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Abstract

Solid oxide fuel celi (SOF®) arean electrochemical device that converts chemical
energy by oxidizing fuel into electrical energy. The device consists of three
components: the cathode, the electrolyte, and the anode. A common matdral use
the anode idNi supported on yttria (¥Os) stabilized zirconia (Zre) (Ni/'YSZ). The
oxidation of the fuel, e.g. molecular hydrogen, takes place at the anode, at the Ni/'YSZ

interface.

The performance of the SOFC dependgbysicachemical phenomenauch as Ni
sintering, and electrochemical reactions taking place atriple phase boundary
(TPB), where the anode, the electrolyaed the gas phase meet. It is therefore
important to understand, at the atomic scale, the microstructure of Ni/YSZsand it

interaction with the gaseous phase.

In this thesis, we emplogb initio techniquesbased on thdensity functional theory
with long-range dispersion correctis(DFT-D2), to irvestigate the two aspects of the
physicalchemistry of the TPB: the interamh between Ni and YSZ and the interaction

of Ni/'YSZ with moleculeselevant toSOFC reactions, such as £@CO, HO and H.

To study those two aspects, we first adsorb one Ni atom on top of bathaa(yYSz
surfaces to understand the influencéhefY atom on the Ni adsorption. This pides
insight into the preferentiaddsorption site of the single atom, which allows us to
construct Ni clusters supported on both Zihd YSZ surfaces. We proceed by

adsorbinglusters ofup to 10 Ni atorg, taking intoaccount several configurations and
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we studythe diffusion ofNi atons towards neighbouring clusters. We adsorb three
molecules (HO, CQ, and CO) on bare ZeOand YSZ surfaces and on the oxide
surfaces decorated with osapported\i atom supported. Frommis first model, we
describe the influencd the dopant and metal atom on the adsorpifdhe molecule

at the TPB. Finally, to determine a more realistic molebll¥SZ interaction model,
we consider several Ni cluster sizes (up to 20) to study teeaction ofthe CO,
molecule with Ni/YSZ ando determine the influence of the cluster size on the CO
adsorption. We also evaluate the £4) co-adsorption on Ni/YSZ to investigate the
reverse water gas shift (RWGS) reaction {€A H.O+CO), which is on®f the

reactions taking place at the TPB of the SOFC.



Table of @ntents

D I=Tol =T = Ui [o] o [ PP PPPPPR PP 1
Y 011 =T PP 2
Table Of CONIENTS.......cco e e e e enenn e B
ACKNOWIEAGMENLIS......oiiiiiiiiiiiiiie i irrer e e e e e e e e e e e e e e e e e e e eeeee b rmmmr e e e e e e e eeees 7
LiSt Of PUBIICALIONS......ciiiiiiiii et e e e e s e e e e 9
List of conference presentations..............cooooi i cceci e 10
S ) 1= Vo] 1= 11
IS o o U = RPN 14
(O g1 o (= g Il [ a1 (o o {1 o3 T o P 29
1.1 Solid oxide fuel ellST general OVEIVIEW............cccuuviiiiiiiieceeeeeee e 30
1.2 Overview ofthe SOFC COMPONENTS........uuviiiiiiiiiiiiiiiiirneeeeeeeeereeeeeeeeeeeeeesaeeenans 34
2 T - 1 T Yo [OOSR 34
I 1= Tor (o] | (= PSP 35
2 T L g o o = PP 36

1.3 ANOAE MALEHAIS......cci i i i e rree e e e e e e e e e e e e e e et e e e e e e e e anenaas 37
1.4 NI/YSZ and YSZ material SITUCLUIE........cooiiiiiiiiiiiiie e 40
1.4.1 Zirconia and Yttria stabilized zirconia bulk structure.................................40
LiA.2 NIYSZ oottt eeet e e e e e e e e et e e e e emamre e e e e e e e e 44

1.5 Triple phase boundary (TPB)........cccuuiiiiiiiiieeii e rmmee e 46
ST S 11 (=T To o NS 47
1.5.2 Reactions at the TRB........coiiiii e 49

1.6 Solidoxide electrolyser Cell (SOEC)..... ..t eeeee e aeeeans 54
1.7 Objectives Of the theSIS.........uueiiiiiiiii e 57
Chapter 2: Computational MethOodS..........ocuuiiiiiiiice e 59
P20 I [ e To [T 1o o OSSP PPPRRRRPPPSPRP 60
2.2 The Schrodinger @QUALTIONL. ........cuiieiiiiiiiiiiieeeiiie e e e e e enene e e e e e e e e 61
2.3 Density fuNCtional thEOIY.........ccooiiiii i 63
2.3.1 The Hohenberohn theorems...........cooooiiiiii i 63
2.3.2 The KohrSham equations...........ccuviiiiiiiiiieeeee e 64
2.3.3 Exchangeorrelation functionals: LDA and GGA..........ccovriiiiiiinvcccceiee e, 66

2.4 The electronic structure in Periodic SOlIAS. ..........oouviiiiiiiiiieeeie e 67



Table of Contents

2.4.1 Bleamc.ho.s. .. .t.he0ud 68
2.4.2 Plane wave expansion of the wavefunctians............ccccovvccemniiiiiiieeeeeenn. 69
2.5 PSeUdOPOLENLIAIS........ccoeieiiieeieeeeeeeeee e 70
2.6 Dispersion interaction correction methods............cccuvvviiiiiiiceeseee e 12
2.7 Geometry OptiMIZAtiON...........coooiiiiiiiie e e e e e e 14
2.7.1 Optimisation of ionic posins: the conjugate gradients methad................. 74
2.7.2 Relaxation of cell parameters: Pulay stress and equation of state method@6
2.7.3TranSitioN StALES.........ccoiiiiiiee e 77
2.8 Characterization of the optimised gEOMELNES........ccceeriiiiiiiriiieeririeeee e e 79
2.8.1 Vibrational freQUENCIES........ccooiiiiiiie ettt rrer e 80
2.8.2 DENSItY OF STALES......ueeiiiiieeeiiiiitiree e eeei e e e e eeen 81
2.8.3 Localisation of the eleCtrons...........c.uuviiiiiiiiieecee e 82
A IR Yo o g 0o o = L= SR 83
2.9.1 BUIK MOAEIS ... ..t ceeee sttt re e e e e e e e e nnnnnnes 83
2.9.2 SUIMACE MOUEIS......uuiiiiirmr e eeee e 84
Chapter 3: Single nickel adsorption on ZrO; and YSZ surfaces..............ccccevvvvvivvieeees 87
10 I [ g1 0T [T 1o o (ST OO PPPRRRPPPRPRP 88
3.2 Model and computational MethodsS..........coooiiiiiiiiiiieeee e 90
3.3 RESUILS AN TECUSSION.....eueiiiiiieieiiiiiiiiiieeeiiee et e e e e e s s s ener e e e e e e e e e e ennreenees 92
3.3. 1 NI/ZIQ(L11) INTEITACE .. .eeeieeeeeeeeeiee et e e 94
3.3.2 ZrQ(111) StabiliSHON DY Y....ueiiiiiiieiiiiiiiiieiceeiieeee et 99
3.4 Chapter MNCIUSIONS.........uuiiiiiiiiiiiiiiene e e e e e e e e e e e e e e ree e e 114
Chapter 4: Ni sintering on ZrOz and YSZ SUIaCES...........coovvvvvveeveeeiieeeie e 116
g I | 11 o T ¥ T4 1T o P 117
4.2 Model and computational Methods................uviiiiiiiis e, 119
4.3 Ni/ZrO 2(111) (n=215): structural analysiS...............coeeuurriiiiieemieeiee e 124
O I NN Y74 £ @ 7 (1 I I PR 124
4.3.2 NWZIO2(111) NZ(25) uuvvrriiiieeeeeeeeiiiiieeieesreeeeeee e e e e e e e snassesesennnsneeeeeaeeeeennnnes 127
4.4 Ni diffusion on ZrO2(L11)......ccoooiiiiiiiiii e 131
4.5 Conclusions on NVZrO »(111) (N=25) iNteraction.............ccccuvvvrreiiiieeeseeeeeeennns 135
4.6 Ni/ZrO »(111) (n = 610) and Nin/YSZ(111) (n=210): structural analysis......... 136
4.6.1 NWZrO2(111) (NZ610)....ccciiiiiiiieee e e e eecieeee e e e e e e ees e e e e aeas 136
I NN T S A ) (o ) S 141
4.7 NiW/ZrO »(111) (n=610) and Ni/YSZ(111) (n=%10): Ni sintering..................... 147



Table of Contents

4.8 Chapter CONCIUSIONS......ccoiiiiiiii e rrre e e e e e e e e e e e e e aaeaaaaaaen 153
Chapter 5: Adsorption of moleculeson Ni/ZrO ; and Ni/YSZ interfaces................... 155
LS00 111 0T [ [ 1o o PP 156
5.2 Modeland computational methods...............ccooiiiiriieeeic e, 158
5.3 ReSUIS aNd AISCUSSION.......eevviiiiiiiiiiiiiiiieenn s e e e e e e e e e e e e e e e e e e e e e e e eeeereeeeeennreennennnennne 163
5.3.1 Structural analysis and electronic StrUCIUFE.............uuuiiiiiccreeeeeeeeeeeeeee, 163

5.4 Chapter CONCIUSIONS.........uiiiiiiiiiiee e irceee e r e e e e 183
Chapter 6: CO; adsorption on Ni/YSZ(111) interfaces...........ccccceivviiiiiiiieeeicciccnns 185
[ 200 111 0T [T 1o o P 187
6.2 Modeland computational methods...............cccoiiiiieeeiiicc e, 189
6.3 RESUILS ANA GECUSSION....cevveeeiiiiiiiiiiietiiiirrne e e e e e e e eeeeeeeaeeeeaeeeeesasreeneeennnennnennnnnnnes 193
6.3.1 GEOMELIIC SIIUCTULE ... ..uiiiiiiieee e e e e e siceee sttt e e e e e e e eres s ee e e e e e e anes 193
6.3.2 FreqUENCY @NAIYSIS.......cooiiiiiiiiiiiit e 199
6.3.3 ElECLrONIC StIUCIULE.......eiiiiiiiieeee e ieeee st ee e e e e e e 201
6.3.4 Reverse water gas Shift reaction.............cccceeviiicceeeiiiiiiiiiiieecee e 204

6.4 Chapter CONCIUSIONS ... uuuiiiiiiiiiiiiiiiiienme e e e e e e e e e e e e e e e e ee e e e ee e 207
Chapter 7: Conclusions and fUtUre WOIKS.........cccooeeieeeiiiiiiiiiee e eeeee s 209
7.1 Summary and CONCIUSIONS..........cciiiiiiiiiiiii et 209
7.2 FULUIE WOTKS. ...ttt eeee ettt e e e e r e ettt e e e e e e e e e e nnnnennnnsnenees 212
Chapter 8: APPENTIX ... .eeiiiieiiiiiiite ettt eeer e e e e s emmeeees 215
8.1 Figures and tables related to Chapter.3.........cccccvvvvviiiiiimmee e 215
8.2 Figures relded t0 Chapler 4...........ooooiiiiiiiiie e 223
8.3 Figures and tables related to chapterA.........ccccccvvviiiiiiee e 243
REIEIENCES ... ettt e e e e s e rmnee s a e e e e s 249



Acknowledgments

First of all, | owe my deepest gratitude to my supervisor Professor Nora de Leeuw
who gave me the chance to explore a part of science that | am really interested in. |
would like to thank her for her support, guidance, and the freedom she gavéahke

the paths | wanted during my research. Nora, you are a cheerful person. Since the very
first time | met you, you have always had a smile on your face, which makes the

atmosphere much more enjoyable during meetings.

| am deeply grateful to Dr Alb&y Roldan for all his help and patience; he always took
the time to explain concepts methodically and pedagogically. Even during his
holidays, he took time to read my work! Alberto, your hard work was an inspiration

throughout my PhD.

| would like to showny gratitude to Dr David Santos Carballal, who always explained
theoretical concepts to me meticulously and took the time to read my work. David,
your pickiness and hard work hugely increased my motivation during the last four

years.

It is also a pleasur® thank Dr Xavi AparicieAnglés for the very useful theoretical
di scussions. Xavi , debating the fichemic

meetings and conferences was unforgettable.

| would also like to acknowledge the UCL Doctoral Training CentiMaodelling and

Materials Science (EPSRC) for funding my PhD. | also acknowledge the computing



Acknowledgments

facilities used to achieve the calculations in this thesis: Archer, Legion, Iridis, Grace,

Huygens, and IBerver.



List of publications

A. Cadi-Essadek A. Roldan andN. H. de LeeuwNi Deposition on YttriaStabilized
ZrO>(111) Sufaces: A Density Functional Theory StudyPhys. Chem. 2015, 119

(12), pp 65816591

A. Cadi-Essadek A. Roldan ard N. H. de LeeuwDensity functional theory study of
the interaction of kD, CQ and CO with the Zr@(111), Ni/Zr& (111), YSZ (111)
and Ni/YSZ (111) surfaceSurface Science2016, 653 (Novelmer 2016), pp 153

162

A. Cadi-Essadek A. Roldan andN. H. de Leuw. Density Functional Theory Study
of Ni Clusters Supported on the Z(@11) SurfaceFuel Cells From Fundamentals

To System<2016, pp 17.


http://pubs.acs.org/author/Cadi-Essadek%2C+Abdelaziz
http://pubs.acs.org/author/Roldan%2C+Alberto
http://pubs.acs.org/author/de+Leeuw%2C+Nora+H
http://pubs.acs.org/author/Cadi-Essadek%2C+Abdelaziz
http://pubs.acs.org/author/Roldan%2C+Alberto
http://pubs.acs.org/author/de+Leeuw%2C+Nora+H
http://pubs.acs.org/author/Cadi-Essadek%2C+Abdelaziz
http://pubs.acs.org/author/Roldan%2C+Alberto
http://pubs.acs.org/author/de+Leeuw%2C+Nora+H

List of conference presentations

2016

¢ Talk: A. CadiEssadekA. Roldan andN. H. de LeeuwA DFT Study of CG-H>
co-adsorption on Ni/YSZ(111) for Solid Oxide Fuel Cell Applions.229" ECS
meeting. San Diego, CA

¢ Talk: A. CadiEssadekA. Roldan andN. H. de LeeuwA DFT Study of CG-H>
co-adsorption on Ni/YSZ(111) for Solid Oxide Fuel Cell ApplicatioM8S CDT
Annual Industry Day. London, UK

1 PosterA. CadiEssadekA. Roldan andN. H. de LeeuwCO; and H interaction
with Nickel-Yttria Stablized Zirconia interface: A DFT studyardiff universit y,
Wales

2015

 Talk: A. CadiEssadekA. Roldan andN. H. de Leew. A DFT study of CQ
adsorption on Ni/YSZ(111): Solid Oxide Fuel Cell applicationernational
Conference on Carbon Dioxide Utilization XIll. Singapore

{ Talk: A. CadiEssadekA. Roldan andN. H. de LeeuwA DFT study of HO,
CO,, and CO adsorption on Ni/'YSZ(111): Solid Oxide Fuel Cell application. 6th
Internation al Conference on Fundamentals and Development of Fuel Cells.
Toulouse, France

2014

 Talk: A. CadiEssadekA. Roldan andN. H. de LeeuwA DFT study of HO and
CO adsorption on Ni/'YSZ(111): Solid Oxide Fuel Cell applicatMd@GMS
Young Modell erds For um. London, UK

1 PosterA. CadiEssadekA. Roldan andN. H. de LeeuwSimulated IR spectra of
adsorbed molecules on YSZ(111) andW$iZ(111).Energy Materials
Symposium. Bath, UK

2013

7 Poster: ACadirEssadekA. Roldan andN. H. de LeeuwElectronic Structure of
Nickel-Zirconia InterfaceThomas Young Centre Postgraduate Student Day.
London, UK

1 Poster: ACadiEssadekA. Roldan andN. H. de LeeuwElectronic Structure of
Zirconia Bulk.M3S CDT Annual Industry Day. London, UK. London, UK

10


http://pubs.acs.org/author/Cadi-Essadek%2C+Abdelaziz
http://pubs.acs.org/author/Roldan%2C+Alberto
http://pubs.acs.org/author/de+Leeuw%2C+Nora+H
http://pubs.acs.org/author/Cadi-Essadek%2C+Abdelaziz
http://pubs.acs.org/author/Roldan%2C+Alberto
http://pubs.acs.org/author/de+Leeuw%2C+Nora+H
http://pubs.acs.org/author/Cadi-Essadek%2C+Abdelaziz
http://pubs.acs.org/author/Roldan%2C+Alberto
http://pubs.acs.org/author/de+Leeuw%2C+Nora+H
http://pubs.acs.org/author/Cadi-Essadek%2C+Abdelaziz
http://pubs.acs.org/author/Roldan%2C+Alberto
http://pubs.acs.org/author/de+Leeuw%2C+Nora+H
http://pubs.acs.org/author/Cadi-Essadek%2C+Abdelaziz
http://pubs.acs.org/author/Roldan%2C+Alberto
http://pubs.acs.org/author/de+Leeuw%2C+Nora+H
http://pubs.acs.org/author/Cadi-Essadek%2C+Abdelaziz
http://pubs.acs.org/author/Roldan%2C+Alberto
http://pubs.acs.org/author/de+Leeuw%2C+Nora+H
http://pubs.acs.org/author/Cadi-Essadek%2C+Abdelaziz
http://pubs.acs.org/author/Roldan%2C+Alberto
http://pubs.acs.org/author/de+Leeuw%2C+Nora+H
http://pubs.acs.org/author/Cadi-Essadek%2C+Abdelaziz
http://pubs.acs.org/author/Roldan%2C+Alberto
http://pubs.acs.org/author/de+Leeuw%2C+Nora+H
http://pubs.acs.org/author/Cadi-Essadek%2C+Abdelaziz
http://pubs.acs.org/author/Roldan%2C+Alberto
http://pubs.acs.org/author/de+Leeuw%2C+Nora+H

List of Tables

Table 3-1. Calculated surface energies (3frof ¢-ZrOz(111), ¢ZrO2(110) and €
Zr0O2(100) and comparison with previous Studi€s............ccovvveeeiiiieacniiieieneennn. 93

Table 3-2. Calculated binding energies, distances and charges for the 5 surfaces. The
charges given here are the average of the close§ks@nd Zr atom to Ni adsorption

site and for adsorbed Ni. The distances showed here are between Ni and the closest
(O YR @ - 14 o 1074 o= (o] o OSSP 96

Table 3-3. Main variation of the distance between the different atomic layers (in %)
upon Y substitution in the ZEDLLL)......coooiiiiiiiiiiiiieeee e 101

Table 4-1. Calculated energies, charges arobthd center position for the most stable

configuration Of the 5 SYSteMS.........ooiiiiiii e 126

Table 4-2. Calculated clusteringK,,), cohesive E,,,) and perpendicular interaction

(E;,.) energies (in eV), and Ncharges (pof the most stable configuration of both
Nin/ZrO2(111) and Ni/'YSZ(111) systems. NZrOx(111) (n=25) values are taken

from theprevious section for COMPariSOM............ccceeeiiiieieeceeeccccee e, 137

Table 51. Calculated binding energies per moleculs, (in eV) and charges (q in e)

for the 3 molecules (¥D, CQ and CO) adsorbed onghlmost favourable site of the 4
surfaces: Zr@(111), Ni/Zr&(111), YSZ(111) and NiI/YSZ(111).....ccccvvvvvvnnneee. 165
Table52.Theor eti cal vi brat itdontO, ChaelGQimnci es
the gas phasand adsorbed on the 4 surfaces ({1@1), Ni/Zr&(111), YSZ(111)

and Ni/ YSZeBldnd ®B,desnote stretching, syn

11



List of Tables

asymmetrical stretching and bending modes, respectively. We show in parenthesis the

infra-red experimental yaes from the literature.............cccccovviiiiieeniinn. 179

Table 53. CalculatedE, and (E; - Ex™) in eV for the 3 molecules (#, CQ; and

CO) adsorbed on the most favourable site of therfaces: Zr@(111), Ni/Zr&(111),

YSZ(111) and Ni/YSZ(111)E, and Ex*™" correspond to the total and VVan der Waals

binding energies, respPectively...........coooviiiiiiiiieee e 182

Table 6-1. Calculated bindingenergy¢E i n eV), distane&s (i n
in degrees) and charge (q, in ) of &@sorbed on YSZ(111) anddNWSZ(111) (n =

1, A7, 10, 20) ittt rre et e et ta e e e e e e e e e e e e e e e e annne e as 195

Table 81. Relative energies and average distances of the 9 configurations shown in
1o T L3R 2t U 217

Table 82.Binding energy of the 19 neequivalent initial adsorption sites for Ni atom

ON ZA1YPO28(L11) e et eeeese et ettt e e eeeee e et ee et ereeenn 218

Table 83.Binding energy of the 20 neequivalent initial adsorption sites for Ni atom

(oTAIA RN aiac © 2 (e 1 1 TR 219

Table 84.Binding energy of the 52 neequivalent initial adsorption sites for Ni atom

ON ZE0Y 2024(1 1LY s+ vt eeeee et et et et et et et ettt eneee et enes et et eseren 221

Table 85. Binding energy of the 38 neequivalent initial adsorption sites for Ni ato

0N VAC-Zr10Y 2023(111) (10 VIEW)u.eiiieeeeeeeeeeeeeeeiiieeee e e ennnes 223

Table 86. Binding energies 9in eV) of the 4 naguivalent initial adsorption sites

for H2O, CG and CO molecules 0N ZB@111)......ceieiieeeeieiiiieieiiieeen e 244

Table 87.Binding energies (in eV) of the 2 naguivalent initial adsorption sites for

H>O, CG and CO molecules on NI/ZBERL111)........ccovvvieeeiiiiiiiiiiimeeeeeeeeiiiines 245

12



List of Tables

Table 88.Binding energies (in eV) of the 5 n@guivalent initial adsorption sites for

H20O, CG and CO molecules 0N YSZ (111)...ccooeiiiiiiiiiiiiiiiiieeee e 246

Table 89.Binding energies (in eV) of the 2 naguivalent initial adsgtion sites for

H20, CG and CO molecules on NI/YSZ (111)-...ccceuuueuvueunniinis i 247

13



List of Figures

Figure 1-1. Schematic representation of the SOFC.............cccoiiiiiceeeiiininnen 31

Figure 1-2. Fuel cell micreCHP concept applied to a home (Hawkes et al. 2(B19).
Figure 1-3.Del phi 6s SOFC APU being test.83 on
Figure 1-4. Research and development on SOFC applied to different scales (Shearing
B Al 20010) ...ttt 33

Figure 1-5. Scanning electm micrograph (SEM) of SOFC showing the
microstructure of the cathode {(8oped LaMn@YSZ), the electrolyte (YSZ), and

the anode (NI/YSZ) (Kim et al. 1999)........ccoiiiiiiiiiiiiiie e 34

Figure 1-6. Crystal structure ofcubic zirconia (eZrO2). a) and b) represent,
respectively, a perspective view and a tetrahedral viewZoOg. Colour key: red and

grey spheres correspond to oxygen and zirconium atoms, respectively.......41

Figure 1-7. Schematic representation of the introduction of yttria into zirconia
(University of Cambridge N.d.) ... ... 42

Figure 1-8. Phase diagram of YSZ (m: monoclinic, t: tetragonakubic) (Srikanth

& SUDDAran 1994).... ..o a e e e 43

Figure 1-9. Synthesis process of NiO/YSZ composite pow#am et al. 2006)...45

Figure 1-10. High resolution scanning electron micrograph (HRSEM) of a single
Ni(111) particle on the YSZ substrate surface. The metal particle is oriented with the

(111) plane parallel to YSZ. (Nahor et al. 2014)..........ccceveeiiiiiimemiiieeece e 46

14



List of figures

Figure 1-11.H> oxidation at the Ni/YSZ interface (Shishkin & Ziegler 2010). Colour
key: O, Zr, Y, and Ni are respectively represented by a red, grey, green, and blue
sphere. The white sphere corresponds tO. H..........coooiiiiiiiiiccciiiiiiiieeee, 50

Figure 1-12. Model of the Ni/YSZ from (Cucinotta et al. 2011). Colour key: O, Zr,

Y, and Ni are respectively represented by a red, grey, green, and blue sphere. The
yellow sphere corresponds to the oxygen vacangy.a®@d Quik correspond to the
interface and bulk O atoms, respectively, involved in the oxidation pracess.51

Figure 1-13. Principle of the ceelectrolysis of steam/CQOn the SOEC (Fu et al.

Figure 2-1. Schematic illustration of aklectron (solid lines) and pseudoelectron

(dashed lines) potentials and their corresponding wave functions. The radius at which
all-electron ad pseudoelectron values matchris Reproduced from (Payne et al.

L992) ..ottt ettt eeee ettt ettt ettt ettt e et ettt ettt eaeee ettt et enens 71

Figure 2-2. Steepest descent (a) vs conjugate gradients.(b)...............cceeeeeee. 74

Figure 2-3. Schematic representation of two minima linked by a transition state. E
represents the activation ENEIGY............uuuuruiiiiiiceeeere e e e erenra s 78

Figure 2-4. Schematic representation oetperiodic slab model...................... 34

Figure 2-5. Schematic representation of the methodology used to generate the zirconia
SIAD MO 86

Figure 3-1. Crystal structure of cubic zirconia-#&rO.). Colour key: red and grey
spheres correspond to oxygen and zirconium atoms, respectively................ 91

Figure 3-2. Side and top views of the-@rmimated ZrQ(111) surface. Colour key:

red and grey spheres represent oxygen and zirconium atoms, respectively.94

15



List of figures

Figure 3-3. (a) and (b) show the electronic density of states (DOS) o#(ZiQ)and
Ni/ZrO2(111), respectively. (c) and (d) show the composition of the valence band of
the projected DOS of Zrfp111) and Ni/Zr@Q(111) respectively........cccceeeeeeennn.. 97
Figure 3-4. (a) and (b) side view of th&ri1Y'®P024(111) and Z11YS"0,4(111)
surfaces, respectively. (c) top view of Zf*°PO.4(111) showing the 19 neequivalent

initial adsorption sites for Ni atom. (d) top view of Zf5""0,4(111) showing the 20
nontequivalent initial adsorption sitesrfNi atom. (e) and (f) most stable adsorption
site for Ni on Zi1Y'PO24(111) and Z11YS""024(111), respectively. Colour key: red,

grey, cyan and blue spheres correspond to oxygen, Zr, Y and Ni atoms, respectively.

