whilegNIN, and H selectivities
reach convergence of 64.5 3.1 % and 2.63 %espectivelyat 265K. This study
whose findings are in line with available experimesftows that microkinetic
simulation is an effective tool to predict the conditions ftre production of

ammonia, nitrogen and hydrogen gases frdhe heterogeneous catalytic
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decompositiorof hydrazine on Cu surface$his method can now be further rolled

out to alternative systems.
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Chapter 8: Conclusiors and future
works

In this thesis, we have presented a comprehensive computational study of the
structure of lowindex Cu surfaceshe subsequenimolecularadsorption ofsingle
hydrazine onthe perfect and defectiv€u surfacesthe formation of ahydrazine
network on Cu sdaces as well as thermodynamic amaicrokinetic investigations
of hydrazine dissociatioomechanismson the Cu surfacesusing first principles

methods based on the density functional theory.

In the first part of this thesisye have modelled the interaction of a single hydrazine
molecule with perfect Cu(111), (100) and (110) surfars#sga dispersion corrected
density functional theoryDOF T-D2) method.Energy minimization calculations of the
hydrazine adsorption on Cu shaowat the hydrazine molecuileteracts more strongly
with the (110) surfacebridging through both N atoms to the surfasdile the (111)
surface offers the weakest adsorption to the moled@tie van der Waals interactions
are found to playan important rée in stabilizing the hydrazine molecule at the
surface which lead to stronger bonds between Cu and N atotinsrebyinclining
the molecule to the surface in bridging madesfuture studies, it would b&orth
using other dispersion corrected DFT methods like IDRBTwhich is thelatest
dispersion methody Grimmeto evaluatehow this affects thehydraziné Cu system

compared withthe DFT-D2 results

We have studied the geometries of three types of ddfedtiding adatom, vacaies
and stepontheCu(111), (100) and (11Qurfaces Subsequent hydrazine adsorption

on these surfaceshows thatthe strongest adsorption energy is found on the stepped
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(110) surfacevhere atoms withower coordination numbe(&<N) provide sites with
d-band centres closer to the Fermi levelhich allows stronger bindingOur
calculationsreveal that although the (110) surface contains a number of low
coordinated atoms that enhance the surfaokecule interactions, the addition of
defects on the more stable (111) and (100) surfaces provides sites that enable
hydrazine binding to almost éhsame extenfThe cooperative adsorption of water

and hydrazine aperfect anddefective copper surfaces is worth investigating in

future studies.

Our results fronthe study of the assembly of hydrazine networks adsorbethen
Cu(111) surface show th#e binding of the moleculd®s the surfaceis the main
interaction driving the networkformation, arising mody from longrange
interactions. The results also revealed tlthd/ forcesarethe largest contributors to
the moleculemoleaile interactionscompared withhydrogenbonding interactions
which have the least contributioBharge density difference calculations skdthat

the molecule and substrate share electrons, while no charge transfer was observed
between moleculedVe have also investigatdtie surface energy as a function of
hydrazine concentration, indicating that variation in thdragine coverage on the
Cu(111)affecs the shapes of the copper nandigées through Cu(111)andfurther
investigationof other Cu facets of the nanopantiglis therefore required to obtain
the effect of hydrazine covege onCu n a n o p a morpholdgg Bemperature
programmed desorptigff PD) of hydrazine from the Cu(111) surface was simulated
for different hydrazine coverages, showing a desorption peskebas 150 and 200
K, which is comparableto similar studiesof the desorption temperatures for

hydrazineat other surfaces
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The results from the study tiie NbH, decomposition mechanisms on the flat and
stepped Cu(111) surfacesvealthat NoH4 dehydrogenation is kinetically an unlikely
procesgo occuron eitherflat or stepped Cu(111) surfagdsut thatNT N decoupling
iIs energetically feasible, leading to BMHntermediates. The intenolecular
dehydrogenation reaction is the predominanéchanism between either BH
fragments on the flat surface, or BlEINd NHy (x=1i 4) intermediates oboth the
flat and stepped surfaces, leading to the formation efaNd NH. The produce
amide and imide intermediates are hydrogenated tgiflNthe presece of hydrogen,
which competes with the recombination of H atoms leading sanblecules. We
also found that, while the introduction of les@ordinated atome.g.on the step edge
on the surface, increases the barrieNbN decoupling along the reactipathway it
has different effects on the barriers tbe reactions ofntra- and intermolecular
dehydrogenation mechanismButure theoretical extensisrio this work could
include investigation of other possible reactions and mechanigntsydrazine

decanposition on Cu surfaces.

A microkinetic studywascarried outtaking into account adsorption, desorption and
reaction processes of all the reactants, intermediates and prodsctaulations to
predict the conditions fathe production of ammonia, nitrogen and hydrogen gases
from the heterogeneous catalytic decomposition of hydrazine on Cu sudades
both temperatureprogrammedreaction TPR) and batch reactorconditiors. The
simulatedTPR showedthat gas desorption pealdepend on the heating rate and
initial NoH4 coverage. The simulations tife batch reactor showed that MEnd N

are the major gaseous produydts agreement with experiment. The coverage of
intermediates with respect to temperature showed thidg Bnd NH are the most

stable intermediates on the surface duringd/Ndecomposition Temperature and
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initial NoH,4 pressures affect the;N4 conversion and NEi N, and H selectivitiesIn
future work, microkinetics modelling of defective Cu surfaces coaléhbestigated

in order to evaluate the effect tife presencef defects on the conditisnrequired

for the production of NH, N, and H gases fronthe catalytic decomposition of
hydrazine on CuThe interesting catalytic activities of Cu towards hydrazine should
stimulate experimental efforts to explotiee potentialof Cu for applications in

environmental catalysis.
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The following are the rate equations of the elementanctions applied in the

simulations of hydrazine decomposition on the Cu(111) surface.
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