Figure 3-5. (@) and (b) Density of states (DOS) of 1&'°P024(111) and
Zr11YS""024(111) configurations, respectively. (c) and (d) are the projected DOS of
Zr11Y'°PO24(111) and Z11YSUH0,4(111) respectively on Qatoms........................ 102

Figure 3-6.( a ) , (b) and (c) char-gatesrmearthseketmy pl o
level of Zr1Y'P024(111), Zh1YSU024(111) and ZioY 2024(111) respectively. Colour

key: red, grey, and cyan spheres correspond to oxygen, Zr, and Y atoms, respectively.

Figure 3-7. (a) and (b) DOS of Ni/ZiY'P0O24(111) and zoom peaks near the Fermi
level, respectively. (c) and (d) DOS of Nif2Ys'"0,4(111) and zoom peaks near the
Fermi level, reSPEeCHVEY..........uviiiiiiiie e 105
Figure 3-8. side and top views of both YSZ(111) surfaces. (a) shows the side view of
vac-Zri10Y2023(111), (b) the top and the 38 nequivalent initial adsorption sites for

Ni atom. (c) shows theide view of ZioY2024(111), (d) the top and the 52 non

16



List of figures

equivalent initial adsorption sites for Ni atom. (e) and (f) most stable adsorption site
for Ni onvac-ZrioY 2023(111) and ZfoY 2024(111), respectively. Colour key: red, grey,
cyan and blue spheresrogspond to oxygen, Zr, Y and Ni atoms, respectively. The
oxygen vacancy is represented by an orange sphere..........cccccvvvvieeeeeeeeeenn. 108

Figure 3-9.(a) and (b) Density of states (DOS) and projected DOS16Y ZD24(111)
configuration, respectively. (c) is the DOSWE-Zr10Y 2023(111)........oeeeenneennn. 109

Figure 3-10. (a) and (b) DOS of Ni/4pY 2024(111) and detailed four peaks near the
Fermi energy, respectively. (c) afd) DOS of Nifac-ZrioY2023(111) and detailed
peaks near the Fermi energy, reSpectively...........cccccuviiiimmmnniniiiiiiieeeeee 112

Figure 3-11. Calculated electredensity differences for Ni adsorbed on the five
surfaces. Color $eme is labelled INSet...........oviiiiiiiee e 114

Figure 4-1. (a) and (b) represent the side and the top view, respectively, of the oxygen
terminated Zr@Q111) surface. (c) and (d) correspond to the side and tap, vie
respectively, of the YSZ(111) surface. Colour key: O, Zr, and Y are respectively
represented by a red, grey, and cyan sphere. The yellow sphere corresponds to the
(0) Y0 [T g Y= (%= 0 [03 Y PPPRRPPPPR 121

Figure 4-2. (a), (b), (c), (d), (e) and (f) side view of INdrO2(111), Nb/ZrOz(111),
Nis/ZrOz(111), flat Nia/ZrO2(111), pyr Nia/ZrO2(111) and N#/ZrO2(111) systems,
respectively. Colour key: red, grey, and blue spheres correspond to oxygen, Zr and Ni
ALOMS, BSPECHIVEIY.. . ittt erer e e e e e e e e e e e e e e e 125

Figure 4-3. Calculated electron density difference for the most stable configuration of
the 5 systems. Colour key: red, grey, and blue spheres correspond to oxygen, Zr and

Ni alOMS, FESPECHIVEIY....cciiiiii e ereer e e 127

17



List of figures

Figure 4-4. Calculated clustering energyE(, / eV) for different Ni clusters

adsorbed on ZrgX111). We show here the most stable configurations......... 132

Figure 4-5. Energy profile showing (Ni+N)/ZrO2(111) and Ni/ZrO»(111) states
separated by a transition state. Colour key: red, grey, and blue spheres correspond to
oxygen, Zr and Ni atomsesSpPectiVely.............uvviiiiiiiiiii i 133

Figure 4-6. Hopping rate for an Ni atom on ZsQ11)........ccceeeeeiiiiiiiiiiiieennnn. 134

Figure 4-7. Side views of the most stable configuragoof Ni/ZrO»(111) systems.
Colour key: red, grey, and blue spheres correspond to oxygen, Zr and Ni atoms,
(1S 0 1=Tod 117 YOS 138

Figure 4-8. Calculated electron density difference between dligers and the
surface for the most stable configuration of the/&02(111) systems. Colour key:

red, grey, and blue spheres correspond to oxygen, Zr and Ni atoms, respetdi@ely.
Figure 4-9. Side views of the most stable configurations off X6Z(111) systems.
Colour key: red, grey, blue and cyan spheres correspond to oxygen, Zr, Ni and Y
atoms, respectively. The oxygen vacancy is represented by a yellow sphefel?2

Figure 4-10. Calculated electron density difference for the most stable configuration
of the NWYSZ(111) systems. Colour key: red, grey, blue and cyan spheres correspond
to oxygen, Zr, Ni and Y atoms, respectively. Tixggen vacancy is represented by a

YEIIOW SPRNEIE.... ..o a e ae e e 144

Figure 4-11.Plot of the clustering energ¥(, ), the difference between the clustering

and cohesive energyE(,,, - E,.s) and the interaction energ¥(,) as a function of

the cluster size on top of both Z(@11) and YSZ(111) surfaces..................... 149

18



List of figures

Figure 4-12. Energy profile showing two ransition states: from state
(Ni+Nig)/YSZ(111) to N#/YSZ(111) and from state (Ni+h)/YSZ(111) to
Ni1o/YSZ(111). Colour key: red, grey, blue and cyan spheres correspond to oxygen,

Zr, Ni and Y atoms, respectively. The oxygen vacancy is represented ddiow y

Figure 51. Side and top views of the -@rminated Zr@Q111), YSZ(111),
Ni/ZrO2(111) and Ni/YSZ(111) surfaces. Red, grey, blue and cyan spheres represent
oxygen, zirconium, nickel, and yttrium atoms, respectively. The oxygen vacancy is
represented by the yellow Sphere....... ..., 162

Figure 5-2. Schematic representation of the@] CQ and CO adsorption on
ZrOx(111), Ni/Zr®(111), YSZ(111) and Ni/YSZ(111). Perpendicular black lines
show the simulation cell. Red, grey, blue and cyan spheres represent oxygen,
zirconium, nickel, and yttrium atoms, respectively. Orange spheres represent the
oxygen belonging to CO and G@olecules. The oxygen vacancy is represented by
the YellOW SPNEIES. ... s 166

Figure 5-3. Electron localization function (ELF) of the three moleculesQHCO

and CO) adsorbed on top of the 4 surfaces>@™M), Ni/Zr&(111), YSZ(111) and
Ni/'YSZ(111). A high ELF value along the bond path reflects a strong interaction
between the molecule atioe surface while a low ELF value is the consequence of a
WEAK INTEIACTION. .. .uuiieiiiiiiiiii et e e 169

Figure 5-4. Total density of states (DOS) of the three molecule®(KCQ and CO)

adsorbed on Zrgd111) and NiZrO2(111) and projected DOS on the three molecule

19



List of figures

atoms (C, O and H) and Ni atom. We repre:
the total DOS and the spin up for the projected DOS. Colour scheme is labelled in the
inset. Hac and Hurf correspond to Hpointing towards the vacuum and the surface,
respectively. The oxygen pointing towards the vacuum and the surface are represented

by Ouac and Qur, respectively. To facilitate the reading of the graphs, haee

multiplied the intensity of the PDOS whnecessary (multiplication factor shown in
PAFENTNESIS). ..o ae et e 170

Figure 5-5. Total density of states (DOS) of the three molecule©(KLQ and CO)

adsorbed on YSZ(111) and Ni/YSZ(111) surfaces amjepted DOS on the three

mol ecul e atoms (C, O and H) and Ni at om.
down (b) of the total DOS and the spin wu
labelled in the insefTo facilitate the reading of the graphs, wavé multiplied the

intensity of the PDOS where necessary (multiplication factor shown in parentheses)

Figure 5-6. Theoretical IR spectra of the free and adsorbed molecut€s E and

CO) on Zr®(111), Ni/Zr®(111), YSZ(111) and Ni/YSZ(111). Inset in parenthesis

are the infrared experimental values from the literature................c.ovvvveeeee.... 178
Figure57.P1 ot of the vari gtiaond afs ywisieehingy mmd t3r
modes upon adsorpti on 211d),Ni/AQ(11%), Y&8A(IA1)Dz r ept
and Ni/YSZ(111) surfaces, respectivéfydcorresponds to the total binding energy.

Since HO ad®rbs dissociatively on Zrff111) the variation of kD stretching mode

onZr( 111) i s not afiseaqreEesantedfe GO ds m the gas phase

CO has one StretChing MOGE...........uuuiiiiiiiiiii e 181

20



List of figures

Figure 6-1. (a) and (b) describe the side and top view, respectively, of the oxygen
terminated ZrQ111) surface. (c) and (d) show the side and top view, respectively, of
the YSZ(111) surface. Color key: O, Zr and Y are respectively represented by a red,
greyand cyan sphere. The yellow sphere corresponds to the oxygen vacan®

Figure 6-2. Stable configurations of N{(n = 1, 47, 10, 20) clusters adsorbed on the
YSZ(111) surface. Color key: @r, Y and Ni are respectively represented by red,

grey, cyan and blue spheres. The yellow sphere corresponds to the oxygen vacancy.

Figure 6-3. Most stable configurations of GO'SZ(111) aad CQ-Nin/YSZ(111).
Colour key: O, Zr, Y, Ni and C are respectively represented by red, grey, cyan, blue
and black spheres. The yellow sphere corresponds to the oxygen vacancy. All
AIStANCES Ar€ IN A....oeeeieee e e 194

Figure 6-4. Elongation ¢y i n i) &b th degnof C@adsérioed on

YSZ(111) and NWYSZ(111) (n = 1, 47, 10, 20). Blue area indicates activated.CO

T 0] [T o U= 197
Figure 6-5. Modelled IR spectra of COn the gas phase, on naked YSZ(111) and on
COx-Nin/YSZ(111) (n = 1, 47, 10, 20). Inset in parenthesis are the Hnéch
experimental values from the literature (Shimanouchin.d.)...........cccccooeeeee 199
Figure 6-6. Calculated electredensity differences for C{adsorbed on Ni(n = 4

7, 10, 20) decorated YSZ(111) surfaces. Colour key: O, Zr, Y, Ni and C are

respectively represented by a red, grey, cyan, bldékack sphere. The yellow sphere

corresponds to the OXYQJEN VACANCY-.....cceeeeeeeeeeieeeeiiereeeeeeeeeeeereeeeenennnnnnmnnees 202

21



List of figures

Figure 6-7. Total density of states (DOS) of GMin/YSZ(111) in grey and projected
density of states on C of GOO of CO;, and Ni clusters, in black, red and blue,
TESPECTIVEIY ...t r e e e e e eeer e 203

Figure 6-8. Representation of the most stable configurations ofapHCQ, and c)
COx-H2 on Nis/'YSZ(111). The Bader chargd the adsorbed molecules are shown
next to each configuration. Colour key: O, Zr, Y, Ni, C, and H are respectively
represented by red, grey, cyan, blue, black, and white spheres. The yellow sphere
corresponds to the OXYJEN VACANCY.-.......uuiiiiiiiiiiieiiieeeeeeee e 205

Figure 6-9. Energy profile showing reactants, intermediates, transition states, and
final products for the RWGS reaction on the Ni/YSZ(111) interfaggc&responds

to the activation energy between the iniad final states and the intermediate state.
The energy of the reactants is set to zero. Colour key: O, Zr, Y, Ni, C, and H are
respectively represented by red, grey, cyan, blue, black, and white spheres. The yellow
sphere corresponds to the OXYgen VAaBaNC..............uuuuereeiieemiuviiriiiieeeeeeeeeens 207

Figure 8-1. 10 possible configurations of vatri0Y2023(111), considering the O
vacancy either at the Nearest Neighbour (NN) or the Next Nearest Neighbour (NNN)
sites of the 2 Y atoms.dbur key: red, grey and cyan spheres correspond to oxygen,

Zr, and Y atoms, respectively. The oxygen vacancy is represented by an orange sphere.

Figure 8-2. 19 norequivalent initial adsqtion sites for Ni atom on Z1Y°P0,4(111)

(top view). Colour key: red, grey and cyan spheres correspond to oxygen, Zr, and Y

AtOMS, ESPECHIVEIY. . .u i e e et e e e e enans 217

22



List of figures

Figure 8-3.20 nonrequivalent initial adsrption sites for Ni atom on zY SUt0,4(111)

(top view). Colour key: red, grey and cyan spheres correspond to oxygen, Zr, and Y
AtOMS, TESPECHIVEIY. ...t eee et ean 218

Figure 8-4.52 norequivalent initial dsorption sites for Ni atom on #¥ 2024(111)

(top view). Colour key: red, grey and cyan spheres correspond to oxygen, Zr, and Y
AtOMS, TESPECHIVEIY. ... it ean 220

Figure 8-5. 38 nonequivalent initial dsorption sites for Ni atom ORac-

Zr10Y 2023(111) (top view). Colour key: red, grey and cyan spheres correspond to
oxygen, Zr, and Y atoms, respectively. The oxygen vacancy is represented by an
OFANGE SPNEIEuc ittt 222

Figure 8-6. Top views (with side views as inset) of the less stable configurations of
the Ni/ZrO»(111) system. The binding energies are in parenthesis. Colour key: red,
grey, and blue spheres correspond to oxygen, Zr and Ni atomsgtresly........ 224

Figure 8-7. Top views (with side views as inset) of the less stable configurations of
the Nir/ZrO»(111) system. The binding energies are in parenthesis. Colour key: red,
grey, andblue spheres correspond to oxygen, Zr and Ni atoms, respectivel®25

Figure 8-8. Top views (with side views as inset) of the less stable configurations of
the Nig/ZrO»(111) system. The bindinenergies are in parenthesis. Colour key: red,
grey, and blue spheres correspond to oxygen, Zr and Ni atoms, respectivel?6

Figure 8-9. Top views (with side views as inset) of the lesslstabnfigurations of

the Nib/ZrO»(111) system. The binding energies are in parenthesis. Colour key: red,

grey, and blue spheres correspond to oxygen, Zr and Ni atoms, respectived.7

23



List of figures

Figure 8-10. Top views (with side views as inset) of the less stable configurations of
the Nio/ZrO2(111) system. The binding energies are in parenthesis. Colour key: red,
grey, and blue spheres correspond to oxygen, Zr and Ni atoms, respectivel?3

Figure 8-11.Top views (with side views as inset) of the less stable configurations of
Ni2/YSZ(111) systems. The binding energies are in parenthesis. Colour key: red, grey,
blue and cyan spheres correspomexygen, Zr, Ni and Y atoms, respectively. The
oxygen vacancy is represented by a yellow sphere...........ccccoooiivieeeciennn. 229

Figure 8-12.Top views (with side views as inset) of the less stable configurations of
Nis/YSZ(111) systems. The binding energies are in parenthesis. Colour key: red, grey,
blue and cyan spheres correspond to oxygen, Zr, Ni and Y atoms, respectively. The
oxygen vacancy is represented by a yellow sphere............ccooiivieecceennn. 230

Figure 8-13.Top views (with side views as inset) of the less stable configurations of
Nis/YSZ(111) systems (flat configurations). The binding energies are in parenthesis.
Colour key: red, grey, blue and cyan spheres corresppiaytgen, Zr, Ni and Y
atoms, respectively. The oxygen vacancy is represented by a yellow sphe231

Figure 8-14.Top views (with side views as inset) of the less stable configurations of
Nis/YSZ(111) systems (pyramid configurations). The binding energies are in
parenthesis. Colour key: red, grey, blue and cyan spheres correspond to oxygen, Zr,

Ni and Y atoms, respectively. The oxygen vacancy is represented by a yellow sphere.

Figure 8-15. Top views (with side views as inset) of the less stable configurations of

Nis/'YSZ(111) systems (flat configurations). The binding energies are in parenthesis.

24



List of figures

Colour key: red, grey, blue andary spheres correspond to oxygen, Zr, Ni and Y
atoms, respectively. The oxygen vacancy is represented by a yellow sphe283

Figure 8-16. Top views (with side views as inset) of the non stabl&igurations of
Nis/YSZ(111) systems (pyramid configurations). The binding energies are in
parenthesis. Colour key: red, grey, blue and cyan spheres correspond to oxygen, Zr,

Ni and Y atoms, respectively. The oxygen vacancy is represented by a yelkna.sph

Figure 8-17.Top views (with side views as inset) of the less stable configurations of
Nie/YSZ(111) systems (flat configurations). The binding energies are in parenthesis.
Colour key:red, grey, blue and cyan spheres correspond to oxygen, Zr, Ni and Y
atoms, respectively. The oxygen vacancy is represented by a yellow sphe285

Figure 8-18.Top views (with side views as ieg of the less stable configurations of
Nig/YSZ(111) systems (pyramid configurations). The binding energies are in
parenthesis. Colour key: red, grey, blue and cyan spheres correspond to oxygen, Zr,

Ni and Y atoms, respectively. The oxygen vacancy isesgmted by a yellow sphere.

Figure 8-19. Top views (with side views as inset) of the less stable configurations of
Ni7/YSZ(111) systems (flat configurations). The binding energies arer@mibesis.
Colour key: red, grey, blue and cyan spheres correspond to oxygen, Zr, Ni and Y
atoms, respectively. The oxygen vacancy is represented by a yellow sphe237

Figure 8-20. Top views(with side views as inset) of the less stable configuration of
Ni7Z/YSZ(111) system (pyramid configuration). The binding energies are in

parenthesis. Colour key: red, grey, blue and cyan spheres correspond to oxygen, Zr,

25



List of figures

Ni and Y atoms, respectively. Theygen vacancy is represented by a yellow sphere.

Figure 8-21.Top views (with side views as inset) of the less stable configurations of
Nig/lYSZ(111) systems (flat configurations). The birglenergies are in parenthesis.
Colour key: red, grey, blue and cyan spheres correspond to oxygen, Zr, Ni and Y
atoms, respectively. The oxygen vacancy is represented by a yellow sphe289

Figure 8-22.Top views (with side views as inset) of the less stable configurations of
Nig/YSZ(111) systems (pyramid configurations). The binding energies are in
parenthesis. Colour key: red, grey, blue and cyan spheres correspond to oxygen, Zr,

Ni and Y atons, respectively. The oxygen vacancy is represented by a yellow sphere.

Figure 8-23.Top views (with side views as inset) of the less stable configurations of
Nio/YSZ(111) systems (flat coigiurations). The binding energies are in parenthesis.
Colour key: red, grey, blue and cyan spheres correspond to oxygen, Zr, Ni and Y
atoms, respectively. The oxygen vacancy is represented by a yellow sphegil

Figure 8-24.Top views (with side views as inset) of the less stable configurations of
Nio/YSZ(111) systems (flat configurations). The binding energies are in parenthesis.
Colour key: red, grey, blue and cyan spheres correspond tomgx¥geNi and Y
atoms, respectively. The oxygen vacancy is represented by a yellow spheg?2

Figure 8-25. Top views (with side views as inset) of the less stable configuration of
Ni1oYSZ(111) system (flat configurations). The binding energies are in parenthesis.
Colour key: red, grey, blue and cyan spheres correspond to oxygen, Zr, Ni and Y

atoms, respectively. The oxygen vacancy is represented by a yellow sphe?2

26



List of figures

Figure 8-26. Top views (with side views as inset) of the less stable configuration of
Ni1o/YSZ(111) system (pyramid configurations). The binding energies are in
parenthesis. Colour key: red, grey, blue and cyan spluereespond to oxygen, Zr,

Ni and Y atoms, respectively. The oxygen vacancy is represented by a yellow sphere.

Figure 8-27.4 nonequivalent initial adsorption sites foe®, CQ: and CO méecules

on Zr& (111) (top view). Colour key: red and grey spheres correspond to oxygen and
Z1, TESPECHVEIY ... e 244

Figure 8-28.2 norequivalent initial adsorption sites fop®, CQ and CO moleules

on Ni/ZrG; (111) (top view): at the triple phase boundary (TPB) and on top of the Zr
(T1) which is the most favourable adsorption sites for the three molecules on the clean
ZrO>(111) surface. Colour key: red, grey and blue spheres correspond tapXyge

AN Ni TE€SPECHVEIYc .. 245

Figure 8-29.5 nonequivalent initial adsorption sites foe®, CQ and CO molecules

on YSZ (111) (top view). Colour key: red, grey and cyan spheres correspond to

oxygen, Zr, and Y respectively. The oxygen vacancy is represented by the yellow

Figure 8-30.2 nonequivalent initial adsorption sites fop®, CQ and CO molecules

on Ni/'YSZ (111)(top view): at the triple phase boundary (TPB) and on top of the Zr
(T1) and oxygen (3) which are the most favourable adsorption sites @ &hd CQ,

and CO molecules on the clean YSZ (111) surface, respectively. Colour key: red, grey,
cyan and blue dyeres correspond to oxygen, Zr, Y and Ni respectively. The oxygen

vacancy is represented by the yellow sphere............coooviiicceiiiic e, 247

27



List of figures

Figure 8-31. Representation of the ZrxOyHz clusters studied in Hornebecq et al
(Hornebecq et al. 2011) and discussed in chapter 5. Adapted with permission from V.
Hornebecq, C. Kn, P. Boulet, B. Kuchta, P.L. Llewellyn, Adsorption of Carbon
Dioxide on Mesoporous Zirconia: Microcalorimetric Measurements, Adsorption
Isotherm Modelingand Density Functional Theory Calculations, J. Phys. Chem. C.

115 (2011) 1009710103. Copyright (2011American Chemical Society......... 248

28



Chapter 1

Introduction

Abstract

In this chapter, we give an overview of the solid oxide fudl(&DFC), the context

of this study, and describe the different materials used in the SOFC components, i.e.
cathode, anode, and electrolyte. Among those materials, nickelstabdized
zirconia is commonly used as an anode, hence our interest in-thaddiinterface

and its interactions with the gas phase molecules involved in the processes of the

SOFC.
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1.1 Solid oxide fuel ®llsi general overview

Nowadays, it is crucial to find another source of energy other than fossil fuels.
Hydrogen could be an idéalternative energy source since it has a high energy density
and can be easily adaptable for use in specific device such as Solid Oxide Fuel Cell

(SOFC)(Singhal & Kendall 2003)

SOFC is an electrochemical device that converts chemical energy into electrical
energy by oxidizing chemical fuel such as hydro@émw & Deevi 2003) The original

idea of the SOFC came from Nernst in 1897, where he proposed a patent describing a
solid electrolyte having a thin rod shape that could be electrically conducting, if an
external heat is applied to the material, and then kept glowing by the passage of an
eledric current(Singhal & Kendall 2003)The first conducting materials proposed by
Nernst was lime magnesia. More than 100 years later, investigations are still being

carried out to irprove this original process.

The current SOFC has three main components: two porous electrodes separated by an
oxygen ionconduction electrolyte. We show the schematic view of the SOFC in
Figure 1-1, where the opeating principle is described. The first step is the reduction

of oxygen at the cathode, by the incoming electrons from the circuit, which generates
oxygen ions (®). Then, @ is transported through the electrolyte towards the anode
where it oxidizes fueduch as Hor CO. Finally, the oxidation of the fuel will generate

H20O (and/or CQ) and electrons. The generated electrons migrate to the anode through
the external circuit. Therefore, the conversion of the chemical energy into the electrical

energy is alsieved.
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Fuel: CO, H,
- Fuel: CO, H, + 0, D CO,H,0 + 2¢
—<— ANODE___Ni-YSZcermet
Useful
: | 0% YSZ electrolyte
\ Power )
N
= CATHODE LaMnQ4
A O;+/~’L_'.‘E'9201"'_4 —’ Excess Air TriplePh;s:Bioundary
Air

Figure 1-1. Schematic representation of the SOFC.

The overall reaction is as follo@rmerod 2003)

Cathode reaction:

0, +4e - 20% (1-1)

Anode reaction:
H,+0% - H,0+2¢ (1-2)
CO+0” - CO,+2¢ (1-3)
Total reaction: (2-9)
H,+CO+0,- H,0+CQ, (1-5)

In the SOFC, the electrolyte is soliddatne working temperature ranges from 500 to

900 eC, which gi v e s-geredthing systemguichs as efficiertcsh i s p
reliability, modularity, fuel flexibility, and low pollutants emissidiviinh 1993;

Singhal 2000b; Yamamoto 2000; Stedd®2; Huijsmans 2001; Gorte 2005; de Bruijn

2005; Kendall 2005; Sun & Stimming 2007; Ormerod 2003; Park et al. 2000; Steele
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& Heinzel 2001) The high working temperature of the SOFC allows the use of

hydrogen mixed with other gases such as methane anmeéfeagus 2006)

SOFC can be used at different scales, from small power units to large power plants
(Minh 1993; Williams 2001; Singh & Minh 2004; Minh 2004; Cropper et al. 2004)
and can convert up to 50% of the chemical energy into the electrical gi$mgy
Prakash et al. 2014PDne of the most promising application of the SOFC is the
residential sector where a combined heat and power (CHP) based on SOFC can be
used. INCHP systems, heat and electricity are generated from a single fuel @meace

et al. 2013) CHP is called micr@CHP when it is appéid to small scales such as
houses. It is important that both thermal and electrical energies generated by the
system match the demand of the residential apart(ivamg et al. 2014)We show

the micreCHP concept applied to a homeHigure 1-2 (Hawkes et al. 2009)vhere
natural gas enters from the gas distribution network and is used by the SOFC to
generate heat and electricity. The excess electricityuateal thanks to a meter, is

exported to the grid while the unused heat is stored in a hot water tank.

Electricity

Fuel In |

Figure 1-2. Fuel cell micreCHP concept applied to a horfiéawkes et al. 2009)
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There are other applications of SOFC such as combined cycle powdQtiantdhury
etal. 2013) SOFC can also be applied to military and transport se@biudhury et
al. 2013) For i nstance, Del phi 6s SOFC auxi |l

sucessfully tested on truckbjgure 1-3 (Mukerjee et al. 2011)

Figure1-3.De | p hi 6ARU I®iBdt€sted on a tru¢kukerjee et al. 2011)

The main challenges for the commercialization of the SOFC is the increase of the
performance and the reduction of the ¢@toudhury et aR013) To reach this goal,
investigations are being carried out on different scale: from the cell itself to all the

auxiliary systemgChoudhury et al. 2013Figure 1-4 (Shearing et al. 2010)

Triple Phase  ~Single Cell & ~1kW e SOFC Domestic CHP Industrial CHP
Boundary Interconnect Stack System SOFC-GT Hybrid

a’

1
10° m 10°m 0.01m 0.1 m 1m 10 m
~ KINETICS [ Heat RecoverVIIN
[ pirrusion [ FuiD FLOWSHI

Figure 1-4. Research and development on SOFC applied to different $&hlearing et al. 2010)
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Our research intervenes in the lowest scale showigure 1-4, i.e. we are interested

in the physicechemical phenomena taking place at the triple phase bountiaB) (

of the SOFC, i.e. the meeting point of the electrode, the electrolyte oxide, and the gas
phase. We need therefore to describe, at the atomic scale, the different materials used
in the SOFC components (cathode, electrolyte and anlodiglgure 1-5 (Kim et al.

1999) we show a scanning electron micrograph (SEM) of a typical microstructure of
SOFC where the cathode, the electrolyte and the anode are identified. In the next
section, we give an overview of the different matsriated for those three main

components.

Electrolyte — YSZ

¥ 2 Y i\?}' -
“, ",_ o-‘ , rﬁ N
”"‘F‘,.sr g lia '
3| Anode —Ni/'YSZ

; *
4‘& Al

Yy ﬁ-

Figure 1-5. Scanning electron micrograph (SEM) of SOFC showing the microstructure of the cathode

(Sr-doped LaMn@YSZ), the electrolyte (YSZ), and the anode (Ni/Y$E)m et al. 1D9).

1.2 Overview of the SOFC components

1.2.1Cathode
The cathode has to meet the following criteria: high electronic conductivity, chemical

and dimensional stability, thermal expansion coefficient matching the other cell
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components, compatibility and minimum cégity with the electrolyte, and sufficient
porosity to facilitate transport molecular oxygen from the gas phase to the
electrode/electrolyte interfa¢8inghal 2000h)

Good candidate materials are therefore noble metals and oxideasspenovskite
oxides but in practice noble metals are not favoured as they are exp@rsnerod
2003) One of the most common perovskite used is strontloped lanthanum
manganite (LSM), LaxSxMnOs. Lanthanum or strontium cobaltites, (La,Sr)Ga@e
also good candidates for cathode materials as they have a high mixeeléatioric
conduction(Menzler et al. 2010)Additionally, the electrical conductivity of LaCaO
is higher than LaMn®@(Ormerod 2003)However, at high temperatures (La,Sr)GoO
can reat with the yttriastabilized zirconia (YSZ) electrolyte affecting the

performance of the SOFROrmerod 2003; Menzler et al. 2010)

1.2.2Electrolyte

The electrolyte has to be electron insulator but oxyigarconduding and materials

such as yttria stabilizegirconia (YSZ), rareearthdoped ceria, rarearthdoped

bismuth oxide, and doped lanthanum gallates satisfy this crig&nghal 2000h)

YSZ is one of the most common material used as a SS#e@olyte owing to its high

oxygernion conductivity, comparing to other materials.

Gadolinium doped ceria (GDC) can also be used as an electrolyte for lower
temperatures (550 5 0 ¢F€ryus 2006) Bel ow 600¢e C, t he condu
higher than YSZ. Additionally, GDC is stable with a wider range of cathode materials:

lanthanum strontium manganite 1L&xMnOz (LSM), lanthanum strontium cobaltite
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Lag.6Sr.4Co0s (LSC), lanthanum strontium feretLay 6Sto.4FeQ (LSF), lanthanum
strontium cobaltite ferrite LeaSr.4C.Fen.s03 (LSCF) (Ralph et al. 2001; Ralph et

al. 2003; Qiu et al. 2003; Waller et al. 1996; Dusastre & Kilner 138®V)ever, GDC

is not stable at low oxygen pressure.

Perovskite materials can also play a role of a SOFC electrolyte. For instance, doping
the LaGaQ@ perovskite with strontium and magnesilsa xSrKGa yMgyOs (LSGM)

allows the material to be oxygéon conducting at lovtemperaturéJoshi et al. 2004)

Other perovskites such as LaS¢cQalnOG: and LaYQ display oxygeron
conductivity and therefore arcandidate for the use as electrolyte mate(fedsgus

2006)

1.2.3Anode

The anode, where the oxidation occurs, has to be stable to face the high working
temperature and the reducing atmosphere. Additionally, it must be electronically
conducting andnust have porosity to maximise the contact area with th¢Sireghal
2000b) The anode must also be compatible (chemical and thermal expansion) with
the electrolyt€Laosiripojana et al. 2009\ common material used as an anode in the
SOFC is a porous Ni/YSZ cermet, i.e. a ceramic matrix, here-gthatalized zirconia
containing metal (Ni) supported nanoparticles. Ni nanoparticles provide the electronic
conductivity, while YSZ provides oxygdaon conductivity (Graves, Ebbesen &
Mogensen 2011; Koide et al. 2000; Ribeiro et al. 2009; Qiao et al. 2007; Mufioz et al.
2006) However, changes of morphology, due to Ni sintering @idising, can be

observed in the Ni/YSZ, affects the performance of the material. Additionally, Ni/YSZ
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is not tolerant to sulfur impurities, which also affects the catalytic perfornf@wey

et al. 2007; Cheng & Liu 2007; Ebbesen & Mogensen 20@9pvercome this barrier,

Ni can be replaced by Cu as Cu/YSZ is more resistant to sulfur imp(@Gtes et al.
2007)

Other materials than metakides can also be employed as SOFC anode such as
perovskites. For stance, in strontium titanate (Sr&)Othe electronic conduction is
achieved thanks to the presence &f &ind can be improved by doping the material
with tri- or pentavalent oxides such as’t,ar3* and NB* (Laosiripojana et al. 2009)
However, if a perovskite is used as an electrolyte (e.g. LSGM), instead of YSZ, the
diffusion of dopat can take place: for instance gallium or magnesium can diffuse

from LSGM electrolyte to SrTi@anode(Fergus 2007)

According to the description of the three main components of the SOFC, the choice
of the materials is restricted as spiecdriteria are needed in order to face the high
working temperature. Additionally, several physwemical phenomena take place

at the interface between the different components of the SOFC, which affects the
performance of the SOFC. In this project, f@eus on the different physiechemical

phenomena occurring at the anode.

1.3 Anode materials

Because of the operating conditions of the SOFC, discussed above, a suitable anode
material has to fulfil the following criterigghri Prakash et al. 2014)

- High electrecatalytic activity towards oxidation of fuel gases
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- Preferaby a mixed conductor with predominant electronicauactivity to
allow the transport of electrons
- Thermal expansion coefficient (TEC) and chemical compatibility with the
electrolyte

- Porous structure to permit the fuel and reactioqpimgducts transport

- Fuel flexibility, low cost and ease of synthesis

- Carbm and Sulfur poisoning resistance
The first developed anode materials were single phase such as graphite, platinum
group and transition meta(®6bius 1997) However both graphite and platinum
group materials do not resist to the rough conditions as the graphite corrodes
electrochemically and platinum can be degraded by the water vapour present at the
anodeelectrolyte interfacgShri Prakash et al. 2014Loncerning the transition
metals, Fe, Co, NiJiang & Badwal 1997)Pt(Uchida et al. 1995)and RuSuzuki et
al. 1993)have been considered for the use as anode material. Among those transition
metals Ni has the highest activity with respect tmkidation(Setoguchi et al. 1992)
and is a cheap metal comparing to the other noble metal catalysts such as Pt and Ru
(Jiang & Chan 2004; Singhal 2000&herefore, Ni was the most attractive transition
metal for the use as anode material. Nonetheless, Ni sintering can occur during cell
operation, vinich leads to a possible degradation of the material during the use of the
SOFC(Simwonis et al. 2000; Klemensg & Mogensen 2007; Faes et al. 2009; Tanasini

et al. 2009; Hanasaki et al. 2014)

The second type of anode material developed were perovskites, such as lanthanum

chromite LaCr@, which are not affected by carbon deposit(@isipis & Kharton
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2008; Vernox 1997; Sfeir et al. 2001; Vashook et al. 2004; Georges et al. 2006)
Previous studie¢Baker et al. 1994; Steele 1998h)owed that doping LaCgQvith
alkalineearth catios ((La,A)CrQ.; (A=Ca,Sr)) improves the electrocatalytic activity
above 426¢eC. However, the chromites hav
adherence with the electrolyte is not optimum. Other perovskites:. ((La
xStk)Cro.sMnos0O3x) have also proven that they can biged as an anode as they
facilitate the oxidation of Hand CH a t 9 00 ¢ C.2xLdMgravnIMbQe.« Sr
materials can also be considered as a competitive material for the SOFC anode
(Goodenough & Huang 2007; Huang, Dass, Xing, et al. 2006; Huang €04, 2

Huang, Dass, Denyszyn, et al. 2006)

The third family of anode materials is the composite, where two materials are mixed
and each of them has a specific role: one is responsible of the ionic conduction and
the second material is in charge of the etedt conduction. Ni/YSZ is a popular
material used for this purpose due to its electrical, chemical and mechanical properties.
Nevertheless, some aspects of this material, such as the poor redox stability, the sulfur
poisoning, the carbon deposition duethe use of hydrocarbon fuels, and nickel
sintering (Shri Prakash et al. 2014inust be improved. CGeQ-YSZ canbe a
solution to the carbon deposition where Cu is the electronic conductor andheeO
electrocatalys{Goodenough & Huang 2007; Huang, Dass, Xing, et al. 2006; Huang
et al. 2009; Huang, Dass, Denyszyn,akt2006; Kim et al. 2001)However, the
performance of Gi€eQ-YSZ is not as optimum as Ni/YSEaur & Basu 2014)

Despite this recent progress concerning thelamoaterials, Ni/YSZ remains a serious
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candidate for high working temperature SOFC due to its propégies Prakah et

al. 2014)

Ni is a good electrocatalyst for the biidation and has a high electronic
activity (~2x1¢S.cmat 1000e C)

- YSZ prevents Ni sintering during operation

- Chemically stable in reducing atmospheres at high temperatures

- Its TEC is close to the common electrolytes used in the SOFC

- Nidoes not react with YSZ for a wide range of temperature

1.4Ni/YSZ and YSZ material structure

The main objective of this thesis is to model the Ni/YSZ interface and its interaction
with the molecules involved in the SOFC reactions as the performance of the SOFC
depends on the microstructure. It is therefore crucial to descrilmeyt$tal structure

of ZrO; and YSZ bulks, and Ni/YSZ interface.

1.4.1Zirconia and Yttria stabilized zirconia bulk structure

At atmospheric pressure and below 1400 K, the stable phase of zirconia is monoclinic
and it was first described in 1892 by Joseph Baddibe monoclinic zirconia phase

was named in honour to Joseph Baddley and it is called baddg[¥iate2010;
Hiemstra 1955)Between 1400 K and 2650 K, zirconia is tetragonal while between
2650 K and 2950 K (polymorph melting point) the most stable phase is the cubic one
(c-ZrOy) (Bogicevic et al. 2001; Aldebert & Traverse 1983pwever, when the cubic

phase is doped with a cation of lower valence, like Y, it is stabilized at lower
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temperatures (belowd® K) and therefore present in the SOFC, in addition to being
used in many other catalytic applicatidi@efanovich et al. 1994; Guo 2000; Yucai
2005; Wang et al. 2005; Ramaswamy et al. 2004; Dongare et al. 2004; Mercera et al.
1991) Therefore, wewill focus on the description of the cubic phase of zirconia in
this section.

Cubic zirconia has the fluorite crystal structure: a face centred cubic (fcc) unit cell
(space group Fm3m) shownhingure 1-6. The Zratoms are arranged in the unit cell

to form the fcc cube, each coordinated to 8 oxygen. The position of the O atoms is on

the diagonals of the cube.

Figure 1-6. Crystal structure of cubic zirconia-#rO,). a) and b) represent, respectively, a
perspective view and a tetrahedral view @fr©,. Colour key: red and grey spheres correspond to

oxygen and zirconium atoms, respectively.

The most common dopant used to stabilize zirconiatype Y-Os. The struatre of

Yttria-stabilized zirconia (YSZ) is aubic fluoritelike structure, wher¢he yttrium
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and zirconium atoms form a faesentredcubic cation lattice and oxygen and

vacancies form a simple cubic anion lattice.

To compensate the total charge, dopingcania with yttria generates oxygen
vacancies as the dopant™has a lower charge than the host'Zindeed, for each
Y203 unit introduced in the Zrgbulk, one oxygen ion is removéBogicevic et al.

2001)(Figure 1-7 from (University of Cambridge n.d))

YSZ (Yttria-Stabilised Zirconia)
Cubic Fluorite Structure

Figure 1-7. Schematic representation of the introduction of yttria into zirc@uaversity of

Cambridge n.d.)

It has been reported in the literature that the zirconia cubic phase needs to be doped

with at least about 8mol% yttria in order to be stable at low temperdreserod
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2003; Litzelman et al. 2008; Khollam et al. 200This is illustrated in the phase

diagram of YSZ irFigure 1-8 (Srikanth & Subbarao 1994)

2500

2000

1500

1000

Temperature (°C)

500

Y,0; (mol %)

Figure 1-8. Phase diagram of YSZ (m: monoclinic, t: tetragonal, c: cyl§idkanth & Subbarao

1994)

The oxygen vacancies generated by the doping allow the oxygen condudtithty a
oxygen ions can hop across esige of a tetrahedron between two catigredith et

al. 208). It has been shown that the conductivity of YSZ is maximized for a
concentration of dopant ofB0 mol% Y-0s, then it decreases when more dopant is
added into the solid, despite increasing the number of oxygen vacésiriekler &
Carlson 1963; Dixon etl.al963; Badwal et al. 2000; Nomura et al. 2000; loffe et al.
1978) This decrease of conductivity for a concentration eDxhigher than 810

mol% is still unclear and several studies tried to clarify this observation. Two
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mechanisms can explain thiscdease of conductivity: i) high dopant concentration
leads to an increase of theYyYinteraction affecting the oxygen diffusion as the oxygen
diffuses through between two cations ii) the higher the dopant concentration is the
more vacancies are presentmiomg an ordered arrangements obstructing the oxygen
diffusion into vacant sitegilo et al. 2003; Zavodinsky 2004; Litzelman et al. 2008)
After determining the crystal strtuze of YSZ, we can now describe the Ni/YSZ

interface.

1.4.2Ni/lYSZ

The most common synthesis process of Ni/YSZ cermet is the mixing of YSZ
and NiO powders following by an-situ reduction of NiO to nickel metél'soga et
al. 1996; Shri Prakash et al. 201An example of NiO/YSZ synthesis is described by

Kim et al.(Kim et al. 2006)Figure 1-9):
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[ Ni(NO3),+6H,0 + Dl-water

4—{ Citric acid }
Stirring at 50 °C for 30 ming

[ Ni organic complex ]

. 4—' Ethylene glycol ]
Stirring at 90 °C for1h

_ Estenflt,jatlon/‘ [ YSZ powder ]
Ni polymeric solution

Stirring at 180 °C for4 h § » Water evaporation

[ Calcination at 600 °C for 1 h J
[ Milling in ethanol 3 h ]
[ NiO-YSZ composite powder ]

Figure 1-9. Synthesis process ofi@/YSZ composite powdgKim et al. 2006)

The structure of Ni/YSZ can be determined experimentally by using techniques such
as Xray powderdiffraction (XRD) as it was achieved by Nahor et(&lahor et al.

2014) where the authors deposited Ni film on the YSZ (111) substrate and stated that
the most stable orientation is Ni(1)/YSZ(111). They also deposited Ni particles on

the YSZ and observed that the metal particles are oriented with the (111) plane parallel

to the oxide surface (séeégure 1-10).
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YSZ Substrate

Figure 1-10. High resolution scanning electron micrograph (HRSEM) of a single Ni(111) particle on
the YSZ substrate surface. The metal particle is oriented with the (111) plane parallel {(dlxts2.

et al. 2014)

1.5Triple phase boundary (TPB)

In the SOFC, the electrochemical reactions occur at the triple phase boundary (TPB)
where the anode, the electrolyte and the fuel r{teatahim et al. 2014Chen et al.

2004; Zhu & Deevi 2003)Therefore, the performance of the anode depends on the
size of the TPEBieberle et al. 2001; Goodwin et al. 2009; thret al. 2008)

In this research, we are interested in two aspects of this triple phase boundary: studying
the sintering of Ni atoms, which is a parameter that can affect the size of the TPB, and
understanding, at the atomic scale, the interactionefys phase molecules with
Ni/YSZ.

An important parameter to take into account is temperature, as the pblysioccal
processes taking place at the TPB depend on this parameter, e.g. sintering. It is

therefore important to study the effects of common S@egking temperatures on
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the TPB structure. From DFT calculations, it is possible to extract the relation of
certain properties with the temperature, such as the chemical potential, and thus
evaluate thermodynamic and kinetic properties. For instancejlixsew in chapter 4

that determining the activation energy from DFT allows the calculation of the hopping
rate of Ni atoms on top of YSZ as a function of temperature. Other techniques, such
as molecular dynamics, can be used to evaluate the sinteringaftidles on top of

the YSZ surface (see next section). Other physiemical phenomena, such as the
oxygen diffusion within the YSZ bulk, also depend on the temperature and affect the
performance of the SOFC. Methods such as microkinetics (see ské&idr) can be

used to consider for example atom diffusion within SOFC materials.

1.5.1Sintering of Ni

Ni sintering reduces the surface of the nickel particles and therefore the electrical
conductivity of the anodéSkarmoutsos et al. 2001; Tomoo 1996; Minh 1993)
sintering process is still misunderstood at thenatascale. Xu et alXu et al. 2013)
studiedthe Ni sintering in the Ni/YSZ anode using molecular dynamics techaigie
considering the Ni/YSZ structural characteristics: the porosity and the nanoparticle
framework. In their study, Xu et gXu et al. 2013used the BorMayerHuggins
(BMH) potential to define the interaction between YSZ atoms. ThMiNhteraction

was described by the Morse potential. Remaydthe NtYSZ interaction they
employed density functional theory (DFT) to evaluate the interaction energy and fitted

Morse potential function to those energies. The autf¥uset al. 2013)ktudied two
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sysems: sintering of two Ni nanoparticles on the YSZ(111) and the sintering of
Ni/YSZ multi-nanopatrticle. In the first model, they considered 24 030 atoms: two Ni
nanoparticles of a 40 A size and separated by 5 A on the YSZ(111) surface. The size
of the oxidesurface was 116x100.5 K. They set up the temperature at 300 K and
noticed a sintering of the Ni nanoparticles few hundreds picoseconds after the
simulation started. They showed a rotation of the two nanoparticles, towards each
other, to facilitate thaitial contact point and start a formation of a neck between both
particles. Following this first step, Ni atoms from the interior of the Ni particles
diffuses towards the neck region which facilitates its growth. Thus, the author showed
the importance oNi atoms diffusion in the process of the sintering. They have also
considered two other Ni nanoparticles sizes, 30 A and 50 A, and reached the same
conclusion meaning that the nanoparticle sizes does not influence the sintering

process.

In their second saulations, the author&u et al. 2013)nvestigated the sintering of

the Ni/YSZ multinanoparticles in order to take into account the porosity, the
framework of the anode material, and the ratio of the NiSd. Their model, consists

of a 100x100x100 Asimulation cell containing five Ni and five YSZ nanoparticles
with a 40 A diameter. They considered a temperature of 1073 K and compressed the
simulation cell in order to represent the porosity. They showeafjgregation of the

Ni nanoparticles. However, this sintering does not take place through small pores in
the YSZ framework as those small pores prevent the neck growth between two Ni
nanoparticles. Thus, their muhanoparticles model describes more istighlly the

Ni sintering process in the anode material. In their following s{Xadyet al. 2015)
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the authors compared the Ni sintering in YSZ and ScSZ and observed that the Ni
aggregation is more important in Ni/YSZ as the-W8Z adhesion is weaker
comparing to NiScSZ. They have also showed that the Ni sintering affects the size of

the THB for both systems.

1.5.2Reactions at the TPB

During the operation of the SOFC, the oxidation efriblecule takes place at the
Ni/YSZ anodglAmmal & Heyden 2012; Bessler 2005; Bessler et al. 2007; Vogler et
al. 2009; Rossmeisl & Bessler 2008; Bieberle & Gauckler 2002; GoodwinZ&Q4;
Anderson & Vayner 2006; Ingram & Linic 2009; Bieberle et al. 2001; Hansen et al.
2004; Sukeshini et al. 2006; Grgicak & Giorgi 200Vhe H oxidation process was
still in discussion and a reliable and accurate initio techniques is needed to

understand this process at the atomic scale.

Recently, DFT have been employed to examine theoxidation at the Ni/YSZ
interface(Shishkin & Ziegler 2009; Shishkin & Ziegler 2010; Cucinotta et al. 2011)

In their first investigation, Shishkin et #5hishkin & Ziegler 2009yonsidered 18 Ni
atoms supported on YSZ slab with 9% mol concentration of yttria. The YSZ slab
consists of nine atomic laye(twelve ZrQ formula units, i.e. 36 atoms). They used

the most stable surface which is the (111) and to satisfy the 9% mol concentration of
yttria they replaced two Zr atoms (from the second and the forth atomic layer) by two
Y atoms and removed one oxygfrom the third atomic layer. The bottom three layers
were kept fixed while the rest of the atoms were allowed to move. Before adsorbing

the Ni cluster, they extended the YSZ surface to two units. The Ni cluster consists of
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three layers: nine, six andrée atoms for the bottom, medium and top layer,
respectively. In this study, the authors also considered the oeygemed YSZ
(YSZ+0), an oxygen fills the YSZ vacancy, as they assume that there is an oxygen
transport from the bulk to the surface whére dxidation of the fuel takes place. This
YSZ+0O surface is detailed in their previous sty@&pnishkin & Ziegler 2008)In
(Shishkin & Ziegler 2009he authors stated thab prefers to adsorb on the Nuster

rather than on the YSZ or YSZ+0O surface of the cermet. A possible mechanism of H
oxidation on Ni/YSZ+O cermet is a dissociative adsorption effétflowed by
spillover to react with an oxygen surface and form water molecule. In the case of
Ni/YSZ+0O cermet, both hydrogens react with the additional oxygen atom to generate
water molecule. In the Ni/YSZ cermet, the hydrogens react with an oxygen located at
the interface between the oxide and the Ni clu@arshkin & Ziegler 2010{Figure

1-11). Another possible pathway is an oxidation ofdf Ni cluster after a spillear

of an oxygen from the oxide surface.

) 'f‘_ w,wv g ?

Figure 1-11. H, oxidation at the Ni/YSZ interfacggShishkin & Ziegler 2010)Colour key: O, Zr, Y,

and Ni are respectively represented by a red, grey, green, and blue sphere. The white sphere

corresponds to H.
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However, the overall Ho x i dati on pr ocesssipeskgatienst ed i
(Shishkin & Ziegler 2009; Shishkin & Ziegler 201®) endothermic, which is in
disagreement with the requirements for the operation of the SOFC, as it was pointed

out by Cucinotta et a{Cucinotta et al. 2011)ndeed, the werall H oxidation at the

TPB must be exothermic

Cucinotta et al(Cucinotta et al. 201Thodelled the TPB by a larger model where they
created a Ni cluster atom (46 atoms) exposing the (111) surface and supported on the
(111) Y& surface (219 atoms) containing 9 atomic layers and 8.7 mol% of yttria

(Figure 1-12).

Figure 1-12. Model of the Ni/YSZ from(Cucinotta efl. 2011) Colour key: O, Zr, Y, and Ni are
respectively represented by a red, grey, green, and blue sphere. The yellow sphere corresponds to the
oxygen vacancy. & and Qi correspond to the interface and bulk O atoms, respectively, involved in

the oxdation process.
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The H oxidation at the TPB is due to an oxygen atom at the interface between the
metal cluster and the oxide surface. The authors described few configurations where
the overall reaction is exothermic. The most favourable pathway discusskis
investigation starts with a dissociative chemisorption pdiNi cluster followed by

a spillover of H from Ni to an oxygen at the Ni/YSZ interface. The oxygen at the
interface will therefore be bridged to Ni and the vacancy left by this oxygebe

filled by an oxygen coming from the bulk of the slab. Then, the second hydrogen will
migrate towards OH to generate water. The last step is the desorption of water. The
rate limiting step of this process is the H spillover from Ni to YSZ. The asitheve

also considered the spillover of an oxygen towards the adsorbed H but this pathway

was energetically less favourable.

Ammal et al.(Ammal & Heyden 2012fombined (DFT) and microkinetic to model

the H oxidation at the Ni/YSZ interface. The model adopted in this investigation
consists of 18 Ni atoms cluster supported on 9 atomic layers YSZZsla¥¢0o2, 8.3

mol% of yttria), similarly to the study made by Shishkin et(8hishkin & Ziegler

2009; Shishkin & Ziegler 2010Ammal et al(Ammal & Heyden 2012)mplemented

the DFTderived parameters (e.g. reaction energies, activation barriers, and frequency
factors) in their microkinetic model in order to evaluate theokidation under the
experimental coditions. Their overall Hoxidation process is similar to Cucinotta et

al. (Cucinotta et al. 2011However, Ammal et alAmmal & Heyden 2012also took

into account the overall oxygen migration process: i) Oxygen migration from the bulk
to the surface oxygen vacancy leading to a creation of a vacancy in the bulk, ii) an

oxygenfrom the electrolyte fills the oxygen vacancy created in the YSZ bulk, and iii)
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reduction of oxygen at the cathedkctrolyte interface in order to fill the vacancy
created in the electrolyte. From their report, the authors concluded that the bulk
oxygendiffusion is the rate limiting step at lower temperatures (<1000 K) and only at

high temperatures (>1000 K) the H spillover becomes rate limiting.

Another possible gas phase molecule interaction with Ni/YSZ is the adsorption of
sulphide (HS) at the Ni/YZ interface. Indeed, the fuel used in the SOFC, such as
syngas (synthesis gas, e.g/€®D gas mixture) derived from co@lrembly et al.
2006), can contain a small amounts of sulfur contaminé@teng & Liu 2007; Y.
Matsuzaki & Yasuda 2000; Trembly et al. 2006; Zha et al. 200% adsorption of
sulfur at the anodes affects the performancé®fSOFC as it blocks the active sites

of the devicdCheng et al. 2011; Bartholomew et al. 1982)

Previous investigation@Vang & Liu 2007; Alfonso 2008; Monder & Kan 2010;

Malyi et al. 2013)stated that k5 adsorbs strongly on a nickel surface but, as it is
stated by Zeng et alZeng et al. 2013)this is not concluding as it does not explain
the higher resistance, of other aasduch as N6cSZ, to sulfur comparing to Ni/'YSZ
(Sasaki et al. 2006; Hagen et al. 2011; Aravind et al. 2008; Zhang et al. 20d§)

in Zenget al.(Zeng et al. 2013)ysed DFT technique to study thalfur adsorption on

Ni atoms at the TPB of Ni/'YSZ. However, they decided to consider those later atoms
in their DFT calculations in order to determine a trend concerning the effect of the
dopant radius on the sulfur adsorption at the TPB. For Ni/YSZ, ¢bagidered a
similar model as the one used by Shishkin e{Sishkin & Ziegler 2009and to

construct Ni/XSZ they useti¢ same model and the only difference is in the optimized
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position of the X* atom and O vacancy. They have concluded that the sulfur
adsorption is stronger for larger’Xradius. This is due to the influence of th&" X
radius on the XSZ surface energyr farge X* radius, the surface energy is lower.

The straightforward consequence is a better adhesion of Ni clusters on XSZ. Thus, the
stronger NiXSZ interaction, for larger X radius, weakens the #ulfur interaction

explaining the better resistancestdfur poisoning for those large size dopants.

A possible way to eliminate the adsorbed sulfur at the anode is to oxidize4tamgd O

H20 to generate S{JChu et al. 2014)However, SQ@ molecule is a pollutant as it can
interact with air to generate acidic rains which are responsible of the corrosion of
metals and deterioration of stone buildir{§sern et al. 1997)Thus, Chu et a[Chu

et al. 2014)used DFT method to study the interaction of,$@th both YSZ and
YSZ+0 surfaces. In their model, they considered the same surfaces as the one in ref

(Shishkin & Ziegler 2009)They showed that there is a strong interaction between SO
and both YSZ and YSZ+O surfaces leading to a formation of sus@€ and SO;"

species (the latter only on YSZ+O surface). Thus, sp@cies (x=21) are responsible

of the YSZ surface poisoning and this poisoning is more important on the YSZ+O.

1.6 Solid oxide electrolyser cell (SOEC)

SOFC can also be used as an electrolyser, which is the reverse mode of thénSOFC.
this mode, the name of SOFC changes into solid oxide electrolyser cell (SIES,).

the Ni/YSZ anode in the SOFC plays a role of the cathode in the SIia6 et al.

(Zhan et al. 2009howed that SOFC can be used as SOEC, with Ni/YSZ as electrode,
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to produce syngas GHCO) through HO/CQ; co-electrolysis.Therefore, greenhouse

gas such as G@an be transformed into a fuel like syng@sti et al. 2016; Fu et al.
2010; Graves, Ebbesen, Mogensen, et al. 20I4¢ generated syngas may be
transformed, through sulzpgent reactions, into methanol or other liquid hydrocarbon
fuels (by Fischeiropch process) that will be used in a renewable energy cycle. For
instance, the final liquid fuels obtained from the conversion of the syngas, can be used
in the transportationestor without changing the existing infrastructure and motor
engine technologgfu et al. 2010)

Fu et al.(Fu et al. 2010demamstrated computationally that the energy conversion
efficiency of steam/C@into H,/CO is around 8B3% which is 1015% higher than a
low-temperature water electrolyser systé@rhe authors also showed that producing
synthetic fuels, through SOEC, can bemamically competitive comparing to the

bi omass to |iquid process: overall fuel

in the range of the price of fuel production through the biomass to liquid process.

In (Figure 1-13) we show the operating principle of the SO@Q etal. 2010)

..

L
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Figure 1-13. Principle of the ceelectrolysis of steam/C0On the SOEQFu et al. 201Q)
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An external voltage is applied to the SOEC which allows the transport of oxygen ions
(O%) from the cathode (e.g. Ni/YSZ), through the electrolyte (e.g. YSZ), tathdea

(e.g. LaxSKMnOs/YSZ) where G is oxidized to Q. There is a reduction of both
H20 and CQ at the cathode which generatesahd CO, respectively. The overall
reaction can be written as follofiru et al. 2010)

Cathode reaction:

H,0+2 - H,+0* (1-6)
CO,+2e - CO+0O” (1-7)
Anode reaction:
0% - %Oz' +2€ (1-8)
Total reaction: (1-9)
CO, +2H,0%%¥Yi%8- CO+2H,+3,0, (1-10)

The main advantage of the-etectrolysis occurring in the SOEC is its endothermic
characteristic. Indeed, the reactions in the SOEC take place at high temperatures
meaning that heat can be provided to the devicedmtion losses (Joule heat) or by

an external source (industry waste heat, concentrated solar, renewable electrical
energy, or nuclear poweffRinaldi et al. 2015; W. Li et al. 2013)\dditionally, as the
reactions happeathigh temperatures, the reaction Kios are fast and therefore there

is no ned for an extra catalyst

However, because of the high working temperature of the SOEC, other reactions such
as the reverser water gas shift (RWGS) reaction (equgltidd)) can take place at

both electrodegFu et al. 2010)The RWGSeaction occurs at the Ni/YSZ electrode
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and it has been stated that the conversion of iG® CO could be achieved through
the RWGS reaction instead of the electrode chemicatr€@uction (reactiorfl-7))
(Fu et al. 2010; Dalgaard Ebbesen et al. 2009)

CO,+H,- CO+H,0 (1-11)

1.7 Objectives of the thesis

In this chapter 1, we have seen that the characteristics and performance of the SOFC
depends on the microstructure of the electrode/electrolyte material, e.g. Ni/YSZ, and
its interactionsvith gas molecules intervening in the eleetteemical reactions. It is
therefore crucial to understand at the atomic scale all tpegsicoachemical

phenomena to improve the efficiency of the device.

The main goal is then to understand the geometriekationic structures of Ni/'YSZ
interface and its interaction with the gas phase, i.e. the molecules involved in the
reactions of the SOEC. The strategy of this investigation starts with choosing the
appropriate method to study the TPB at the atomic skathapter 2, we introduce

the methodology used to perform our calculations, i.e. DFT. We describe the equations
behind this technique and the model used to study the TPB. In chapter 3, we
investigate the adsorption of one single Ni atom on top ob@AD) surface and on
surfaces with two concentrations of yttrium. This first step provides insight into the
preference of Ni adsorption on those oxide surfaces, which indicates the way to
construct Ni cluster on Zr{{111) and YSZ(111). In chapter 4, we deserithe

adsorption of Ni (n=1-10) clusters on the ZriQl11) and YSZ(111) surfaces in order
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to understand the Ni aggregation on top of the later surfaces. We discuss the different
cluster geometries and determine the electronic structure of the most stable
configurations. In chapter 5, we focus on the interaction of four surfZo®s(111),
Ni/ZrO2(111), YSZ(111), and NiYSZ(111)) with three molecules present in the
SOFC, i.e. HO, CQ, and CO. We study several configurations and analyse the
geometries, lte electronic structure, and the vibrational modes of the most stable
adsorption sites. In chapter 6, we analyse the interaction efvli@ the clean
YSZ(111) surface and with M¥SZ(111) (n=1, 47, 10, 20) interfaces where several
adsorption sites andientations of the C&molecules are considered. This allows us

to understand the influence of the Ni cluster size on the adsorption of small molecules
such as C@ In chapter 6, we also consider the RWGS reaction at the Ni/YSZ

interface.
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Computational méhods

Abstract

In this chapter we describe the theory and methodology adopted to obtain the results
of this investigation. To study our system, we have used the density functional theory
(DFT) which is an approximation to solve the Schrédinger equatimmadcepted that

DFT calculations are able to reproduce accurately the electronic and geometric
structures of periodic solids. In this thesis, we have solved the DFT equations for our

materials using the Vienna Abitio Simulation Package (VASP).
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2.1 Introd uction

The aim of this chapter is to introduce the methods and techniques that have been used
in this thesis. As we are interested in describing the electronic and geometric structures
of bulk materials, their surfaces and interfaces we have chosen sigydenctional

theory (DFT)(Hohenberg & Kohn 1964pproximation. This is an ahitio quantum
chemistry method where the Schrédinger equation is solved using the electronic
density as a functional. DFT has proven its suitability for deisg materials
properties at the atomic scale thanks to its predictive power, providing results in close
agreement with experiments. We have used the Vienaaifd Simulation Package
(VASP) (Kresse & Hafner 1993; Kresse & Hafner 1994; Kresse & Furthmiiller 1996a;

Kresse & Furthmuller 1996which is a planavave basis set DFT code.

In this section, we present a summary of the DFT theory, where we describe the
equatons used by this method. First, we introduce the -tmdependent
nonrelativistic Schrédinger equation and the BOmpenheimer approximation which
defines the motion of many electrons in a field of static nuclei. Then, we explain the
Hohenberegkohn theorens and their implementation in the KeBham equations.

We also discuss the methodology used to describe therdmgg dispersion
interactions. We detail the geometry optimization techniques adopted to investigate
our material. Finally, we outline the tifent techniques employed to characterize our
material and the interfaces: Bader charge analysis, density of states (DOS), electron

localization function (ELF), vibrational frequencies and transition state theory (TST).
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2.2 The Schrddinger equation

The nonréativistic quantum description of a many body system consists in solving the

Schrodinger equation. Considering a chemical system composed of M nuclei and N
electrons, described respectively by the coordin&®esR,,...,R, and r =r,,...,r,
the Schrddinger equation can be written as:
HrY (r,R) = EY (r,R) (2-1)
where IE is the timeindependent Hamiltonian operator andr,R) is the wave

function representing state with finite energi . The expression of the Hamiltonian
is given as:

where 'IE and 'I'% are the kinetic energy opeoas of the electrons and nuclei,

respectively and are described by equat(@3) and(2-4) respectively.

= N1, (2-3)
E= a9
.. 2-4)
£-.5-_Lp (
vErA oy, Y

whereM, corresponds to the ratio of the mass of nucleue the mass of an electron

i . The Laplace operatoB() corresponds to the second derivative with respect to the

spatial coordinates of the nucleus or electron.
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\E,, \E, and \E,, represent the potential energy operators for thereleaucleus

interaction, electromlectron interaction, and nuclenscleus interaction,

respectively. The form of these operators is shown in equées)s(2-6), and(2-7)):

= NMZ (2-5)
\EeN =- —
ia=5. %1 r
= N N 2-6)
E=aa" ‘
aa,
£ -h 420 @7
e = 0s Ry

The three above operators are given in atomic unitsigng , and R, are thei" -

|th

j™ electrons;™ electron | ™ nucleus, and - J™ nuclei distances, respectivel,

and Z; are the atomic numbers of nucleiand J , respectively.

Solving ewiation(2-1) provides all the physical and chemical properties of our system.
However, in a system with M nuclei and N electrons interacting, the equation is too

complex to be solved without considering any appration.

One possible appach towards solving the Schrédinger equatiors the Born
Oppenheimer approximatiofBorn & Oppenheimer 1927)This approximation
separates the electron from the protaniables as #ir mass ratio i4:1836 and the
electron and nuclei movements ¢hareforebe considered as independent. The Born
Oppenheimer approximation considers the nuclei being in a static position where the

electrons move faster than the nuclei tuéneir very low mass. This approximation
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neglects the kinetic energy of the nucﬁi and considers the nuclei repulsi as
constant. The equation becomes simpler as only the N electrons moving in an external

constant potential generated by the static M nuclei are considered. The resulting
simplified Hamiltonian is named electronic Hamiltoni%l:

i, = E+\E, +\E (2-8)

Despite this significansimplification, it is still difficult to solve the above equation
because of the last terméeg). Thus, equatiorf2-8) has exact solution only for the
hydrogenlike atoms (nucleus of any sizenda a single electron) and further
approximations are required for metiectronic or polyatomic systems. In the case

of solid state modelling, the density functional theory (DFT) is the usual method of

choice to evaluate thé, term.

2.3 Density functional theory

2.3.1The HohenbergKohn theorems

The density functional theory (DFT) considers the electronic density of the system to
solve the Schrddinger equation. Hohenberg and Kohn in 1964 proved that for any
chemical system the energy is a ftioe of its electronic density, which lead them to
formulate the following theoren{s8lohenberg & Kohn 1964)

ANy observable magnitude of a stationary {u@generated groundstate can be
calculated exactly from its electronic density

AiThe dectronic density of a stationary nategenerated groundstate can be calculated

exactly determining the density that minimizes the energy of the gstabed 0
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Based on these theorems, the total endtjgy(r)] of the system can be reformuddt

as a function of the electronic densgjity(r)] :
EL7(r)] = fy/(r)r (r)dr + F[ 7 (r)] (2-9)
where V(r), for atomic systems, is the coulomb attraction between nuclei and

electrons. F[r(r)] represents the kinetic energy, the irgctronic coulomb

repulsion, the exchange and the correlation energies.

The variational principle is employed to minimi&g 7 (r)]and to obtain the ground
state energy of the system ath@ exact[ 7 (r)]. However, the determination of the

total energy as a function of the electronic density is still difficult due to the electron
electron repulsion term (equati?6)) in the Hamilonian. Kohn and Sha(Kohn &

Sham 1965proposed a solution to find the solution&f7 (r)] .

2.3.2The Kohn-Sham equations
The development ahe density functional theory came from the concepts proposed
by Kohn and ShanfKohn & Sham 1965)Kohn and Sham proved that a fictitious
system of no-interacting electrons has the same density as the real system of
interacting electrons, which enerdy 7 (r)] can be expressed as follow:

ELr (0] =TLr (D] + Ve[ r (N1 + Ve[ r (0] + E [ 7 (F)] (2-10)
whereT[7(r)], Vo [7 ()], Vo [7(r)] and E,.[7(r)] correspond to the kinetic energy

of the noninteracting electrons, the nucleiectron interaction, the intelectronic

repulsion and the exchangerrelation energy, respectiveliAiowever, the kinetic
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energy from equatio(®-10) is different from the real system. Thus, the correction to
this difference is included in the excharg®relation term along with the exchange

energy, correlatiorenergy and the autoteraction correction. To solve equation

(2-10), the energyE[ 7 (r)] is expressed in terms of the eslectron orbitaly ,:

y _ 2-11
-EDZ-ai+i~f(“)dri}Vi>+Exc[f(r)] (1D

2 e |F - Ry 2|'r-ri|

i=1

L7 (1) =§<yi

where r (r) is expressed as:

N 2 2-12
=4l 32

The oneelectron orbitals are defined by the KeBham equation:

= e 1 Moz 1..r(ri (213
r$<SJ/i =& =b*- g ot
6 2 |l - Ry 2r'r- ri

. 8 _ ks
dr|+vxc(r)l.gyi _ei yi

whereV, (r) corresponds teaM :

aLr)
This equation is solved iteratively, i.e. setinsistently, by providing an initial guess
to the electronic density of equati¢210) which returns the energy to be used in

equation(2-13) and a new density through equat{@dl2). Nevertheless, the form of
the exchangeorrelation termE, [ 7 (r)] is not exact and further approximations are

needed.
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2.3.3Exchangecorrelation functionals: LDA and GGA
In this section, we discuss two methods that are used to evaluate the exchange

correlation termE, [7(r)]: i.e. the local density approximation (LDA) and the

gradient generalized approximation (GGA).

In the LDA, the density is treated locally and the exchasayeelation energy is

calculated as :

E = ff’rr (e (2-14)

where "4

XC

is the exchangeorrelation energy per particle of a uniform electron gas.

Different functionals have been developed within the LDA, such as the widely studied
Vosko, Wilk and Nusair (VWN)Vosko et al. 1980)mplemented following the

interpolation of correlation energies values from Me@#lo calculations.

The exchangeorrelaton energy from the LDA providesatisfactory geometries,
vibrational frequenciesma charge densities for metals, where the density is uniform.
However, results from this approximation worsen for other cases, such as the

overestimation of the binding energy.

For spin polarized calculations, the LEpased local spin density approximation

(LSDA) treats independently the alpha and beta spin channels.

The generalized gradient approximation (GGA) represents an improvement to
evaluate the exchang®errelation energy. The GGA considers the variation of the

electronic density at the integratipaint (as in the LDA method) and its surroundings.
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Thus, by including the gradient of the electronic denBityr) , the nonrlocal effects
are introduced on the GGA exchangerelation energy:
ES = ffi%r (r (r),Br(r)) (2-15)

Several GGA functionals have been implemented and amongst the most popular ones
are (Becke 1986; Perdew 1986a; Perdew & Yue 1986; Perdew et al. 1996; Perdew
1986b; Lee et al. 1988; Becke 1988)

- PerdewWang 86 (PW86)

- BeckePerdew (BP)

- LeeYangParr (LYP)

- PerdewWang 91 (PW91)

- PerdewBurk-Enzerhof (PBE)

- Revised PerdievBurke-Enzerhof (RPBE)

Many of these functionals include experimental parameters in toradatain more
accurate resultor particular systems, e.g. soliddowever, contrary to the majority

of the functionals, PW91 is ergly abinitio as it was built exclusively from LDA

data. In the investigations presented in this thesis the PBE has been the functional

employed.

The implementation of GGA functionals increases the computational effort but allows
the prediction of more &arate structural, spectroscopic and electronic properties than

with the LDA functional.

2.4 The electronic structure in periodic solids

The approximations discussed above aim to simplify the solution of the Schrodinger

equation. However, further approximatgcan be applied for crystalline solids by
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taking advantage of their symmetry elements. In the context of solid state only the
primitive unit cellcan beconsidered, which reduces considerably the number of atoms

and therefore of electrons which are teeavith the planevave basis sets.

241Bl ochdés theorem

An i deal solid is built by repeating per
(Bloch 1929) considers this translational symmetry to solve thee-alectron
wavefunction in the unit cell instead of the entire periodic structure. Theleaon
wavefunctions determined for the unit cell are expanded to obtain thelesison

wave functions for the entire periodic structure. The wavefunction efeatron in a

crystal is represented by a periodic p§rf(r) and a planavave like parte”@:

Vie(r) = (ne*® (2-16)
As f,,(r) shares the same perioditaracter of the crystal, this function produces the
same result ad; , (r +T) whenT is atranslational vector with the crystal periodicity.
The periodic functionf; , (r) is expanded as Fourier series int@eiprocal lattice:

fi(n) =& €€ (2-17)

G

Where the reciprocal lattice vectds () is expressed ad°® =1andc corresponds to
the planewave expasion coefficients. From equatio(&16) and(2-17), we note that

the solutions for wavefunctions with indéx+G are equal to the solutions for

wavefundions with indexk . Thus, the solutions of these equations are similar to the
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solutions for thek -points values of the primitive cell in the reciprocal space which is

called the first Brillouin zone.

Different metlods are available to define tikepoints. Two of the most popular are
the improved tetrahedron meth@8lochl et al. 1994)which divides the cell in the
reciprocal space into tetrahedra, and the Monkhorst and Pack nistbokhorst &

Pack 1976where the Brillouin zone is sampled in an equalpaced mesh.

2.4.2Plane wave expansion of the wavefunctions
Like every periodic function, Bloch functions can be expressed as a linear combination
of plane waves. Thus, by substituting the expressiothe periodic function from

equation(2-17) in equation(2-16) allows the expansion of the wavefunction:

YVik(r)= a Ci,k+Gei(k+G)® (2-18)
G
From equatior§2-18) we note that the wavefunctign, , (r) is a function of the plane

wave coefficientsc, ., meaning that solving the KokBham equations amounts to

detemine the set of; ., for which the energy is minimised.

To solve equation2-18), an infinite planevave basis set is needed, which is

computationally very expensive. Thus, the set, of; for which the kinetic energy is
high are ignoredg, .., approaches to zero for plameves corresponding to high

kinetic energy. Therefore, we only consider the plaages with a kinetic energy

lower than certain cenff: Zi|k +G|2 < E_,, Which reduces the search of the,
m ;

cutoff
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coefficients. Although the use of a finite basis set by specifying the kinetic energy cut
off simplifies considerably the problem, we still have to determine a significant
number of panewaves for both valence and core electrons, . Pseudopotentials are a
further simplification to reduce computational demand as calculations only treat

explicitly the valence electrons.

2.5 Pseudopotentials

It is well known that the core electrons have gligéble influence on the chemical
bonds. We can therefore apply the pseudopotential approximation which considers the
core electrons of the system frozen. Thus, the valence electrons are considered moving
in the external potential generated by the frozane electrons, allowing to reduce the
number of planavaves required to solve the equat{@+l8). The real wavefunctions,
oscillating in the core region, are replaced by psemaeefunctions containing zero
nodesin the core region. The pseud@vefunctionsbehaveidenticaly to the true

wavefunctions beyond certain distance from the atomic centr&ipee 2-1).
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Figure 2-1. Schematic illustration of aklectron (solid lines) and pseudoelectron (dashed lines)

potentials and their corresponding wave functions. The radius at whielkeetiton and
pseudoelectron values matchlis Reproduced fronfPayne et al. 1992)
Popular pseudopotentials are used in computational chemistry such as the ultrasoft
pseudopotentials (US)YVanderbilt 1990) the norconserving pseudopotentials
(NCPP) (P. E. Blochl 1994)and the projected augmented wave pseudopotentials
(PAW) (P. E. Blochl 1994; Kresse & Joubert 199@)ich is the one adopted in this

investigation.

Unlike other pseudopotentials, the core electinriee PAW modeare characterised

by a fro2n nodal structure while the valence electrons are descrikmddilelectron
wavefunction. NCPP requires many planewaves for some elements, whereas one of
the disadvantages of both NCPP and USPP is tha@egigible overlap between the
valence and coe-electron density, which overlap is removed in the PAW method.

Using the PAW pseudopotentials in solid state chemistry provides a faster
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convergence of the pseudl@vefunction than NCPP and USPP. Finally, NCPP
requires larger planeave basis sets tha\/ for transition metals such as Ni, which
is one of the elements considered in this study, whereas USPP is less reliable than the

PAW method for magnetic systems such agi¥esse & Joubert 1999)

2.6 Dispersioninteraction correction methods

So far, we have shown all the necessary approximations required in solid state
chemistry to solve the Schrodinger equation. However, one of the drawbacks of the
DFT approximation discussed so far is the failure to desdréhgrange dispersion
interactionswhichareimportant in polarisable atoms, i.e. anions and atoms with large
volumes. As we are describintpe adsorption of molecules on zirconia surfaces, it is
important to include the dispersion interactions in caiculations.Because of the

local character of the DFT functionals, this method cannot correlate the electronic

movement of isolated atonfRuzsinszky et al. 2005 solution to this limitation is
to add a correctiorE ,, to the pureKohn-Sham DFT energyK,s o) (equation
(2-19)):

Eorr-vaw = Exs orr + Evaw (2-19)
A popular approximation to evaluate the correction tétyy,, and the one used in

this investigation, is the D2 method of Grimr@rimme 2006)providing better

structural and mechanical energies in comparison with pure DFT funct{orials | k o
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et al. 2010) This method has the advantage of being not computationally expensive

( Bul ko e.tThedDR methedetaluates tke,,, term as dllows:

MM C 2-20
aaa RSAB fus(Rasr) (2-20)
L

'AB, L

where M is the number of atoms considered in the systég, is the dispersion

coefficient for the atom paiAB, R,;, corresponds to the distance between afom

placedin the reference celind atomB in the translation of the unit cell. s; is a
global scaling paranter specific for each DFT functionalf,; is a Fermitype

damping function added to avoid double counting of the shoge interactions,
which is expressed as follows:

1 (2-21)
1+ e‘ d(Rag/ Raw- ag-1

fd,e(RAB,L) =-

whered is the damping parameter aR},,. 5z iS the sum of the atomic van der Waals

radii of the atomsA andB.

The geometric mean of the atom;, and C,; parameters is used to define the

dispersion coefficienC ;.

Other dispersion correction methods include the D3 method of Grimme et al.
(Grimme, Antony, et al. 2010)}he D3 (zero) damping methd@rimme, Ehrlich, et

al. 2010) the TkatchenkoScheffer (TS) methodTkatchenko & Scheffler 2009)he
TS+SCS seltonsistent screening methfickatchenko et al.@1L2). Nevertheless, the

expressions for the D3 and D3(zero) methods are more complex, compared to the
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parent D2 method,. As to the TS and TS+SCS methods, both fail to describe properly

strong ionicsystemcBu| ko et al . 2013)

2.7 Geometry optimization

To solve the DFT equations, two minimizations are required: one to find the electronic
ground state and a second one to determine the position of the nuclei that minimizes

the energy.

2.7.1Optimisation of ionic postions: the conjugate gradients method
The conjugate gradients (CG) method is a popular algorithm employed to locate the
minimum of a function with several variablgSill et al. 1981) This method aims to

calculate lhe energy functionE(R) and its gradient with respect to the nuclei

coordinates R, which is equivalent to solve the HellmaRaynman theorem

(Hellmann 1937; Feynman 193f@y a given system.

The CG method is based on the steepescent (SD) algorithm where atoms are

moved towards the direction of the forEe (seeFigure 2-2).

a) b)
Figure 2-2. Steepest descent (a) vs agygte gradients (b)
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In the SD methodE(R) is first determined along a line at regular intervals between
two points.Thus, starting from an initial positioR,, the next position is evaluated as:
R, =R +bF(R) (2-22)

whereb, is determined to satisff#(R,) O (R)) =0.

The new gradienE (R,) is orthogonal to the previous line and the process is repeated

from the new point tohe direction of F(R,) until the minimum is found. The SD

method goes always downhill and it avoids saddle points. However, it searches in a
6zigzagb6 pattern i'htl stepthas todbe pezpendicutamto thef t ho

direction of thei™ step. The method becomes slow in the vicinities of the minimum
where it is computationally expensive, requiring a large number of steps before

locating the minimum.

The CG method differs from the SD method afterithei t i al step. The 0
to locate the minimum is avoided in the CG method as the successive displacements

can take any direction and the expression of the algorithm is as follow:

R.. =R, +b.S, (2-23
The information from the gradient and the search direction from the previous step are
enclosed in the search vect8y (see equatiofR-24)):

Sy = F(Ry) + GnSins (2-24)
Where the scalar coefficierg,, is equal to zero fom=1. Fletcher and Reeves

(Fletcher & Reeves 1964ave defined the latter scalar parameter as follow:
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g - FRIFR) (2-25)
" FR.)FR,,)

Compared to the SD method, the CG method has the advantage to use fewer number
of steps for searching tieinimum of the energy function. The search directions are
optimally independent from each other, i.e. conjugate. Thus, the minimum of a

guadratic function of M variables can be found in M iteratidiigure 2-2 b)).

The CG method is implemented in the VASP software and it employs a line
minimization following three steps: i) a trial step into search direction is performed
followed by the evaluation of the energies and the forces. ii) A cubic (or quadratic)
interpoldion of the total energy is carried out and the approximate minimum of the
total energy is defined. This is followed by the evaluation of the corrector step, which
are the positions corresponding to the anticipated minimum. iii) After evaluation of
the corector step, the forces and energy are recalculated. If there is still a significant
component parallel to the previous search direction, a further corrector step is

performed until convergence is achieved.

2.7.2Relaxation of cell parameters: Pulay stress anequation of state

method
Francis and Payn@rancis & Payne 1990) epor t ed t hat the HAPul
generated it e | | parameters are optimised I n ac
number of plane waves in the basis set is determined by todf etergy and the size
of the reciprocal lattice cell. Thus, for a given energyaffjtthe optimisation of the

cell paameters will change the volume of the reciprocal lattice cell and the number of
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the plane waves in the basis set. The consequence of this error is similar to a positive

pressure applied to the cell which reduces its volume.

A solution to the Pulay stregsror is to fix a cubff energy approximately 1.3 times
higher than the value required for energy convergence. However, a higher energy cut
off slows down the calculations, as more plane waves are considered. Another solution
to avoid the Pulay stress Wwiut increasing the energy enfif value is to relax internal
coordinates for a series of fixed volume cells. Thus, the Pulay stress is avoided as the
volume remains constant during the calculations. In this thesis, we have avoided the
problem of the Pulagtress by evaluating the cell parameters by using single point
calculations for different values whilst keeping the internal coordinates fixed. Thus,
the volume remains constant during the single point calculations and therefore the
Pulay stress is nil. ie energy can be expressed as a function of the volume and by
fitting the calculated energgp a cubic equation of statiéis possible to calculate the

equilibrium volume of the cell

2.7.3Transition states

So far, this chapter has been focused on the tgobsiused to determine the minimum

of the energy function. Note that an energy function can have several local minima
and those minima are linked by transition states along the reaction coordinates (see

Figure 2-3) (e.g. for chemical reactions, adsorptions or diffusion processes).
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Transition state

Energy

Local minimum

/

Global minimum

Geometry

Figure 2-3. Schematic representation of two minima linked by a transition statepEesents the

activation energy.

Transition statesra the saddle points with the lowest energy between two minima and
they represent the high energy state for atomic rearrangements. The activation energy,
the most important parameter characterising a transition state, corresponds to the

difference betweethe initial minimum state and the saddle pokiggre 2-3).

Several techniques have been developed for searching the reaction coordinates and the
saddle poin{fHenkelman et al. 2002)n this thesis, two popular methods have been
considered: the climbing image nudged elastic band (cNEB) métmtkelman et

al. 2000; Sheppard et al. 20G8)d the improvedimer method (IDM)YHeyden et al.

2005)The cNEB is based on the nudged elastic band (N¥B)s et al. 1995;
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Sheppard et al. 2008)here the saddle point is examined between the initial and final
states. The aim of this method is to determine intermediate images, along the reaction
coordinate (band), between theactants and the products. During the optimization,
the adjacent images are kept equidistant by adding spring forces, which allows the
continuity of the band like an elastic band. The geometry of the intermediate states is

optimized until the forces aaiy on their atoms reach certain defined threshold.

The cNEB uses fewer images than the NEB while providing a more accurate final
geometry of the saddle point. In the cNEB algorithm, the spring constraint is not
applied to the intermediate having the highea®ergy. To maximize the energy of this

intermediate along the band and minimize it in all other directions, the force of the
intermediate is inverted along the tangent,. The optimized image of this intermediate

corresponds to the saddle point.

The IDM isalso implemented in VASP and is an improvement of the original dimer
method( He nk el man & . This algorghonrrequirés @ry)one initial state
and the dimer axis related with the unstable mode whichbeaastimated from a

vibrational calculation discussed in the next section.

2.8 Characterization of the optimised geometries

Optimised geometries are points on the potential energy surface where the gradients
of each vibrational mode are equal to zero. Thésees can be a local or global
minimum, or a saddle point on the hypersurface. Optimised geometries are particular

points hence the interest of this section on the methodologies used for characterizing
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their properties, such as: vibrational frequenciessitig of states, atomic charges and

atomic spin densities.

2.8.1Vibrational frequencies

Evaluating the vibrational modes of a system is useful for two reasons: i) to discern
whether the optimized geometry is a minimum (local or global) or a transition state
(TS) and ii) to simulate the infrared (IR) or Raman spectra, which can be compared

with experimental data.

The vibrational frequencies are obtained from the second derivative of the potential
energy. Second derivatives are positive for the minimum statesyimgethat all the

vibrational frequencies are real. For a saddle point, all the second derivatives of the
potential energy are positive except the imaginary one, associated with the unstable

mode of the saddle poifikomornicki & Mclver 1976)

The VASP software follows a numerical method to evaluate the vibrational
frequencies, where each atom is displaced in the direction of each Cartesian
coordinate.The second derivatives of the potential energy with respect to these
displacements leads to the Hessian matrix (see eqaiis)). The eigenvalues and
eigenvectors of the Hessian matrix correspond to the iobedtfrequencies and

vibrational modes, respectively, of the system.
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weo oo wf
kX X X,
H= 4 6 4
2 2 (2-26)
wfooo M I
HX HX, X

In this thesis, we consider that the vibrational frequencies of the adsorbate and the
phonons of the surface adecoupled. This simplifies the calculations for adsorbate

surface systems as we neglect the phonons contribution.

2.8.2Density of states

An important aim of the computational chemistry is to understand the origin of the
chemical bonds. The density of statd30§) facilitates the characterization of
chemical bonds in the context of solid state. As a periodic solid has a large number of
atoms, the discrete energy levels related to the different atoms are similar which results
in the formation of continuous bandghese energy bands can be evaluated from the
DOS, which corresponds to the number of states available to electrons per unit cell at
a specified energy. There are two kind of bands: the valence band which is below the

Fermi level (E;) and correspond to the occupied states, and the conduction band

which is above the Fermi level and corresponds to the unoccupied states. The DOS
can be projected onto atomic orbitals which gives the projected DOS (PDOS). The
PDOS are useful to investigateet atomic states involved in the formation of the
chemical bonds. The intensity and position of the PDOS bands provide information

on the different electronic interactions occurring in the system such as a charge
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transfer, ionic or covalent interaction®rfspin polarised calculations, the DOS give

also information about the up (U) and do:

2.8.3Localisation of the electrons

2.8.3.1Bader charge analysis

An approach to characterize the chemical bonds within a system is the evaluation of
charge transfers from atomic chargBader et al(Bader et al. 1987proposed the
theory of doms in molecules (AIM) based on the Lewis model and the Valence Shell
Electron Pair Repuslion (VSEPR) for the topological analysis of the electronic density
(Bader et al. 1988; Bader 1990; Bader 19%4)this method, the electron density is
divided into subsystems separatgdZeroflux surfaces of electronic density. The
Bader basin corresponds to the volume enclosed by this surface where the atomic
charge is evaluated. Although the Bader partition scheme is not sensitive to the basis
set used, it underestimates ionic chatgsause of the electron delocalization in DFT.
However, this method allows to define general trends in term of charge transfer within

the system.

2.8.3.2Electronic density

The electronic density is a powerful tool to understand the electronic interactions
occuring within the system. It is possible to plot an electronic density difference map
where density of charge gain and charge depletion are shown after a covalent bond

formation.
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2.8.3.3Electron localization function

Another approach to characterize the differ@®mical interactions in the system is
the determination of the electron localization function (E(#¢cke & Edgecombe
1990; Silvi & Savin 1994)Silvi et al.(Silvi & Savin 1994)explained that the ELF
evaluates the fluence of the Pauli repulsion on the electrons behaviour. Thus, it

allows to determine the regions where we have paired electrons.

2.9 Solid models

2.9.1Bulk models

We can represent a perfect periodic solid by the infiniténBnsional repetition of

its unit cel. The primitive unit cell is the smallest unit of volume where all the
necessary information, such as the structure and the symmetry, is contained in order
to generate, by translation, the macroscopic structure. However, in some cases,
research is carriedut using the conventional unit cell which has higher symmetry.
For instance, the crystal structure of nickel bulk is Fm3m {tardered) whith the
atoms located at the cube vertex and on the face centre of the conventional unit cell.
This cubic facecertred fragment is therefore the unit cell. Thus, the Schrédinger
equation issolved only for thisunitceb y t aki ng advant agie of
section2.4.1 To model the interaction of this system orstsfaces with perturbing
element such as adsorbate or defects, a supercell (see following se8t@ns

required to avoid interaction between the images of the perturbing elements.
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2.9.2Surface models

The surfae model is generated by cleaving the bulk along crystallographic planes.
The Miller indices correspond to three integers written lag& I() which define a
family of lattice planes. Each indexfaees a plan orthogonal to ah (k,|) direction

in the basis of the reciprocal lattice vectors.

The generated surface is the place where the perturbing elements such as liquids or
molecules fron the gas phase are in contact with the crystal. There are two general
approaches to model surfaces: the cluster model and the periodic slab model. In the
cluster model the surface is built up by forming a small isolated cluster of atoms. In
the periodic Bb model (used in this thesis) a supercell is built containing several

atomic layers (the slab) and a vacuufig(re 2-4).

Surface
area (A) )
Void
L 3-Dimensional
Surface \ Periodic Cell
Slab
Surface B
Void
Slab

Figure 2-4. Schematic representationtbe periodic slab model.
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The size of the vacuum has to be large enough to avoid unwanted interactions between
the slab and its images. The optimal vacuum size is determined by finding the value
that converges the energy of the systéhe slab thicknesalso has to be large enough

to avoid interaction between the surfaces from both sides of the slab. The best slab
thickness is evaluated by calculating the surface energy as a function of the atomic
layers in the slab, until the unrelaxed surface eneggy (eaches a constant value

(see equatiofR-27)).

_E, - nE, (2-27)
F 200

E. is the total energy of the surface slab withatdmic layers fixed)n is the factor

of proportionality that makes the number of atoms in the bulk equal to the number of
atoms in the surface slak, is the bulk energy, and is the surfae area of one side

of the slab (seEigure 2-4).

Once the slab and vacuum size that converge the energy have been found, the last step
is to find the number of atomic layers to relax while keeping the rest fixadimbulk
positions. For this, the relaxed surface energy is calculated with respect to the number
of relaxed atomic layers until the relaxed surface eneggy ¢onverges (see equation
(2-28))

_Eg-nE; Ec-nE; _Eg-nE; g (2-28)
A 20 A i

R

E is the total energy of relaxed surface slab. Experimentally, the surface energy is
the energy required to cut the bulk crystal and expose the surfacetliéhualues of

g found from DFT calculations can be compared with experimental studies.
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Figure 2-5 summarises all the steps discussed to create the slab model which will be

the basis for the calilations of this thesis.

Vacuum

- Zro
M " tilaers
Slab

Vacuum size thickness =

(111) Surface

Zro,(111) =
the most
stable surface

=15 A three ZrO, layers relaxed
trilayers

Figure 2-5. Schematic representation of the methodology used to generate the zirconia slab model.
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Single nckel adsorption on ZrQ@ and
YSZ surfaces

Abstract

In this chapter wlave investigated both pristine and dopedA@faces using spin
polarized density functional theory (DFT) and also consideringtange dispersion
forces. We have systematically studied Ni deposition on the barg1Ar1) surface

and on surfaces witkwo concentrations of Y, all at both high and low oxygen
chemical potential. Among the several independent sites explored, the Ni adsorption
preference is as follow: YSZ(111) without oxygen vacancy > YSZ(111) with oxygen
vacancy > stoichiometric ZeQL11). For each surface, the adsorption site is similar:
over the top oxygen. The evaluation of the geometric and electronic structure shows a
mixing of Ni orbitals with surface atom orbitals. We have also investigated the
influence of the yttrium atom on the Bdsorption by considering up to 52 different
configurations, which showed that Ni tends to adsorb away from the yttrium atom for
any YSZ(111) surface, leading to a mixed electronic structure with enhanced charge

transfer.
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3.1 Introduction

As was stated in #hintroduction of this thesis, several barriers must be overcome to
make SOFC commercially competitive with traditional combustion power plants. For
instance, the efficiency must be improved, the catalysts need to be highly tolerant to
fuel impurities andthe high working temperature (approximately 5D °C)
(Jacobson 2010; Sun et al. 2088puld be lowered. Thus, care is needed to choose
suitable components for SOFC. Ihapter 1 we have seen that a suitable anode
material is Ni/YSZ cermet as it has a high catalytic activity, mechanical/chemical
stability and compatibility with the electrolyte. The performaoicie Ni/YSZ cermet
depends on its microstructure as welltzs Wi distribution in the cerméKim et al.

2006) Thus, in order tamprove the performance of the anode, it is crucial to

understand the iIN¥SZ interaction.

Cubic Zirconia(c-ZrOy) is one of the three polymorphs of pure Zr@nd stable at
atmospheric pressure at temperatures between 2650 K and 2950 K (polymorph
melting point). Between 1400 K and 2650 K Zi®tetragonal and below 1400 Keth
stable phase is monoclinic zircoifigogicevic et al. 2001; Aldebert & Traverse 1983)
However, when the cubic phasedoped with a cation of lower valence, like Y, the ¢
ZrO- phase is stabilized at lower temperatures (below 800 K) and therefore present in
the SOFC, in addition to being used in many other catalytic applicgBtefmnovich

et al. 1994; Guo 2000; ucai 2005; Wang et al. 2005; Ramaswamy et al. 2004;

Dongare et al. 2004; Mercera et al. 1991)
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Oxygen vacancies play an important role in the process of the SOFC since the
conductivityof the anions/( ) is achieved through these vacandigghler 2001)

Oxygen vacancies are created when the cubic zirconia is doped tWijtland the
number of oxygen vacancies thus increases with the concentration of Y, leading to
increased oxygen diffusion through the YSZ cermet. However, the anion conductivity
reaches a maximum at a dopant concentration of about 8 %, whereas at higher dopant
concentrathns the anion conductivity decreagBadwal 1992) The reason for this
behaviour is still unclear although theoretical investige have tried to explain this
nortmonotonic behaviour. For example, a recent study using first principles
calculationgPietrucci et al. 2008)as shown that vacanepacancy interactions could

affect the diffusion of oxygen in the YSZ cermet.

Several abnitio studies have modelled the Ni/YSZ interfa&hishkin & Ziegler
2009; Anderson & Vayner 2006; Cucinotta et2fl11) However, a systematic study

of the electronic structure of a Ni atom over the YSZ surface, considering most of the
adsorption sites and configurations, and taking into account different positions of the
Y atoms and oxygen vacancies is still lackije have therefore analysed the
electronic structure of YSZ with different concentrations of yttrium to unravel
vacancyNi interactions. We have considered four configurations of tsta¥ilized

ZrO2(111) surface, showing the effect of the Y atom oratffeorption of Ni.
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3.2Model and computational details

The calculations were performed using the Viennaimilo Simulation Package
(VASP) (Kresse & Furthmuller 1996Db; Ksse & Furthmiller 1996a; Kresse & Hafner
1993; Kresse & Hafner 1994Which solves the KokBham equations of the density
functional theory (DFTjHohenberg & Kohn 1964 a periodic system. The method
employed here is the generalizeddieat approximation (GGA)Perdew et al. 1996)

with the PerdewBurke-Ernzerhof (PBE) desity functional. To describe the long
range dispersion interactions, we have used the semiempirical method of Grimme
(Grimme 2006) The core electrons, up to and including the 4 p levels of Zr, the 1 s of
O, the 3 p of Ni and the 3 d of Y wefrozen and their interaction with the valence
electrons was described by the projected augmented wave method (PA&AVB)ochl

1994) We tested inclusion in the valence bands of thevels on Zr but this resulted

in negligible changes in the electronic structure and system energies. All the
calculations were spin polarized. The number of plaaees in VASRIepends on the
cutoff energy which was fixed at 500 eV in our calculations. To optimize the geometry
of the structure, we have used the conjugate gradient technique and the ionic relaxation
loop was stopped when the forces acting on the atoms were las3.@laeV/A. To
sample the reciprocal space for the ZDlk calculations a 9x9x9 mesh ofplints

was adopted, while for the slab calculations a 7x7x1 mestpoirikts was used.

Cubic zirconia (eZrO») has the fluorite crystal structure: a face centrebic (fcc)

unit cell (space group Fm3m) shownFigure 1-6. The Zr atoms are arranged in the
unit cell to form the fcc cube, each coordinated to 8 oxygen. The position of the O

atoms is on the diagonals of thebeu
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Figure 3-1. Crystal structure of cubic zirconia-f@rO,). Colour key: red and grey spheres correspond

to oxygen and zirconium atoms, respectively.

To generate the Zr{QL11) surface from the bulk, thETADISE code(Watson et al.
1996)was used which takes into account the periodicity in the plane direction and the
atomic charges. Stacking of the atomic layers resulting in a zero dipole moment
perpendicular to the surface plane watawited using this code, although we could
also have obtained it by using the electron counting meiBadtosCarballal et al.
2014) We explored the different terminations of the surface and found that-the O
terminated Zr@(111) is the most stable, in agreement with the benchif@ndu
crespo et al. 2007We have used a supercell model where the surface is represented
by a slab of material with two infiniteurfaces at either side of the slab and vacuum
between the slab and the next cell. For a vacuum size of 15 A and a slab thickness of
9 atomic layers (three-@r-O trilayers) in the airection acceptable convergence of

the surface properties was reacheatlEatomic layer contains four atoms resulting in

a 36 atom slab with surface areas of 44.8@Aring optimization, the five top atomic
layers were relaxed while the four atomic layers at the bottom were kept fixed, thereby

simulating the bulk. The thicless of the slab and the number of relaxed layers form
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a good model, where atoms in the centre of the slab behave as in the bulk without
undergoing significant relaxation. Finally, since the conductivity of in YSZ
reaches its maximum for a concetitta of dopants around 8 %, we built a YSZ
surface containing this amount of dopaand loweJ and we placed Y in several non

equivalent positions.

In line with a previous stud{Beltran et al. 2003)we initially positioned the Ni atom

at 2 A above amitial adsorption site and relaxed, for each site, the Ni atom and the
five top layers of the slab, as described in the computational methods section. We
determined the binding energyslHor each site as the difference between the energy

of the slab witithe Ni atom adsorbedq ¢ ) and the sum of the energies of the
clean oxide surfacé&q ) and Ni metal% ), as in equatioii3-1).

Es = Ezoni - (E; Exi) (3-1)

ro, +
% is the energy per Ni atom calculated from the Ni bAlkositive binding energy
indicates that Ni atoms prefer to remain aggregated in the metal phase rather than wet
the surface, leading to separated phasgs:add ZrQs). A negdive binding energy

suggests that Ni atoms are more likely to be spread over the surface rather than

aggregated.

3.3 Results and dscussion

We first determined the cell parameter of our cubic bulk2Z&tucture, since the
surface slab is generated from thitkimaterial. Our optimized-£rO: cell parameter

is 5.095 A, in good agreement with experimental results and other first principles
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guantum mechanical calculatiofStapper et al. 1999; Xia et al0@) The G
terminated Zr@Q111) surface was geometry optimized giving a calculated surface
ener gy o%inadree@edt withfravious publicatioi@raucrespo et al. 2007;
GrauCrespo et al. 2009; Chauke et al. 2010; GZaepo, R., Catlow, C. R. A., de
Leeuw, N. H., Neyman, K., lllas 20Q0&/e have also calculated the surface energies

of two other low index surfaces, t{@10) and (100)and compared these with
previous studiesT@able 3-1), which found the same order of surface stabilities as in

our study: c-ZrO2(111)>cZrO2(110)>cZrO2(100). This agreement with other
methods gives us confidence that the methodology used here accurately describes the

material 6s structural properties.

Table 3-1. Calculated surface energies (3fmf c-ZrOx(111), ¢ZrOx(110) and €ZrO»(100) and

comparison with previous studies.

(111) (110) (100)

unrelaxed relaxed| unrelaxed relaxed| unrelaxed relaxed
this work 1.26 1.20 2.31 1.70 4.33 2.67
ref.(Christensen & Carte
1998)(DFT-LDA?) 1.19 - 2.29 -- 3.06 -
ref(Gennard et al. 1999
(HF?) 151 1.49 3.04 2.41 - --
ref.(Balducci et al. 1998)
(IP°) - 1.19 - 2.10 - --
ref(Xia et al. 2009)1P°) 1.45 1.21 3.64 2.15 10.06 2.70
ref.(Graucrespo et al. 2007
(DFT-GGAY) - 1.08 - - - -

aDFT-LDA = Density Functional Theory Local Density Apprgimation

b HF = HartreeFock

¢IP = Interatomic Potential

4 DFT-GGA= Density Functional Theoiiy Generalized Gradient Approximation
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Figure 3-2 shows side and top views of the (111) surface where Zr, top O and lowe
O are labelled. We calculated a 2(0L1) band gap of 3.40 eWigure 3-3 (a)), i.e.
slightly larger than in the-ZrO bulk (~3.14 eV)Shishkin & Ziegler 2008)but lower

than the experimentally measured bulk value§ /) (French et al. 1994; Sayan et
al. 2004) in common with most computational studighishkin & Ziegler 2008;

Alfredsson & RichardA. Catlow 2001)

3.3.1Ni/ZrO »(111) interface

For our study of the deposition of a Ni atom on the surface and the resulting geometry
and electronic structure of the system, we considered seven different Ni adsorption
sites on the @erminated Zr@111): the Z atom, the topmost oxygen,Qup) (located

in the top oxygen layer), (down) (located in the lower oxygen layer of the
uppermost Zr@trilayer), the position between each pair of sitegZ@ O,-Oq and

O¢-Zr) and finally above the centre of thg-O¢-Zr fit ri angl eo.

Top O-Zr-O ” N
trilayers =

Sub O-Zr-O
trilayers

Figure 3-2. Side and top views of the-@rminated ZrQ111) surfaceColour key:red and grey

spheres represent oxygen and zirconium atoms, respectively.
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The binding energies for the optirmed structures of Ni deposited on the surface

ranged from 2.42 eV on the,@q-Zr to 3.76 eV for the Zr initial positions, which

relaxed to a final positon® (sl i ghtly off from the per
lowest binding energy and is therefore thest probable adsorption site for the Ni

atom on the Zre{111) surface, although still very positive and thus energetically

unfavourable.

We analysed the electronic structure of the Nit@1) for the most stable
adsorption site (@ ) , and ardeetmartsferfbétveedn the iNi atom and the
surface using Bader analysis with the Henkelman implement@8ader 1991)

Table 3-2 shows the Bader charges of the bare and 8i(D/ 2@ t1surfacesThe
negative charge of the;@tom decreases frosh.2 to-1.1 e upon Ni adsorption, while

it increases for Zr (from 2.3 e to 2.1upon Ni adsorption) showing electronic
rearangement. Ni has a Bader charge of 0.3 e upon adsorption), showing modest

oxidation of metallic Ni which transfers electrons to the surfaceTabke 3-2).
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Table 3-2. Calculated binding energies, distances and charges for the 5 surfaces. The charges given

here are the average of the closest@ and Zr atom to Ni adsorption site and for adsorbed Ni. The

distances showed here are between Ni and the clogeSy EndZr atom.

binding energy (eV)

ZrO(111) ZriiY©POo4(111) | ZriaYsUO24(111) | ZrioY2024(111) | vac-ZrioY2023(111)
Ni 2.42 0.05 0.02 -1.65 2.35
distances (A)
ZrO(111) Zr1iY©POo4(111) | ZrirYsWOo4(111) | ZrioY2024(111) | vac-ZrioY 2023(111)
Ni-Ou 1.900 1.867 1851 1.904 1.958
Ni-Oq 2.614 2.798 2.855 2.796 --
Ni-Zr 2.355 2.525 2.545 2.947 2.487
bader Charge (e)
ZrOz(111) ZriiY'©POp4(111) | ZrirYsUtOp4(111) | ZrioY2024(111) | vac-ZrioY2023(111)
bare. NiAds. bare NiAds.| bare NiAds. | bare NiAds. bare Ni Ads.
Ou -1.2 -1.1 -1.2 -1.2 -1.1 -1.2 -1.2 -1.2 -1.2 -1.2
Oud -1.2 -1.2 -1.1 -1.2 -1.1 -1.8 -1.2 -1.2 -- --
Zr 2.3 21 2.3 2.2 2.3 2.2 2.3 2.3 2.3 21
Ni - 0.3 -- 0.6 -- 0.6 -- 1.0 -- 0.3

We also plotted the density of states (DOS) and its projection (PD®OBS), Zr and

O, in Figure 3-3.
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Figure 3-3. (a) and (b) show the electronic density of states (DOS) of(ZdQ) and Ni/Zr(111),
respectively. (¢) and (d) sholwe composition of the valence band of the projected DOS of Z1D)

and Ni/ZrQ(111) respectively.

Upon deposition, the Ni-drbitals are just below the Fermi energy: five sharp peaks

appear just below the Fermi level 33,-0.87,-0.56,-0.38 and0.04 eV) (Figure 3-3

(b)) from thehybridization of Ni s and d orbitals. The double occupation of these
orbitals agrees with the negligible char
and b band spins are symmetrical, i ndi ca
Looking at tle DOS plots of the atoms involved in the-Qy-Zr site, before Ni

adsorption Figure 3-3 (¢)), the PDOS of Zr does not contain localised bands below

the Fermi level and the PDOS of énd Q are spread along a widange of energy.
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However, upon Ni deposition, the five sharp bands below the Fermi level belong to
Ou 2p, Qi 2p, Zr 4d, Ni 3d and Ni 4s orbital&igure 3-3 (d)) indicating interaction
between those atomSimilarobservations were made by former studies for different
metal adsorbate$raucrespo et al. 2007¥showing sd hybridization of tle adatom
orbitals and mixing of these orbitals with the ones belonging to then® Zr.Our
investigation of Ni adsorbed on Z#11) surface can be compared with the study
made by Choi et a{Choi et al. 2016)who have used scanning tunnelling microscopy
(STM) to investigate the structures, cluster densities and growth mechanisms of Ag,
Au, Pd, Ni, and Fe on antrathin ZrQ surface, grown by oxidation of £ir(0001)

and PdZr(0001). They have also complemented their experiment by DFT calculations
to provide further insight. Their STM results indicated thatstinength of the metal
oxide interaction follows theé¢nd: Ag < Pd ~ Au < Ni ~ Fe. A clustering of Ag and

Pd was observed at steps and domain boundaries of th#PBAY0001) system,
whil e Ni and Fe formed clusters of a fev
cluster density analysis showed that thepaskition of Ni (0.1 ML coverage) on
ZrO./P&Zr leads to an average cluster size of four atoms. At a coverage of 0.1 ML Ni
on ZrQ/PaZr the average number of atoms per cluster was found to be 1.6.

DFT calculations were carried out on the adsorption ef riretal on both the
monoclinic ZrQ(pl1l) surface (a distorted version of the (111) surface of cubig) ZrO
and an ultrathin Zr@surface. To model the ultrathin ZfQurface, the authors
considered a Zrgd111) trilayer on top of a pure Pt (111) surface.t®e monoclinic
ZrOx(pl1) (mZrO2(pll)) surface, by plotting the PDOS of Ni they showed that the

Ni d states are located in the Zrkand gap, similar to our investigati¢iigure 3-3
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(b)). They also showed anteraction of Ni d states with both O and Zr surface atoms,
which is comparable to our PDOS plot showkigure 3-3 (d). On the ultrathin Zr@
film a broadening of the d states was observed and a strongectioteraith the

oxygen states of the valence band

3.3.2Zr0O »(111) stabilisation by Y

We next studied the effect of Y atoms on the interaction between Ni and the YSZ(111)
surface. We doped the optimized 2¢(0L1) surface with one and two Y atoms, also
varying the oxygen amount which allowed us to evaluate changes in the electronic
structure under oxygen rich and poor conditiofs.simulate the Y doped surfaces,
without the aygen vacancy, we do not need to define the initial charge of the material:
in VASP softvare, the electrons will be attributed to the more electronegative species,
according to their pseudopotentials, defining the charge of each species. The
consequence of that is the appearance of an empty oxygen orbital above the Fermi

energy This, will bediscussed later in this section.

3.3.2.17r11Y024(111) surface

From the different potential substitutions of Zr by Y, we analysed tweegaivalent
configurations. In the first one, we substituted a Zr belonging to the-i&xp@trilayer
(Zr11Y™P0O24(111) - Figure 3-4 (a)); in the second configuration, we changed one Zr
from the sub @2r-O trilayer (Zr1YS"0,4(111) - Figure 3-4 (b)). Before adsorbing
the Ni atom on these two saces, we carried out a geometry optimization for each

configuration and analysed the effect of the Y atom on the cleaf{1ArQ) surface.

99



Chapter 3: Single Nickel adsorption on Zrénd YSZ surfaces

Top O-Zr-O
trilayers

Sub O-Zr-O|
trilayers

Zr, Y'°PO,,(111)

Top O-Zr-O
trilayers

Sub O-Zr-O
trilayers

Zr,, Y0, ,(111)

Figure 3-4. (a) and (b) side view of the ¥ *°P0,4(111) and Z11Ys"0,4(111) surfaces, respectively.
(c) top view of Zi1Y™PO,4(111) showing the 19 neequivalent initial adsorption sites for Ni atom.
(d) top view of Zi1Ys"t0,4(111) showing the 20 neequivalent initial adsorption sites for Ni atom.
(e) and (f) met stable adsorption site for Ni om2Z¥°P0,4(111) and Z11YS""0,4(111), respectively.

Colour key:red, grey, cyan and blue spheres correspond to oxygen, Zr, Y and Ni atoms, respectively.

Comparing both ZrYO24 surfaces, the energy difference per Ynatis negligible
(0.02 eV) meaning that Y can, in principle, be located at the surface or in the

subsurface.

Table 3-3 shows the variation of the distances between the different atomic layers
upon Y substitution aopared to the pristine Zg111) surface. We note that for both
configurations, Zi1Y'PO24(111) and Z11YS""0.4(111), the distances between the
atomic layers are larger than the distances in the pristingZr© surfaceThis is

not surprising since thenic radius of Y is bigger than ZEichler 2001) The
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Chapter 3: Single Nickel adsorption on Zrénd YSZ surfaces

rumpling shows clearly that eradding Y modifies the surface locally which may be

detectable by constant height STM.

Table 3-3. Main variation of the distance between the different atomic layers (in %) upon Y

substitution in the Zre§111).

layers Zr11Y"©POp4 Y SUZr11024 Zr10Y 2024 Y 2YACZr10023
top - 2 +5.7 +4.0 +8.7 +10.0
2nd.. 3rd +2.9 +4.0 -1.8 +1.8
3d. g4th +1.9 +0.1 +3.1 -4.6

4th - gt -1.8 +8.8 +5.1 +21.4

5th - gth 0.0 +0.7 +6.4 -0.4

We have analysed the electronic structurg plotting the DOS of both

Zr11Y'P0p4(111) and Z1Y""0,4(111) configurations ifrigure 3-5 (a) and(b). The

DOS demonstrates that independently of the Y position (either in the top or in the sub

O-Zr-0O trilayerg

t he

composition

of

t

he

llhands

surface.The bands just below the Fermi level correspond mainly t@Qorbitals.

However

w-state ncentresl just ovér the Fermi level at 0.26 eV for

Zr11Y'P0p4(111) and 0.02V for Zn1YS"t0,4(111) Figure 3-5 (c) and (d)) .

These

states correspond toyQpy and Q 2p, orbitals at the surface for pristine Z(@11)

which appear just below the Fermi levieigure 3-3 (a)). When the Zr@(111) surface

is doped with Y, this dopant adopts an oxidation state maximum of +3 leading to a

defective oxygen orbitaising above the Fermi level.
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Figure 3-5. (a) and (b) Density of states (DOS) 0f &%P0,4(111) and Z11Y""0,4(111)
configurations, respectively. (c) and (d) are the projected DOS, 0f'%0,4(111) and

Zr11YSU0,4(111) respectively on Eatoms.

In Figure 3-6 (a) and (b) we show the charge density for the band energy of the
un o c c u-gates, dor the top and sldyer doped systems, respectively. These

charge density plots conf i rstatesgorraspdnd c al |

mainly to Q 2p, and 2p orbitals.
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() (b) (c)

Figure 3-6.( a ) , (b) and (c) c har-gates rmbar the Fetmylevgd 6fot of u
Zr11YP00(111), Z1YSUR024(111) and Z1oY 2024(111) respectively. Colour keyed, grey, ad cyan

spheres correspond to oxygen, Zr, and Y atoms, respectively.

3.3.2.2Adsorption of Ni atom on Zri11YO24(111) surfaces

We have investigated twenty nequivalent initial adsorption siteAgpendix-

Figure 8-2, Table 82, Figure 83, and Table 83) for the d@osition of a Ni atom on

both Ni/Zn1Y'°PO24(111) and Ni/Z11Y$""0.4(111) surfacesRigure 3-4 (c) and (d)).

For each Y location (Ni/ZrY"P024(111) and Ni/Zr1YS'"0,4(111)) the preferential
adsorption siteisoveDg6 , si mi |l ar to t he o@ld)sirfacend f o
(Figure 3-4 (e) and (f). However, when the zirconia surface is doped with Y, the O

linked to Y is not involved asthes® ads or pt i,donboth configuratiohsn d e e d

Niadsorbsonand site away from the Y atom.

The binding energy of Ni to Z4YS'10,4(111) (0.02 eV) is slightly lower than the
binding energy found for Ni/ZrY™P0,4(111) (0.05 eV) although the difference is

negligible. YetNi has more affinity for an Xloped zirconia surface than for a pristine
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surface by 2.4 eMwhich is in good agreement with the charge analysis, where the
charge of Ni on the YSZ surface is twice (0.6 e) that at thexZi@) surface,

indicating more sigticant charge transfer.

The DOS of Ni/Zg1YS"%0,4(111) and Ni/Z{1Y°PO24(111) are presented Figure 3-7

(a)-(b) and (c)-(d), respectively, which show that the DOS of the Ni/ZiQ1)

interface is perturbed wheie slab is doped with Y. Insteadfie peaks with double

electron occupation justelow the Fermi level, as ihigure 3-3(b), we note fi v
peaks afmakatktsr dbeel bw t he -peakrabove thiFemikevel. and o
The difference in the number of bands is related to different crystal field splitting of

the Ni adatom owing to the presence of thedgpant.
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Figure 3-7. (a) and (b) DOS of Ni/ZiY'PO,4(111) and zoom peaks near the Fermi level,
respectively. (c) and (d) DOS of Ni/gY s'®0,4(111) and zoom peaks near the Fermi level,

respectively.

The composition of the Ni/ZrY'°PO( 1 1 ippaksUocated just below the Fermi
level, Figure 3-7 (b), shows an overlap of hybridized Nidsorbitals with surface
atoms (Q and Zr near the adtom). Note also the negligible contribution of Y 4d to
t h epeakb below the Fermi level, which is in good agreement with thevaliser
made fromFigure 3-4 (c): Ni prefers to interact with Zr rather than with Y. The
pr es enc eeabkdver thd leermblevel (composed mainly of Mi and Q 2p
orbitals) is due to the electron deficiengused by the dopant Y, leading to partial

unoc c ugtateefihurd3-7 (b)). The Ni/Zrn1YS"H0,4(111) DOS Figure 3-7 (c)-
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d)shows the same b e-dpekvappeassrat highet dnergieg,fwe t h e

suggest because of a stronger distortion of the crystal field on, diei®.

Ni sits preferentially on an electrateficient surface, obtained through doping with

Y, but the most favourable site is away from the dopdoteover, charge analysis
showed that the charge transfer between Ni and the surface is more important on the
doped surface, in agreement with the electronic structure shown by the DOS, where

d-states are isolated around the Fermi level.

3.3.2.3Zr 10Y 2024 and vac-Zr 10Y 2023 surfaces
We have also doped our Z5Q@11) slab with two Y atoms in order to obtain the
optimized concentration of 203 in a Zr& cermet of approximately 8 %. As our
surface formula is 4sO24, substituting two Zr by two Y and removing one oxygen
(vac-Zr1o0Y 2023), leads to 9.1 % of the dopant, i.e. in the required rand®¥8) for
the optimisation of the oxygen transport in the Ni/YSZ anode of the SOFC. Depending
on the O chemical potential the SOFC anode (Ni/YSZ) can be enriched by oxygen
therebymodifying the oxygen transport from the electrolyte (YSZ) to the anode and
filling the oxygen vacancieShishkin & Ziegler 2008)We have therefore studied
both ZnoY 2023 and ZfioY 2024.

(1-x)ZrO2 + xXY203 A ZraxY 2xO2+x) (3-2)
Thevac-Zri10Y2023(111) slab Figure 3-8 (a) and (b)) models the YSZ structures at
low oxygen chemical potential, i.e. low oxygen pressure. The most stable

configuration has the oxygen vacancy located at the next nearest neighbour (NNN)

106



Chapter 3: Single Nickel adsorption on Zrénd YSZ surfaces

site of the two Y atoms, in agreementiwirevious studie@Pietrucci et al. 2008; Xia

et al. 2009) We have tabulated the relative energies for each configuration,
(Appendix-Figure 81 and Table 81) and shown the n®b stable configuration in
Figure 3-8 (a). In this configuration the Y were positioned in the top and the sub O
Zr-0 trilayers, while the oxygen was removed from lower oxygen layer of the-top O
Zr-O trilayer, to ceate the vacancy. This configuration is similar to one reported

previously(Shishkin & Ziegler 2008; Chu et al. 2014; Chu et al. 2013)

We have also optimised the Zx@11) suréce doped with two Y atoms, without
considering an oxygen vacancy;a2024(111). We again substituted two Zr by Y in

the same positions as found for the most stable configuration above, i.e. one belonging
to the top OZr-O trilayer and the other one balging to the sub trilayelF{gure 3-8

(c) and (d). This slab thus models 9.1 % YSZ under high oxygen chemical potential
i.e., oxidising conditionsDuring the SOFC operation, oxygen is transported through
YSZ andthis oxygen ion is assumed to occupy the oxygen vaca(@hashkin &
Ziegler 2008) hence our consideration of tAeioY 2024(111) surfaceAs we perform

our calculation using VASP, the charge is neutral. After geometric and electronic

optimizations we observe a charge rearrangement discussed in the next paragraph.
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Figure 3-8. side and top views of both YSZ(111) surfaces. (a) shows the side vigw-of
ZrioY 2023(111), (b) the top and the 38 naguivalent initial adsorption sites for Ni atom. (c) shows
the side view 0Zri0Y 2024(111),(d) the top and the 52 neequivalent initial adsorption sites for Ni
atom.(e) and (f) most stable adsorption site for Ni@g-Zri0Y 2023(111) and ZtoY 2024(111),
respectively. Colour keyed, grey, cyan and blue spheres correspond to oxygen, Zr, Miatdms,

respectively. The oxygen vacancy is represented by an orange sphere.

Table 3-3 shows the distance evolution between the atomic layers when thi@ Zi
surface is doped with 2 Y atoms. The generaldrebserved is the increase of the

inter-layerdistances embedding the large volume of the Y atom.

Charge analysis did not show any substantial change after doping th@ 12O
surface with two Y atomdn thevac-ZrioY2023(111) system the only major chaag

in terms of charges was observed for the oxygen near the vacancy which has a charge
of -1.3 e while in the Zrg§111) it is charged atl..2 e.

The DOS of ZtoY2024(111) Figure 3-9 (a)) s h o w-peakacantlee Fé&rmi energy

and a n-pebkhjwestrabofie the Fermi level (0.37 eV). These peaks correspond
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ma i n | y -uhooccupied stated of gpnd 2p orbitals of the oxygens surrounding

the Y atoms Figure 3-9 (b)). From the charge density plot of these band energies,
Figure 3-6 (c), we suggested that the charges on the oxygens near the Y atoms are
localised due to the electron deficiency. When one oxygem & removedviac-

Zr10Y 2023(111)(Figure 3-8 (a) and (b)) there will be no electron deficienogquation

(3-2)) and the DOS therefore does not show the oxygen 2p unectcsiaite Kigure

3-9 (c)).
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Figure 3-9. (a) and (b) Density of states (DOS) and projected DOS19Y AD24(111) configuration,

respectively. (c) is the DOS 0fc-Zri0Y 2023(111).
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3.3.2.4Adsorption of Ni on YSZ

We compared the adsorption of Ni on bothvhifZrioY 2023(111) (Figure 3-8 (€))
and NiZri10Y2024(111) (Figure 3-8 (f)) surfaces We investigated up to 52 nen
equivalent initial Ni adsorption sitedgpendix-Figure 8-4 and Table 84) for the
system under oxidising conditions and up to 38 configuratioRa®@rioY 2023(111)

(Appendix-Figure 85 and Table 85).

On Ni/Zr10Y 2024(111) (Figure 3-8 (f)), Ni prefers to adsorb away from the Y atoms
andoveran @ sit e, i . e., simil ar A1dl) duffieee s i t e
doped with only one Y atont{gure 3-4 (c) and (f)). The binding energy calculated

for this adsorption is-1.65 eV which is stronger than the one found for the
Ni/ZrO2(111) (2.42 eV), Ni/Zi1Y©P024(111) (0.05 eV) and Ni/ZrY ""0,4(111)(0.02

eV) configurations and energetically favable. On the Niac-ZrioY2023(111)
surface, Ni adsorbs preferentially over the oxygen vacancy and away from the Y atoms
(Figure 3-8 (e)). However, in previous investigatiorftustemberg et al. 2016a
discrepancy was found between the preferred adsorption of a mettdracht the
defect site on the oxide surface predicted by DFT and the actual result described by
experiment. In their study, the authdtsistemberg et al. 201@)eposited Au atoms

on defective ceria (CeQ) films and described the system using both STM and DFT.
The STM results showed only a small number of Au atoms trapped in the oxygen
vacancies, whereas the DFT ca#tidns predicted a thermodynamically preferential
adsorption at the defect site. Their STM results showed that at low temperature, i.e.
200 K, a negligible number of Au atoms sit on the oxygen vacancy. Even at 400 K,

Au prefers to adsorb at the oxide sezfye and away from the oxygen vacancy. The
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reason behind this apparent discrepancy is the presence of diffusion barriers around
the oxygen vacancy site that cannot be overcome by tketoad at moderate
temperature. To confirm the importance of this kinefifect, the authors used DFT
calculations to evaluate the diabatic barrier heights (1.0 eV) and they showed that the
diffusion of Au atoms towards the vacancy takes place only above 395 K. However,
even at higher temperatures the diffusion of Au atomddcbe blocked due to
polaronic effects, as the adsorption of Au on an O vacancy requires a charge transfer.
Thus, our investigation could be complemented by similar STM experiments to
evaluate if diffusion phenomena affect the preferential adsorptiofosidé on vac-

Zr10Y 2023(111) which is the oxygen vacancy

The binding energy of Ni on thexc-Zri0Y2023111) surface is weaker than in any
other doped configurations, but slightly more favourable than on pristing14rD.

Thus, at high concentrations ¥f (9.1 %), Ni binds more strongly than at lower
concentrations of dopant under oxidising conditions, i.e. when there is no oxygen
vacancy, due to high electronic affinity of the system as shown by the DOS. This is
consistent with the charge transfer frointo the surface when a Ni atom is adsorbed

on the ZioY2024(111) surface (charge of Ni is 0.96 #¥Yhen the Ni is adsorbed on

the vac-Zri0Y2023(111) the charge found for Ni is 0.28 e, indicating that charge
transfer is less significant when the surfagetains oxygen vacancies.

These results would suggest that when the Ni/YSZ anode is enriched with oxygen
(Shishkin & Ziegler 2008) corresponding to our Ni/Z1Y'"P04(111),

Ni/Zr11Y5""024(111) or Ni/ZrioY 2024(111) models, Ni metal particles would be more
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stable at the surface than at the stoichiometric surfaaedli/vac-ZrioY 2023(111) or

Ni/ZrOz(111).
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Figure 3-10. (a) and (b) DOS of Ni/ZpY 2024(111) and detailed four peaks near the Fermi energy,
respectively. (¢) and (d) DOS of Mic-Zrio0Y 2023(111)and detailed peaks near the Feemergy,

respectively.

Figure 3-10 shows the density of states of Ni&¥2024111) and NWac-
Zr10Y2023(111). The oxidized surface (Ni/4l 2024(111) showsan unoc-cupi ed
state just above the Fermi level @@ eV Figure 3-10 (a)). This peak corresponds

mainly to the unoccupied states of Ni 3d and@2f orbitals Figure 3-10 (b)) which
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is consistent with the charge transf@aljle 3-2). We also note the lack of Ni

contribution to this band.

Undernoro X i di sing conditions Y Sudocdquied hand%) d o e
below the conduction band owing to the presence of an oxygen ya€&aguare 3-10

(c)) . T h epeakdjusebelowlthe Fermi energy ofuNi#-ZrioY 2023(111)(Figure

3-10(d)) arise mainly from the Ni 3d, Ni 4s.@p and Zr 4d orbitals, kile the Y 4d

orbital contributes weakly to these bands. It indicates a hybridization between Ni 3d

and Ni 4s orbitals, which is not the case in the No"#O24(111) configuration. The

weak contribution of the Y 4d orbital to these peaks is consistemthatpreferential

adsorption of Ni away from the Y atom.

We have plotted irfFigure 3-11a pogtive and negative contour of the electron density
di f fer encudrcemid ( Ehee)+= ) for the five surfaces. It shows the
electron density reallocation upon Ni deposition, which is in good agreement with the

electronic analysis obtaiddrom the DOS and the charges.
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Ni/ZrO,(111)

Ni/Zr;Y'PO,(111)

Ni/Zr 1, Y*"PO,(111)

" Electron density depletion

| Electron density gain

O Zr ' Ni O wac

Figure 3-11 Calculated electrodensity differencefor Ni adsorbed on the five surfaces. Color

scheme is labelled inset.

The electron density location between surface erggand the transition metal (blue)

indicates the orientation of the atomic orbitals. These are more localised with

increasing strength of interaction between Ni and surfaqeY 2024 > Zr11Y 1024 >

vac-ZrioY2023 > ZrO,. Whenthe vacancy is present, theseronic cloud is less

localised, enhancing the metallic character of thatac.

3.4 Chapter conclusions

We have studied Zrwith two Y dopant concentrations under both oxidizing and

neutral conditions, and we have unravelled the electronic effects upaephbisition

of 52 different initial adsorption sites on five surface configurations:,@m1),

Zr11Y'P0p4(111), Zf1YSUM024(111), ZhoY2024(111) andvac-ZrioY2023(111). We
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have showifior each of the YSZ(111) surfaces, that doping with Y leads to arasere
of the inter atomic layer distance because of the large ionic radius of Y comparing to

Zr.

Ni adsorbs preferentially on a surface of high dopant concentration (9.1 %) under
oxidising conditions because of the electronic affinity of the system. Howekien
YSZ (9.1 %) is under neutral conditions, the adsorption of Ni is still slightly more

favourable than on the pristine Z(@11).

From the electronic structure analysis (DOS, PDOS, charge and electron density
difference) we conclude that the Ni atomvays interacts with ) Oq and Zr and
adsorbs away from the Y when the surface is doped. When YSZ is stoichiometric, Ni
adsorbs at the oxygen vacancy. Finally, charge transfer from Ni to the surface atoms

takes place for all the systems considered.
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Chapter 4

NI sintering on ZrQG; and YSZ surfaces

Abstract

The performance of supported metal catalysts, such as nickel nanopatrticles decorating
yttria stabilized, depends on the metapport interface and their microstructure. The
raising interest in a systematic stuatythe electronic structure level led us to describe,

in this chapter, the interaction ofNilusters (n = 410) supported on-£rO2(111) and
YSZ(111), using spin polarized density functional theory (DFT) including-tange
dispersion forces. We haveatuated different cluster geometries and determined the
electronic structure of the most stable configurations. Our results show that the clusters
prefer to adopt a three dimensional structure on both surfaces. The interfacial
interaction is characterizdaly a charge transfer from the cluster to the surface. We
have also shown how yttrium, present in YSZ, affects th&liNnteraction. By
analysing the difference between the cohesive energy aradugteringenergy, we

show the preference of Mli bond fomation over Nisurface interaction; this energy
difference decreases with the increase of thechster size. From the evaluation of

the Ni atomic hopping rates, we have demonstrated that Ni atom aggregates to other
atoms or bigger clusters, under difat temperature conditions, on both Z{111)

and YSZ(111) surfaces, affecting the cluster size stability.
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4.1 Introduction

In the previous chapter we have described the adsorption of one single Ni atom on top
of ZrOx(111) and YSZ(111) surfaces which enligigd us about the preference
adsorption site of metal atom on those oxide surfaces. The geometry described in
chapter 3 will be therefore the starting point of the construction of Ni cluster on top of
ZrO>(111) and YSZ(111) surfaces. Considering severaltdins rather than a single

one allow us to better describe the metatde interface and model certain phenomena
observed experimentally such as the aggregation of Ni atoms on top of the surface
which affects the performance of the solid oxide fuel c€éIKS). Indeed, the catalytic
activity of the surface is directly linked to the nature of the watpport interaction

(Catlow et al. 20033nd hence our interest in Ni/Zs@nd Ni/YSZ interfaces.

While experimentation information of the metadide interface is difficult to obtain

at the atomic bkeel, computational tools provide crucial insiglids Li et al. 2013;
Ogura, T., Nakao, K., Ishimoto, T., and Koyama 20Méthods based on the density
functional theory (DFT) are suitable for the description otakexide interfaces
(Teng et al. 2012)but it is a timeconsuming method and in this work we have
therefore focused on the study of the adsorption of small clusters) (b the
ZrOo(111) surface to provide fundamentasight into the Ni/ZrQ(111) interaction.
Other authors have used DFT to study related rosdde interfaces. For instance,
Catlow et al(Catlow et al. 2003have investigated the deposition of palladium and
platinum layers on zirconia and ceria surfaces and found that the electronic

configurdion of the noble metal is determined by the metal support interaction. Li et
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al. (Li et al. 2011)studied the deposition of an Mucluster on the MgO (111) surface
and demonstrated charge transfer from the cluster to the sivtisloga et. al(Molina
& Hammer 2005)have shown that Ayg cluster keeps tetrahedral geometry upon
adsorption on the MgO(100) surfada. Valentin et al. investigated the stability and
growth of Ni cluster on the MgO surfa@@i Valentin et al. 2003)vhere small Nj (n

9) clusters adsorb weakly on the surface and their diffusion can be stopped by
surface defect such as oxygen vacandiesag et al(Teng et al. 2012)eposited Au
(x=1-10) on the stoichiometric and partially reduced €€1) surfaces and showed
that the stability of Auclusters depends on the surface structure and th&uAaond
strength and arrangement. Jiang e{daéng et al. 2012)sed DFT to investigate the
geometric structure of b = 4-8) clusters on the Tif110) surface. Thefpund that
Pt adopts a flat geometry upon adsorption, whilgrPt 58) adopts a twadayer
structure where only the bottom layer interacts with the support. Luche$lLetchles
et al. 2012)characterized by STM anH-ray photoelectron spectroscop¥RS)
measurements the nucleation and growth of Ag nanoparticles og(1a&p They
have also complemented their experimental results with DFT calculation®, thibg
showed charge transfer from the Ag clusters to the ceria surface. Hahf{Hahal et
al. 2015)used DFT to study the adsorption of Ni clusters on top of.(2d@) and
showed that the metal cluster is stabilized as the cluster size increases (up to ten
atoms). Ma et al(Ma et al. 2013)in their investigation of the nucleation and
aggregation processes of Ag atoms on the AgCl (100) surface demonstrated that the
clusters arehermodynamically more stable than layered structures with the stability

increasing with the cluster size. Jung e{&lng et al. 2006)escribed the interaction
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of CO with M (M=Pd and Pt) supported otZO»(111), although these authors were
more focused on the effect of M/Z#Q211) on CO adsorption ratht#ran on the M

ZrO; interaction itself.

Finally, other density functional theory (DFT) investigations studied the interaction of
certain metals oh-Al>Oz (Cao et al. 2011; Briquet al. 2009; Mei et al. 2010; Liu et

al. 2010) Rajesh et al(Rajesh et al. 2014tudied the adsorption of Agn = 210)

on 4 -Al03 (0001) showing a favourable metal clustering instead of spreading across

the surface, i.e. wetting.

A systematic study of the influence of Ni cluster size and configuration on the
Ni/ZrO2 and Ni/YSZ interface is still lacking and in this work we have therefore
analysed the interaction of Nih=1-10) clusters with the-ZrO, (111) and YSZ(111)
surfaces, showing the effect of the cluster configuration on the binding process. We
havealso analysed the electronic structure of thgMD,(111) and Ni/YSZ(111)
interfaces to describe the electronic rearrangement of the surface atoms caused by the
metal cluster. Finally, we have calculated the hopping rate to gain insight into the

diffusion of Ni atoms on the-ZrO>(111) and YSZ(111) surfaces.

4.2 Models and omputational methods

We have performed the DKHohenberg & Kohn 1964jalculations using théienna
Ab-initio Simulation Package (VASP(Kresse & Furthmuller 1996b; Kresse &
Furthmiller 1996a; Kresse & Hafner 1993; Kresse & Hafner 1@®doh solves the

Kohn-Sham equations in a periodic approximation. The exchaagelation
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functiond was approximated usinthe generalized gradient approximation (GGA)
(Perdew et al. 199 with the PerdewBurke-Ernzerhof (PBE) density functional. The
long-range dispersion interactions were described by the-sepirical method of
Grimme(Grimme 2006)The O (2s,2p), Ni(3d,45s),Zr(4d,5s)andY (4s4p4d

5 s) abmic orbitals have been treated as valence electrons and their interaction with
the remaining frozen core electrons was described by the projected augmented wave
method (PAWYP E Blochl 1994)For the ZrQ bulk calculations the reciprocal space

was described by MonkhofBack grids with 9x9x9 mesh ofgoints. For the 1x1 slab
calculations a 7x7x1 mesh ofgoints was used, while for the 2x2 slab calculations a

3x3x1 mesh of ¥points was adopted.

The METADISE code(Watson et al. 1996\vas used to generate the 2(011)
surface, where the atomic charges and the periodicity in the plane direitaken

into account. This code allowed us to obtain a stacking of the atomic layers resulting
in a zero dipole moment perpendicular to the surface plane, although this particular
surface we could also have obtained by using the electron counting ni8trids
Carballal et al. @14). Different surface terminations have been investigated and the
most stable determined here was théefninated Zr@ (111), in agreement with

previous studiegGraucrespo et al. 2007; Caélissadek et al. 2015)

As in chapter 3, a slab model was considered to define the surfaces and the vacuum
size was set to 15 A in order to avoid perpendicular interactions. Nimgcatoyers
(three GZr-O trilayers) in the direction were adopted for the slab thickness. The top

five atomic layers were allowed to relax during geometry optimization, while the

120



Chapter 4: Ni sintering on Zr£and YSZ surfaces

bottom four layers were kept fixed at their bulk equilibrium position poesent the

rest of the crystal. We adopted the same YSZ model as in the previous chapter, i.e.
substituted 2 Zr by 2 Y atoms and removed one oxygen in order to obtain the yttria
stabilized zirconia (YSZ) surface with a dopant concentration of 9.09%hwin

the range of an optimized oxygen transport YSZ electrod® &). Both ZrQ(111)

and YSZ(111) surfaces apeesented ifrigure 4-1.

Figure 4-1. (a) and(b) represent the side and the top view, respectively, of the oxygen terminated
ZrOy(111) surface. (c) and (d) correspond to the side and top view, respectively, of the YSZ(111)
surface. Colour key: O, Zr, and Y are respectively represented by a recargtayyan sphere. The

yellow sphere corresponds to the oxygen vacancy.

121



Chapter 4: Ni sintering on Zr£and YSZ surfaces

For the adsorption of one Ni atom on the surface, a 1x1 slab was considered, which
contains 36 atoms (four atoms per atomic layer) and has a surface area 0f%44.96 A
When we adsorbenhore than one Ni on the surface, a 2x2 slab was considered to
avoid lateral interactions between Ni clusters. Thus, the 2x2 slab contains 144 atoms

(sixteen atoms per atomic layer) and has a surface area of 179.84 A

There are many possible shapes anomrdi®n sites for Njclusters. We have chosen
the Nih geometries based on the stability of fcc Ni surfdteset al. 2011; Jung et al.
2006; Li et al. 2011; Ma et al. 20138nd small particlegRoldan et al. 2009
agreement with previous studidd/e have therefore grown Ni(11igcet (Li et al.
2014; Hong et al. 2002xposing clusters on Zp111) and YSZ(111) surfaces where
the initial atomic spacing between the Ni atoms is 2.2 A, similar to the interatomic
distance in the Ni(111) surface. Concerning the adsorption sitesaveebased the
initial positions of our clusters on our previous findings describé@aniEssadek et

al. 2015) On the ZrQ(111) surface, Ni adsorbs ong@® ( sl i ghtl y of f
perpendicular)Kigure 4-1 (a) and (b)) and interacts with the oxygen surface atoms
On the YSZ(111) surface, Ni atom adsorbs preferentially on top of the oxygen
vacancy, away from the Y ator(SadiEssalek et al. 2015)Thus, we have grown the

Nin(n=2-10) clusters away from the Y atoms.

To describe the interaction of the Ni clusters with the surface we have calculated the

clustering energy per Ni atom as follow (equat{d+1)):
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_ ENin/surf - (Esurf + r’|ENi) (4_1)

clus —

n

whereEy; ;..+» Es,r @and Ey; are the energies of the slab with the n Ni atoms adsorbed

surf
on the surface, the clearide surface and the Ni metal atom, respectively, iansl

the number of adsorbed Ni atoms. A positive clustering energy means that Ni atoms
prefer to aggregate rather than wet the surface, whereas a negative clustering energy
indicates that the Ni atoms prefer to spread over the surface.

We have also calculated the cohesive energy of the metal cluster configurations
(equation(3-1)):

_Ey - nE (4-2)

where E; is the energy of the Nicluster. To calculateE,; we first optimized

Nin/surf, then removed the surface and performed a single point calculation of the Ni
geometry as in the optimized {urf g/stem. Finally, we have described the

perpendicular interactions between the surface and the Ni clusters from the interaction

energy équation(4-3)):
E = ENin/surf - (E'surf + ENin) (4-3)
int nc
where E_  is the energy of the geometry of the clean oxide surface taken from the

optimized Ni/surf structure and, is the number of Ni atoms in contact with the

surface. To calculat€&.

surf

we first optimized Nysurf, then removed the Necluster

and performed a single point calculation of the surface geometry as it is in the

optimized Ni/surf system.
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4.3Nin/ZrO 2(111) (n=215): structural analysis

4.3.1Ni1/ZrO »(111)

Before describing the intezton of Ni (n=1-10) clusters with the zirconia surface,

we need to remind how a single Ni atom affects the geometric and electronic structures
of the oxide surface as the adsorption of one Ni is the starting point of the construction
of the clusters.

In chapter 3, we studied the adsorption of one Ni atom on thgZxrD surface. We
considered seven different initial adsorption sites for the Ni atom on-teentinated
ZrO-(111). We also stated in chapter 3 that Ni adsorbs preferentially on togbof O
(slightly off from the perpendiculafFigure 4-1) with a clustering energy of 2.42 eV.
From Figure 4-2 we note that Ni interacts with the two nearesta@ms causing a
moveanent of those two surface atoms away from their initial positions. Indeed, the
Ou-Oy distance is 3.603 A for the clean surface, which becomes 3.708 A upon Ni
adsorption due to the interaction between Ni and the oxygen suFfasenteraction
between a Natom and the oxygen in the zirconia surface has also been sh@hoby

et al.(Choi et al. 2016\vho have employ&DFT calculations to study the adsorption

of a Ni atom on top of botim-ZrOx(p11) and an ultrathin zirconia surface (2rO
trilayer on Pt(111)). On rZrO2(p11), the Ni atom is adsorbed on top of a®®ridge
position with a binding energy of 2.71 evhe geometry of Ni/rZrO2(p11) is similar

to the one described igure 4-2 a) , where the a@étom interacts with both3urface

atoms Furthermore, Choi et alChoi et al. 2016jound that the Niis 1.82 and 1.88 A
away from the nearest oxygen surface atoms and 2.34 A from the nearest Zr atom.

Those interatomic distancese similar to the ones found in our investigation, i.e. an
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average of 1.957 A for the N0, distances and 2.355 A for the-Ri distance. On the

ultrathin film the Ni adsorption was stronger and the Ni atom transferred more charge

to the surface

\

Figure 4-2. (a), (b), (c), (d), (e) and (f) side view of INErO2(111), Ni/ZrO»(111), N&/ZrO(111),
flat- Nia/ZrOo(111), pyr Nia/ZrO,(111) and Ni/ZrO»(111) systems, respectively. Colour key: red,

grey, and bluespheres correspond to oxygen, Zr and Ni atoms, respectively.

The analysis of the Bader charg@&alfle 4-1) shows the effect of Ni on the electronic
structure of the surface atoms. Upon adsorption, the chardgpe @ tand Zr atoms
nearest the Ni is modified, frori.2 to-1.1 e and from 2.3 e to 2.2f@ Oy and Zr,
respectively. Ni has obtained a charge of +0.3 e, showing a slight oxidation of metallic
Ni due to the charge transfer to the surface which causetettteonic rearrangement

of the Q and Zr atoms.
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Table 4-1. Calculated energies, charges aroiathd center position for the most stable configuration

of the 5 systems.

energies / eV
Ni/ZrOz(111)  NizfZrOz(111)  Nisg/ZrOx(111)  flat-Nia/ZrOz(111) Nis/ZrOz(111)

Eclus 2.42 2.16 1.77 1.57 1.53
Econ -- 3.83 3.38 3.11 2.88
Eint -3.80 -2.38 -2.16 -2.04 -2.05

bader charge /e
Ni/ZrOz(111)  Ni2/ZrOz(111) Nis/ZrOz(111) FlatNia/ZrOz(111) Nis/ZrOz(111)
Ni 0.3 0.2 0.3 0.4 0.4

d-band center
NivZrOz(111)  Niz/ZrOx(111)  Nia/ZrOp(111)  FlatNia/ZrOz(111) Nis/ZrOx(111)
Ni -0.55 -1.18 -1.18 -1.29 -1.73

We have plotted the el e@®idutbees O guthcgn@)it y di f f
Figure 4-3, showing the orientation of the atomic orbitals, from which a gain of
electron density between Ni and thaface atoms is clearly seen. For instance, a

charge accumulation is observed between the Ni and Zr atoms, confirming the
electronic rearrangement described by the Bader analysis, with the atomic orbitals of

Ou atoms pointing towards the Ni adatom. In aiddi, Figure 4-3 displays charge

depletion around the Ni atom.

After this reminder on the electronic and geometric structures {#n@(111) we

can expose the results describing thgZ40-(111) (n=110) interation.
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Ni,/ZrO,(111)

Electron density
" depletion

L Electron density
gain

flat-Ni,/ZrO,(111) Nig/ZrO,(111)

Figure 4-3. Calculated electron density difference for the most stable configuration of the 5 systems.

Colour key: red, grey, and blue spheres correspond to oxygen, Zr and Ni atoms, respectively.

4.3.2Nin/ZrO 2(111) n=(25)

As it is difficult to consider all possible configurations of the Blusters, we will

build the clusters incrementally with the shape and the initial adsorption sites based
on our Ni/ZrO-(111) findings above and previous investigasiam the literature of

similar systems, i.e. metal clusters supported on oxide matgrialst al. 2011; Jung

et al. 2006; Li et al. 2011; Ma et al. 2013)

We identified in the previous section that Ni is preferentially positioned on top of the

O6 site, where it i nttOgandhZr hegghboues.i Therefore,wi t h
the atoms of the cluster facing the surface are initially positioned near, tierds

and on top of the @ si t e. The other consideratio
Nin/ZrOo(111) interfaces is the cluster shape. Sincthenmetal, the Ni(111) is the

most stable surfadg.i et al. 2014; Hong et al. 2002)i(111)facetted clusters have

127



Chapter 4: Ni sintering on Zr£and YSZ surfaces

been adsorbed on the metal oxide surface. Thus, the initial atomicgspatie Nk
clusters corresponds to the one in the Ni(111) metal surface, i.e. 2.2 A, although all
atoms in the Ni clusters as well as the surface zirconia layers are allowed to move and

relax freely during the geometry optimization.

The first cluster stiied here is Niwhich adsorbs on the Zp(111) surface with a
clustering energy of 2.16 eV. Nind Nj (Figure 4-2 (b)) were initially positioned at
2.650 A and 2.466 A, respectively, from their nearesh@ghlor. After geometry
optimization, we note a decrease of theQVidistance: Ni-O, = 1.753 A and Ni-Oy
=1.813 A. Additionally, each £has moved away from its initial position, similar to
the observation made for MZrO-(111): the final @Oy distance oberved for
Ni2/ZrOz(111) is 4.621 A whereas it is 3.603 A for the clean surface. This effect of the
interaction of Ni with surface atoms can be confirmed further by evaluating the
charge of the cluster and the relevant surface atoms.

The analysis of thBader charges shows a decrease of ihltlee negative charge of
both Q atoms interacting with Ni The positive charge of the Zr atom is decreased
by 0.2 eand the sum of the cluster charge is +0.2hés electronic rearrangement is
visualized in the lectron density difference plofFigure 4-3) where we have an
obvious charge accumulation between &id the surface. In addition, the orbitals of

the two Q interacting with the adatoms are well localized andhiog towards Ni.

The second cluster considered here ga402(111) where the cluster adsorbs on the
surface with a clustering energy of 1.77 eV. After geometry optimization, the final

shape of the Nicluster is a triangle where each Ni interacts withriearest ©
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neighbours, similarly to the metalirface interactions of the {Nind Np clusters. Each

Ni atom is positioned at 1.8 A from its nearesn®ighbour, whereas before geometry
optimization the average M, distances was 2.3 A. We also obsern the
Nis/ZrO2(111) system a shift of they@tom positions, in the surface plane, as was
found for Ni/ZrO>(111) and Ni/ZrO>(111). Moreover, the centre of thesNiiiangle

is positioned over the Zr surface atom to optimize the interaction with i Thi
interaction is confirmed by the Bader charge analysis, since the charge on this Zr atom
is +2.0Awhile it is +2.3Afor the clean surface. We also note an average decrease of
0.1 e in the negative charge of thg &oms (nearest neighbors of Ni) uporg Ni
adsorption:1.1 e for N#/ZrO2(111) while it is-1.2 e for the clean ZrDL11) surface.
Finally, the total charge of the Ntluster is +0.3 e, indicating that charge transfer to
the surface takes place, which explains the electronic rearrangemeneddserQ,

and Zr.

The analysis of the electratensity difference plotRigure 4-3) shows this modest
charge transfer from blicluster to the surface, since we observe an accumulation of
charge between the clustand the Zr atom located under the cluster. Another
accumulation of charge is observed between each Ni atom and its nearest O
neighbour, whereas in the meantime a depletion of charge is observed around each Ni

atom.

The third cluster considered in thivestigation is N#ZrO>(111) where the clustering
energy of the most stable configuratioRigure 4-2 (d)) is 1.57 eV. This flat
configuration is slightly more favourable than the pyramid déngufe 4-2 (e), 1.62

eV), since in flatNi4/ZrO2(111) the NiOy interactions are maximized which stabilizes
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the Ni cluster. In terms of the total energy, the flat configuration is 0.23 eV more
stable than the three dimensional cluskedeed, in the flat configuration we have 4

Ni interacting with 4 Q while in the pyramid shape only 3,@re involved in the
interaction with the Nicluster. Thus, we focus here only on the flat shape and it can
be seen fronfrigure 4-2 (d) that upon adsorption the nearestalbms to the cluster

are pushed away from their initial positions, where the average distance between each
Ni and its neighbouring Qs 1.8 A as it was in NIZrO,(111) and Ni/ZrOz(111).

Bader charge analysis shows that -Nai/ZrOx(111) behaves similarly to
Ni2/ZrO2(111) and N#/ZrOz(111): upon Ni adsorption, the Nicluster becomes
positively charged (+0.4)ethe negative charge of (nearest neighbors of Ni)
decreases by 0.1aamd he positive charge of Zr (nearest neighbor ofdé¢reaseby

+0.3 e. Thus, a charge transfer from the cluster to the surface is responsible for the
electronic rearrangement of the surface atoms.

The electron density difference ptitNis/ZrO2(111)(Figure 4-3) shows an important
accumulation of charge between the cluster and the nearest Zr belonging to the surface.
We also note that the,@tomic orbitals are well localized and pointing towards their
respective Nneighbor. Finally, a depletion of charge surrounding each Ni atom is

observed.

The last cluster we have considered ig20,(111). Again, we have considered two
initial shapes for NiZrOx(111): flat and pyramidal. However, after geometry
optimization,the flat N configuration converged to a shape similar to the pyramid
configuration (shown ifigure 4-2 (f)) with a clustering energy of 1.88 eV. Therefore,

whatever the initial shape of thesNiuster, the 5 Nadatoms tend to adopt a pyramid
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shape on top of the zirconia surface. The most stable pyramid shape found is shown
in Figure 4-2 (f) and the clustering energy calculated for this configuration is 1.53 eV.
Therefae, in the optimized structure ofd\ive have 4 Ni atoms exposing a (111) face

to the zirconia surface and interacting with thea®ms. One Ni atom is positioned

on top of the 4 Ni to form the pyramid,@oms act like a trap for the cluster since in
Nis/ZrO2(111) the Ni interacting with ©atoms are oriented toward them with an
average distance of 1.8 A and &e pushed away from their initial position, similarly

to the previous configurations (MZrO2(111), N&/ZrO2(111), Nb/ZrO»(111) and
Ni/ZrOz(111)).

Bader charge analysis shows the same behaviour as in the adsorption of the smaller
clusters: the negative charge af iBteracting with Ni decreases froth.2 eto-1.1 e

upon cluster adsorption; the positive charge of the Zr atom near the clesteaskes

from 2.3 e to 2.0 e. Finally, the dNadsorbed cluster has a charge of +0.4 e explaining
the electronic rearrangement observed in the zirconia atoms. The charge lost by the
cluster is partially accumulated between the cluster and the surfacdfectd the
electron localization of the surface atoms. The electron density difference plot of
Nia/ZrO(111) Figure 4-3) shows this charge accumulation between the cluster and
the nearest Zr. It also shows theeotation of the @atomic orbitals, which are again

localized and pointing towards Ni atoms.

4.4Ni diffusion on ZrO »(111)

The general trend of the interaction of the five clustersg)Nvith the surface shows

that the Ni atoms interact mainly with,@&d 4. When the number of Ni in the cluster
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is > 2, the Ni cluster shape is a (1-fa¢et and the cluster is positioned in a way to
maximize its interaction with ©and Zr atomsFigure 4-4 showsthat the clustering

erergy is proportional to the size of the adsorbed Ni cluster: the larger the cluster, the

lower E

clus?

I.e. the trend of Ni clusters on Z#Q11) indicates that aggregation of the

Ni atoms is preferred over dispersion of individual atomesacthe surface.

2.60

2.40 -
2.20 -
Eclus " eVZ.OO |

1.80 -

1.60

1-40 T T T T T
0 1 2 3 4 5 6
Cluster Size

Figure 4-4. Calculated clustering energy(,, / eV) for different Nj clusters adsorbed on ZsO

(111). We show here the most stable configurations.

Furthermore, we net from Table 4-1 that the difference betweek,

clus

and E_,

decreases with the increase of the cluster size, due to the decrease of the ratio of
interaction between metal atomsdatine surface for larger clusters. Therefore, the

clustersurface interaction contributes weakly to the clustering energy. A similar result
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was found by Ma et a(Ma et al. 2013)n their investigation of the adsorption of Ag
clusters on the AgCl (100) surface.

E,. decreases with cluster siz€aple 4-1) which is predictable since for larger

clusters there are more atoms in contact with the surface, leading to an augmentation
of perpendicular Nsurface interaction®Ve also note froriable 4-1 that the dband

centre decreases with the increase of the cluster size.

We have next evaluated the activation energy of diffusion of one Ni towardssthe Ni
cluster on top of Zref111) surfaceKigure 4-5), by identifying the transition state

along the diffusion pathway using the dimer metftdeyden et al. 2005)

Energy (eV)
25

Nig/ZrO,(111)

2
1.5 A
1 -

0.5 -

(Ni+Ni,)/ZrO,(111)

Transition State

Figure 4-5. Energy profile showing (Ni+N)/ZrO»(111) and Ni/ZrO»(111) states separated by a
transition state. Colour key: red, grey, and blue spheres correspond to oxygen, Zr and Ni atoms,

respectively.

Figure 4-5 shows that the configuration $#rO»(111) is more stable than

(Ni+Nig)/ZrO2(111), which indicates that the Ni atoms prefer to aggregate rather than
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be dispersed on the surface, which is in good agreement with the clustering energies
calaulated in the previous section. The energy difference between the transition state
and (Ni+Nk)/ZrO>(111) structures, i.e. the activation energy, is equal to 0.72 eV.
Thus, using this activation energy%= 0.72 eV) we can calculate the hopping rate

from state (Ni+Ni)/ZrOx(111) to state NiZrOx(111) of the Ni atom:

a- DEQ . o :
kA_B:nexpng_:_Eg where A is state(Ni+Nig)/ZrOx(111) and B is state
¢Tsl +

Nis/ZrO»(111). The Boltzmann constakf = 1.37789x10 eV K* and the vibrational
frequencyn is approximately equal to %8s, k, ; is then calculated for a range of

temperatures, corresponding to the working temperature of the SDEGJ0°G
900°C).
Figure 4-6 shows that thikas s varies from 1.87 x 10to 7.66x18 s, indicating that

Ni diffusion on the Zr@(111) surface occurs under the experimental conditions.

K A (s7) (x10%)
=] e I 7 T~ | I = SN [ - Y]

0.83 0.93 1.03 1.13 1.23 1.33
VTEK?Y) (x10%)

Figure 4-6. Hopping rate for an Ni atom on Zs11).

134



Chapter 4: Ni sintering on Zr£and YSZ surfaces

4.5 Conclusions on Ni/ZrO 2(111) (n=15) interaction

We have studied the interaction of fivenNh=1-5) clusters with the Zrgd111)
surface, where we have shown thatdhesteringenergy decreases with increasing Ni
cluster size. Thelusteringenergy wa positive for all clusters, indicating that Ni
atoms prefer to aggregate rather than wet the suMdloen the number of Ni in the
cluster is > 2, the Ni cluster shape is a (htet and the cluster is positioned in such

a way to maximize its interactiovith Q, and Zr atoms. From the electronic structure
analysis (charges and electron density differences) we have demonstrated that Ni
clusters transfer charge to the surface, which affects the electronic structuranaf O

Zr atoms: there is an accumuiet of charge between Ni and the surface atoms and
the atomic orbitals of ©@are well localized and point towards Ni. Finally, from
clusteringand cohesive energy calculations, diffusion barrier and hopping rates it can
be concluded that nucleation of dieis of Ni atoms can take place thie ZrO(111)

surfaceaunder the experimental conditions specific to the applications of SOFC.

The aim of the next section is to consider larger(NF6-10) clusters adsorption on
ZrO»(111) in order to validate our fingjs considering small Ncluster sizes (n=1

5). We will also compare the MZrO(111) (n=%10) interaction with the
Nin/YSZ(111) (n=210) in order to understand the influence of the Y dopant on the

Nin adsorption.
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4.6 Nin/ZrO 2(111) (n = 610) and NiW/'YSZ(111) (n=1-10): structural
analysis

4.6.1Nin/ZrO2(111) (n=610)

Based on the findings above, we have positioned up 16 byi maximizing the
interactions with @ surface atoms and considered flat and pyramidal morphologies.
For example, we have tried four init@dnfigurations for the Nicluster on ZrQ(111)
(Appendix-Figure 8-6): one flat and two in three dimensional shape. The most stable
shape has five Ni atoms at the basis of a pyramidFggee 4-7, maximising thei

interaction with the @Qatoms and having ak,, of 1.51 eV. The average Mi

distance in this cluster is 2.4 A, which is 0.2 A shorter than those in the Ni(111)
surface. The optimized structure is different from the initial guessrenvhefore
relaxation the Ni atoms were positioned in a flat distribution in contact with the
surface. After relaxation, the atoms adopted a Ni(fadegtted tetrahedron shape on

the zirconia surface. Similar studi@®ajesh etl. 2014; Zhang et al. 2014h meta
support interactions have also shown that metal clusters prefer to adopt a 3D

configuration on oxide surfaces beyond a critical number of atoms.
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Table 4-2. Calculated lustering (g, ), cohesive €_ ) and perpendicular interactiofg(, ) energies

clus

(in eV), and Ni charges (gof the most stable configuration of both/drO,(111) and Ni/'YSZ(111)

systems. NiZrO(111) (n=2-5) values are taken from the previous section for comparison.

ZrO 2(111)
Configuration Eclus Econ Eint Total Nin charge
Ni2/ZrOz(111) 2.16 3.83 -2.38 +0.2
Nia/ZrOz(111) 1.77 3.38 -2.16 +0.3
Nia/ZrOz(111) 1.57 3.11 -2.04 +0.4
Nis/ZrOz(111) 1.53 2.88 -2.05 +0.4
Nie/ZrOz(111) 151 2.77 -1.94 +0.5
Ni7z/ZrOz(111) 1.47 2.67 -1.95 +0.5
Nig/ZrOz(111) 1.42 2.51 -1.95 +0.5
Nio/ZrOz(111) 1.39 2.40 -2.01 +0.6
Ni1o/ZrOz(111) 1.31 2.30 -1.87 +0.7
YSZ(111)
Configuration Eclus Econ Eint Total Nin charge
Ni2/YSZ(111) 2.39 3.85 -1.64 +0.1
Nig/YSZ(111) 2.02 3.38 -1.53 +0.2
Nis/YSZ(111) 1.80 3.06 -1.82 +0.1
Nis/YSZ(111) 1.79 2.89 -1.60 +0.2
Nie/YSZ(111) 1.76 2.67 -1.51 +0.2
Niz/YSZ(111) 1.67 2.54 -1.42 +0.2
Pyr-Nig/YSZ(111) 1.68 251 -1.50 +0.2
Flat-Nis/YSZ(111) 1.67 2.66 -1.66 +0.3
Nio/YSZ(111) 1.57 2.32 -1.31 +0.3
Ni1o/YSZ(111) 1.58 2.22 -1.26 +0.2

137



Chapter 4: Ni sintering on Zr£and YSZ surfaces
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Ni,/ZrO,(111)

Figure 4-7. Side views of the most stable configurations of 20»(111) systems. Colour key: red,

grey, and blue spheres correspond to oxygen, Zr and Ni atoms, respectively.

The analysis of the interface distances in thgAD,(111) system shows that each

Niis at ~1.9 A from its nearest@eighbour. In addition, we note that thesea@ms

are shifed from their initial position: the @0, distance is 3.6 A in the clean
ZrOx(111) surface whereas it is approximately 4.1 A uposadsorption. The ©

atoms are pushed apart in order to accommodate the cluster and minimise the forces
on it. The adsorptio of this cluster also affects the electronic structure o2z

have evaluated the atomic char@Eable 4-2) and observed a total charge transfer of

0.5 efrom the metal cluster to the surfadde charge trasfer is slightly higher for

the Nb and Nio clusters: +0.&nd+0.7 e respectively.
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This charge transfer causes an electronic rearrangement of the surface atoms
interacting with the cluster: the negative charge of thatdms decreases froih.2

to-1.1 e,while the charge of the Zr atoms (near the cluster) decreases from 2.3 to 2.1
e. We have also noted that only the five Ni atoms directly bonded to the surface
transfer charge to Zr{QL11), since each of those Ni atoms are +@vihile the Ni

atom athe top of the cluster remains uncharged. Generally, Ni atoms at the vertex are
either negatively chargee(1 g or neutralwhich indicates that the atoms at the base

of the cluster transfer charge to the surface while the metal atoms at low coordinate
sites, i.e. vertex and corners, accumulate electron def&mgan et al. 2009)Thus,

the Ni located at the vertex of the cluster could be a source of electrons for an eventual
reaction with electron receptor molecules approaching the cluster from the gas phase
(Tafreshi, Roldan & de Leeuw 2015Analysing the electron density difference
between the cluster and the surfaéggqre 4-8), we have confirmed aharge
accumulation only between the Ni atoms directly bonded to the surface and the surface
atoms; there is no charge relocation between the top Ni atom which remains fully
metallic. We also note the welbcalised orbitals of the &atoms interacting wit the
cluster.Eicheret al.has also shown this electron rearrangement between Pt clusters

and the zirconia surfa¢&ichler 2005)
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Nig/ZrO, (111)

. Electron density
depletion

i Elo.ectron density
gain

Niy/ZrO, (111) Ni;o/Zr0,(111)

Figure 4-8. Calculated electron density difference betweencNisters and the surface for the most
stable configuration of the MZrO,(111)systems. Colour key: red, grey, and blue spheres correspond

to oxygen, Zr and Ni atoms, respectively.

We have next analysed the interaction of, Ws, Nig and Nio with the ZrGQ(111)
surface where we have tried five, six, three and four-ewpnvalent iitial
configurations, respectivelyAppendix-Figure 8-7 to Figure 810). The most stable
shapes are shown kigure 4-7 and the calculatedusteringenergies are 1.47, 1.42,
1.39 and 1.31 eV, respectivelyable 4-2). The four configurations have a similar
pyramid shape and the only difference is the number of the Ni atoms at the top Ni

layer of each clusteF{gure 4-7).
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4.6.2Nin/YSZ(111) (n=2-10)

In the YSZ system, we have again built several clusters witkegaivalent initial
adsorption configurations, both thrdenensional and flat, and adsorbed them on top
of the YSZ(111) surface. A single Ni atom on top of the YSZ(111) surfecerstop

of the oxygen vacancy as far as possible away from the yttrium atom with a clustering
energy of 2.35 e\{({CadiEssadek et al. 2015)

We have optimised several initial configurations for the flag/¥Y\8Z(111) and
Niz/YSZ(111) clustersAppendix-Figure 8-11 and Figure 812) and the most stable
ones are shown iRigure 4-9 with an average clustering energy of 2.21 (@dble

4-2).
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: ; > :':]’; \\ *‘ Tt
Nig/YSZ(111) Ni;(/YSZ(111)

Figure 4-9. Side views of the most stable configurations of ¥W6Z(111) systems. Colour key: red,
grey, blue and cyan spheres correspond to oxygen, Zr, Ni and Y atoms, respectively. The oxygen

vacancyis represented by a yellow sphere.

For Nin (n=4-7), the averagd, is 1.76 eV and the clusters adopt a Ni(111) facet

shape, in agreement with a previous study by Li efJaLi et al. 2013ho showed

that theNis cluster prefers to adopt a pyramid shape on tgpAlf.Os, i.e. a similar
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shape as found her8imilarly, Carrasco et. alCarrasco et al. 2018)gve also found

that the pyramid Nigeometry is preferred over the planar one, when th&tet is
adsorbed on the isostructural G€11) surface.

In the NiWYSZ(111) (n=27) configurations, th&li-surface atomic spacing is 2.3 A,

i.e. slightly larger than in the Zed11) systems. In addition, each @ pushed
towards the neighbouring vaaan since we observe an average decrease of 0.1 A of
the Qr-vacancy distance. This movement explains the preference of the Ni clusters to
adsorb on this site: it is easier to drive thet@vards a vacancy where it tends to fill

this defect. Moreover, thmost stable adsorption site is the one involving twaeviEh

one neighbouring oxygen vacancy.

Charge analysi¢Table 4-2) shows a slight charge transfer from the cluster to the
surface of ~ +0.2. As was observetbr the Ni/ZrO2(111) systems, this charge
transfer affects the electronic structure of the surface: the charges of Zr and Y atoms
(near the metal cluster) decrease from 2.2 toeZahd the negative charge of, O
decreases fronrl.2 to-1.1e. We also obsrve a charge accumulation on the Ni atom

at the vertex of the pyramid of the JNiSZ(111) (n=47) configurations, since this

latter atom has &.1 e charge. The electron density difference pleig(re 4-10)

shows this charge accumulation between the cluster and the surface and shows the

localized orbitals of Q@and Y atoms interacting with the cluster.
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Nig/YSZ(111) Niy/YSZ(111) Ni,o/YSZ(111)

' Electron density . Electron density
depletion gain

Figure 4-10. Calculated electron density difference for thestnstable configuration of the
Nin/YSZ(111) systems. Colour key: red, grey, blue and cyan spheres correspond to oxygen, Zr, Ni

and Y atoms, respectively. The oxygen vacancy is represented by a yellow sphere.

The flat shapes of the MY¥SZ(111) (n = 27) structures, shown in th&ppendix-

Figure 8-11 to Figure 820, are less stable by ~0.11 eV, i.e. the Ni atoms prefer to
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aggregate rather than spread over the surface, as was also observed for the

Nin/ZrOz(111) systems.

It is worth noting that for the NWiYSZ(111) cluster, the flat and pyramid shapes are in
equilibrium since their clustering energies differ by only 0.01(Eable 4-2). These

two configurations are also the lowest energy ones fromstkheconfiguratios
considered Appendix-Figure 821 to Figure 822). In the flat configuration
(Appendix-Figure 8-21) the Nk cluster interacts with six £at an average NDy
distance of 2.0 A. In addition, the oxygen vacancy is filled by one displacetiich
contributes to the stability of the system. Indeed, the movement,db@Wards the
vacancy allows the cluster to optimise its interaction with the other ssuf@ace
atoms. This could be a drawback, for example in SOFC, since the role of the oxygen
vacancies is t@enhance the oxygen transport. As to the taiesensional shape
(Figure 4-9), the cluster interacts with five ®ut none of the oxygen vacancies is
filled by an Q atom. This shape is similar to the one found\fiafYSZ(111), although

the next Ni atom avoids interaction with Y from the surface and forms afaddtfed

shape with the rest of the cluster. Bader charge andlyalde 4-2) shows that the
charge transfer &m the cluster to the surface is slightly higher in the flat configuration
(+0.3¢€) than inthe pyramid shape (+08# owi ng t o the f or mer 6s
extra Q atom.

This comparison shows the importance of the two parameters responsible of the
stability of the cluster on top of the surface: the number of that@ns interacting

with the cluster and the shape of the cluster.
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The last cluster studied in this work isilY SZ(111), where three configurations have
been considered\ppendix-Figure 8-25 and Figure 826), and the most stable shape
found is the pyramid ond=(gure 4-9). The calculated clustering energy is 1.58 eV
(Table 4-2) which is similar to the vakifound for Ne¢/YSZ(111). This is predictable
since both N¥YSZ(111) and NidYSZ(111) have exactly the same shape and the only
difference is the tenth Ni atom located at the apex of the pyramidiafYSZ(111).
Therefore the modification of the surfageometry upon adsorption and the number
of Oy involved in the interaction are similar togWSZ(111). As to the Bader charge
(Table 4-2), the cluster is +0.8 charged and we note that the Ni atom located at the
apex of the cluster is0.2 e charged, while all the other Ni are positively charged
(average of +0.%). We also note the same variation of charge of the surface atoms
interacting with Nig as was observed for MYSZ(111). Thus, the Ni atoms close to
the surface transfer charge to the surface atoms and the Ni atom located at the top of
the cluster, which can be seen from the electron density differenc&iglotg 4-10)

where we have a gain of charge between lingter and the surface.

In general, in N¥YSZ(111) (n = 210), the Ni clusters interact with ©Owith an
average distance of 1.9 A. The metal clusters transfer charge to the surface, depending
on the size, ranging from +0.1 to +@3The threedimensioml cluster shape is more

favourable due to the repulsive interaction between Y and Ni..
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4.7 Nin/ZrO 2(111) (n=610) and NiW/YSZ(111) (n=%10): Ni sintering

We have shown that Nclusters on both Zr§d111) and YSZ(111) surfaces prefer to
adopt a threelimensimal structure rather than flat shapes for clusters containing at
least 4 atoms. The same conclusion was drawn for a similar system, i.e. CeO
supported Au nanoparticléim et al. 2012)where it was shown that planar/Aon

top of the Ce@surface is unstable compared to thdemensional Auws. Pan et. al.

(Pan et al. 2010have also shown that a Msluster prefers to adopt a3 pyramid
shape on -Al0¥110pdurfatehwath aolarge clustering energy. Giordano et
al. (Giordano et al. 200X)ave also demonstrated than the dllister prefers to adopt

a tetrahedron shape on top of the MgO(001) surface.

The total energiesf four individual Ni atoms (4Ni) compared to thesNiluster
adsorbed on the surface are 3.38 eV and 2.20 eV less stable, respectively, on the
ZrO>(111) and YSZ(111) surfaces, thus showing that aggregating of the Ni atoms is
clearly preferred energetidplover dispersion. We have also compared the total
energy of two Ni clusters, separated by approximately 6.0 A, with thgsNiiface
system and here we also found thai+(Nis) is less stable than §inow by 1.67 eV

and 1.11 eV on Zrgd111) and YSZ(111)espectively.

Furthermore, inFigure 4-11 (a) we have plotted the clustering enerdy,(,) as a

function of the cluster size, for both Z#Q@11) and YSZ(111) surfaces. This graph
shows a probabl aggregation of Ni on both surfaces owing to a thermodynamic
driving force with increase of the cluster size. The trend of the clustering energy shows
that for the same cluster size, the clustering energy is lower on(12rD), in

agreement with the twaggregation examples calculated for Bind Ng clusters. The
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Y atoms affect the geometry of the surface and anion rearrangement, making the
interaction between the clusters and the d0rface atoms less favourable, thus

enhancing the preference for thenf@tion of Ni clusters.

We have also evaluated the difference between the cohesive ekejgyafid the

clustering energylt, ) as a function of the cluster size. The difference between those

energies expresses the tl¢a form a NiNi bond instead of a Nsurface bondrigure
4-11 (b) shows that for both surfaces this energy difference decreases with increasing

cluster size due to the preference of théNNinteraction over Nisurface interactions.

The E, - E,, graph also shows that for the same cluster size, the energy difference

clus

is lower for YSZ(111) than for Zrgp111), indicating that the ratio of interaction

between Ni atoms is greater for,Nlusters on topf YSZ(111).

The interaction energyH,,,) calculated as a function of the cluster sizigre 4-11

(c)) confirms the affinity of the Niclusters for the Zrg§111) surface over YSZ(111).

Note that the Ni cluster interaction energy is more favourable for zirconia than yttria
stabilized zirconia, which preference is even more striking for larger clusters. This
demonstrates that cluster aggregation is more favourable on the YSZ(111) surface than
onZrOz(111), in good agreement with, for instance, the difference in energy between

two Nis clusters and a Nicluster, which is larger for Zrfp111) than YSZ(111).
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Transition State

Nis/YSZ(111)
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Figure 4-12. Energy profile showing two transition states: from state (Ni}¥X52(111) to
Nis/'YSZ(111) and from state (Ni+h)/YSZ(111) to Nio/YSZ(111). Colour key: red, grey, blue and
cyan spheres correspond to ogpg Zr, Ni and Y atoms, respectively. The oxygen vacancy is

represented by a yellow sphere.

From Figure 4-12 we note that the MiYSZ(111) configuration is more stable than
(Ni+Nis)/YSZ(111), indicating that Ni amms prefer to aggregate to form larger
clusters rather than wetting the surface. This is in good agreement with the graph in
Figure 4-11, where we have shown a decrease ofthe - E  difference, inctating

the energetic favourability of aggregation of Ni atoms over their dispersion on both
surfaces. Frorfrigure 4-12 we also observe that the activation energy, i.e. the energy

difference between the (Ni+NIYSZ(111) structure and the transition state, is
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DE,, ;vsz = 0.46 ,which is lower than the same Ni collection adsorbed on@11)

Y% = 0.72 eV) gection4.3). This difference in activation energies for the

addition of a Ni to a larger cluster implies that single Ni atoms can more easily join a
bigger cluster when those metdoms are adsorbed on the YSZ(111) surface rather
than ZrQ(111), indicating that the aggregation of Ni atoms to form larger clusters, is

facilitated when the zirconia surface is doped with yttria, again in good agreement

with our E

clus

and E_, - E, plots inFigure 4-11. From E_, - E_,, we also note

clus clus

that the activation energy between the (NitgMY SZ(111) structure and the transition

state OEy; ,vs; = 0.035eV) is approximately ten times lower thdE,, s, (= 0.46

eV), indicating that the diffusion of Ni atoms towards bigger clusters is more

favourable than towards smaller ones.

From the calculated activation energies, we can evaluate thengajppe of one Ni
atom from state (Ni+N)/YSZ(111) to state Nig¢1yYSZ(111):k, 5 whereA is either
state(Ni+Nis)/YSZ(111) or (Ni+Nio)/YSZ(111) and B is either state ¥ SZ(111)

or NitdYSZ(111) Figure 4-13). We have therefore calculatéd_ . for a range of
temperatures corresponding to the working temperature of the SOFC (T =-500°C
900°C). FronFigure 4-13we note thak, ; (for five Ni on the surface) varies from
1.05 x 16 to 1.09 x 16° st which is higher than the values found for 2f0L1) (

k, g varies from 1.87 x 100 7.66 x 18s?) (section4.4) indicating that the diffusion

of a Ni atom towards a cluster is more favourable on the YSZ(111) surface. We also

observe that the hopping rate is even higher when the cluster diffuses towards a larger
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cluster, since for eleven Ni, . varies from 586.99 x Qo 703.93 x 1®s? (Figure

4-13). Thus, this evaluation of the hopping rate further strengthens the conclusions
drawn fromFigure 4-11: the aggregtion of Ni atoms is preferred over dispersion on

the surface and this aggregation is more favourable on the YSZ(111) surface.
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Figure 4-13. Hopping rate for a Ni atom on YSZ(111).
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4.8 Chapter conclusions

The general trend observed for Nilusters (n=2L0) adsorbed on the Zp(211)
and YSZ(111) surfaces shows the importance of the interaction of Ni withthe O
atoms as well as the shapes of the adsorbedldBters. We have seen that the O
atoms facilitate e adsorption of the clusters and that these atoms are shifted from
their initial position upon adsorption. In M¥SZ(111) systems, the clusters pushed
the Q atoms towards filling neighbouring vacancies which could be a drawback in,
for instance, SOFC iste these vacancies play an important role in oxygen transport.
Bader charge analysis of the clusters revealed that there is charge transfer from the
cluster to the surface. Finally, the distribution of the charge within the cluster is similar
for all clugers with a pyramid shape ((Nn=4-10), where the Ni atoms bound to the
surface are positively charged and those at the top of the pyramid are either charge
neutral or indeed some negative charge is accumulated at the apex. In some instances,
the Ni atomdocated at the top of the clusters have anegligible amount of charge,
which could play a role in the adsorption of molecules at the Triple Phase Boundary
of the Ni/YSZ cermet: for example, an electrophile molecule would adsorb on top of
the Ni cluste, rather than at the meeting point between the cluster and the surface.
Finally, from calculation of the clustering and cohesive energies and evaluation of the
diffusion barriers and hopping rates, we conclude that, on both(IZZxD) and
YSZ(111) surfacedhe sintering of the Ni atoms takes place spontaneously, especially
on the YSZ(111) surfac@ potential solution to clustering of the Ni particles may be
the introduction of a dopant in order to trap the diffusing Ni atoms. We could also

consider a reaustruction of the zirconia surface, as shown in the study by Tosoni et
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al. (Tosoni et al. 2015)where the authors showed that the adsorption of Ru on a step

on the ZrQ surface is ma stable than on a regular surface.

154



Chapter 5

Adsorptions of moleculen Ni/ZrO;
and NI/YSZ interfaces

Abstract

In the solid oxide fuel cells (SOFC), the key reactions take place &tpgleephase
boundary(TPB), where molecules such ag{ CQ and CO interet and react. In this
chapterwe have systematically studied the interaction g®DHCQ and CO with the
dominant surfaces of four materials that are relevant to SOFC, i.e(124),
Ni/ZrO2(111), YSZ(111) and Ni/YSZ(111) of cubic ZsGtabilized with 9%of yttria

(Y203). The study employedpin polarized density functional theory (DFT), taking

into account the longange dispersion force¥/e have investigated up to five initial
adsorption sites for the thremolecules and have identified the geometiaesi
electronic structures of the most stable adsorption configurations. We have also
analysed the vibrational modes of the three molecules in the gas phase and compared
them with the adsorbed molecules. A decrease of the wavenumbers of the vibrational
modes for the three adsorbed molecules was observed, confirming the influence of the
surface on t h-eolecual bentds These éesultsrate indine with the

important role of Ni in this system, in particular for the CO adsorption and activation.
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5.1 Introduction

As stated in the introduction of the thesis, both Ni/YSZ interaction and the reactions
occurring at this interface lie at the core of the performance of the solid oxide fuel cell
(SOFC) anode. Inhapter 3 and we focused on the interactiontiveen Ni atoms and

both ZrQ(111) and YSZ(111) surfaces. The next step is to study the interaction
between these metakide interfaces and molecules involved in the reactions in the

SOFC such as#, CG and CO which is the aim of thehapter

One of thespecies used as fuel in the SOFC agamtl CO which are oxidized at the
anode of the SOF(@Hanna et al. 2014Electrochemical oxidation of Hs a multistep
process where adsorption, surface reactions and charge transfer are observed during
the reactior{Sukeshini et al. 2006 he reaction at the anode is described by equation
(5-1) (Atkinson et al. 2004)

H,+0% - H,0+2 (5-1)
In the CO oxidation on Ni/YSZ, CO adsorbs associatively on Ni and then diffuses
towards the triple phase boundary (TPB), where the gas phase, Ni particles and YSZ
surface meet. Here, it is oxidized by @oming from the electrolyte i.e. the solid oxide
(equation(5-2) (Lauvstad et al. 2002)

CO+0* - CO,+2¢ (5-2)
Instead of pure Hor CO, H/CO mixtures can be used leadilmgmore complicated
mechanisms since other reactions than direct oxidations are involved such as water
gas shifting(Hanna et al. 2014jequation(5-3)) (Novosel et al. 2008; Yoshio

Matsuzaki & Yasuda 2000; Andreassi et al. 2009)
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CO+H,0- CO,+H, (5-3)
All these molecules interact with the supported Ni and the surface, thus necessitating
the study of these molecules in contact with the TPB, which plays a key role in the
performance of the SOF{Eauch, Bowen, et al. 2008 the past few years many
researchers have investigated the microstructure and the chemistry of the TPB. For
example, Liu et al(Liu & Jiao 2005have shown experimentally that impurities such
as SiQ can degrade the Ni/YSZ grain boundaries, whereas JehséfJensen et al.
2001) have shown that impurities segregate from the bulk of the YSZ material and

accumulate along the TPB.

Severalab initio investigations have been carried out on the interaction of molecules
with the NYYSZ cermet(Shishkin & Ziegler 2010; Cucinotta et al. 2011; Ammal &
Heyden 2012; Shishkin & Ziegler 2008hishkin et al(Shishkin & Ziegler 2010)
showed the oxidation of hydrogen at the TPB by the oxygen atoms bound to Zr (or Y)
and Ni. Cucinotta et a(Cucinotta et al. 20113howed that the hydrogen oxidation
can be active away from the TPB, when water is adsorbed on the oxide surface.
Ammal et al (Ammal & Heyden 2012gombined DFT and microkinetic studies to
show that the O migration pathway is faster than the H spillover and OH migration
pathway. Shishkin and ZiegléBhishkin & Ziegler 2009have studied the oxidation

of Hz, CHs and CO at the Ni/YSZ interface and showed that the YSZ cermetris ine
to fuel oxidation, while Ni is active towards fuel adsorption and oxidation. However,
a systematic characterization ob® CQ and CO molecules at the TPB is still

missing. We have therefore investigated the interaction of these three molecules on
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fourrelevant surfaces, i.e. Zs(211), Ni/Zr&(111), YSZ(111) and Ni/YSZ(111), and

compared our results with experimental data.

We have investigated up to five initial adsorption sites for each molecule on the
pristine surfaces (Zr§p111) and YSZ(111)) and ttwmore on the surfaces with
supported Ni (Ni/Zr@(111) and Ni/YSZ(111)). We have elucidated the geometries
and electronic structures of the most stable adsorption sites and compared these results
with other reported computational models, where availalte, supported our

findings by experimental and computational infrared spectra (IR).

5.2 Model and Computational Methods

All the structural relaxations and frequency calculations have been performed using
the Vienna Abinitio Simulation Package (VASPKresse & Furthmuller 1996b;
Kresse & Furthmdiller 1996a; Kresse & Hafner 1993; Kresse & Hafner 188kking

the KohrSham equations of the density functional theory (DFIBhenberg & Kohn
1964)in a periodic approximation. The calculations have been carried out adopting
the generalized gradient approximation (GGRgrdew et al. 1996yith the Perdew
Burke-Ernzerhof (PBE) density functional. The sesmpirical method of Grimme
(Grimme 2006)was employed to describe and improve kiveg-range dispersion
interactions. TheH (1s),C(2s,2p),0(2s,2p),Ni(3d,45s),Zr(4d,5s)andY (4
s4p 4 d 5 s) atomic orbitals have been treated as valence electrons, while the remaining
electrons were considered as core electrons and fkepen. To describe the

interaction between the valence and the core electrons, we adopted the projected
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augmented wave method (PAWB E Blochl 1994)The planewvaves kinetic energy
cutoff was fixed at 500 eV, and all the calculations were-pplarized. The conjugate
gradient technique has been used for the geometry optimizations with an interatomic
force threshold of 0.01 eV/A. Monkhorftack grids with a 7x7x1-goint mesh were

used to sample the reciprocal space for the 1x1 slab calculations. For the molecules in
the gas phase a 1x1x1 mesh gddints was used and each molecule was positioned

in a large ba (14x15x16 A) in order to avoid lateral interactions. The rest of the
settings were similar to those used for the slab calculations.

The procedure to compute the vibrational frequencies is implemented in the VASP
software. The vibrational frequencies w@valuated by finite displacements of every
coordinate and the vibrational frequencies thus correspond to the eigenvalues of the
diagonal Hessian matrix (second derivative of the energy with respect to the atomic
positions), where the eigenvectors are \h®ational normal modes of the system.
Frequencyhanges reflect a structural modification of the molecules upon adsorption

on the surfaces.

To describe the (111) surfaces we have used the same slab model as the one discussed
in chapter 3 Were we set up perpendicular vacuum size of 15 A, i.e. large enough

to avoid interactions with its periodic images. Following previous results exposed in
chapter 3 the surfaces weret@minated and contained 9 atomic layers (thre&-O

O trilayers); the 5 top atomilayers were allowed to relax fully during geometry
optimization, while the 4 layers at the bottom were kept fixed, thereby simulating the

bulk material. The surface areadi$.96 X.
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The four surfaces (Zrfp111), Ni/ZrQ(111), YSZ(111) and Ni/YSZ(111)) wetaken

from our previous work exposed in chapter 3. There, we had substituted two Zr (from

the topmost and the sidurface GZr-O trilayers) by Y with the removal of one

oxygen from the third atomic layer (the next nearest neighbour of Y atoms) to obtain

the YSZ(111) surface (ZgY2023(111) slab) (yttria = 9.1 wt%). Then, Ni was
deposited on the most favourable adsorption site on both thélAd) and YSZ(111)

surfaces. On the ZrQL11) surface, Ni sits preferentiallyonthegdO at om, i . e. s
off from the perpendicularFigure 5-1, while on the YSZ(111) it adsorbs

preferentially on top of the oxygen vacancy and away from the Y afeigusré¢ 5-1).

The magnetization dhe Niatomb e f or e a d s o rgNi atamfroowtaulk 0. 57
calculation). Upon adsorption on both 2(0L1) and YSZ(111) surfaces, the
calcul ated magneti sat i on gf{singtetconfigaratian).s or b e
For comparison, we have also forced the Nimato be in a triplet configuration (2.0

es) and the calculated total energies were 1.16 and 1.44 eV higher for NiLZ4}

and Ni/YSZ(111), respectively, than the values found for the singlet configuration.
Moreover, a study made by Hahn et(bddlahn et al. 2015pok into account different

spin states of Nb cluster adsorbed on Ce(@11) surfae and they showed that the

singlet configuration of the cluster is stable, as it is only 0.01 eV higher in energy than

the configuration where the multiplicity is 11.

The three molecules @@, CO and C@) were initially positioned at 2.0 A above the
surfa@ and different orientations have been compared for each initial adsorption site.

On the ZrQ(111) surfaces, four initial adsorption sites were tested for each molecule:
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on top of theZr atom, above the outermost oxygen(@p) or Qi (down), and finally

atthe centre of the @0¢-Z r At r i &igugel5-&. ©n thesYy8&111) surface, six
initial adsorption sites were investigated: the Zr atom, the outermost oxydep)P

Oq (down), the oxygen vacancy, the yttritetom, and the centre of tha-Og-Zr

Atr i an grlgee5-1. Foreeach initial adsorption site, we have relaxed the
molecules, as well as the five top layers of the slab (as described in the previous
paragraph)On the Ni/ZrQ(111) and Ni/YSZ(111) surfaces, we identified two initial
adsorption sites: near the Ni atom and approximately over the most stable adsorption
site found for the naked surface. The fsmuivalent initial adsorption sites leading to
unstableconfigurationsare presented in trennexe We have calculated th®ending
energy, taking into account the zero point energy (ZPE), as the difference between the

energy of the slab with the molecule adsorb& (... @Nd the sum of the

enggies of the clean oxide surfac&( ) and the isolated moleculeE(, ...

rface
equation(5-4).
EB = Emoleculésurface_ (Esurface+ Emolecuk; (5-4)

We have also d¢eulated the Van der Wadisndingenergiess the difference between

the estimatedvan der Waalsenergy of the slab with the molecule adsorbed (

EVON Lssuriacd @Nd the sum of the estimatédn der Waalenergies of the clean oxide
surface €9 ) and the isolated molecul&Y_ ), equation(5-5).
dW _ d d d
EI\?/; W= Er\:ﬁo\llgculésurface_ ( vunyf\{ace+ Vo\l/gcul (5-5)

We have analysed the charge transfer between the saridcthe molecules using

Bader analysis as implemented in the Henkelman algo(Baaer 1991)To evaluate
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the interaction between the molecules and theasardtoms we have also calculated
the electron localization function (ELF) which measures the probability of finding an
electron in the neighbourhood of another electron with the same(Bpoke &

Edgecombe 1990)

ZrO,(111) YSZ(111)

SEANS TS e o

Yo"

A S

Ty %

TS et

Figure 5-1. Side and top views of the-@rminated Zr@(111), YSZ(111), Ni/Zr@(111) and
Ni/YSZ(111) surfacesRed, grey, blue and cyan spheres represent oxygen, zirconium, nickel, and

yttrium atoms, respectively. The oxygen vacancy is represented by the yellow sphere.
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5.3 Results and discussion

5.3.1Structural analysis and electronic structure

5.3.1.1.1ZrO(111)

The evaluatia of thebindingenergies for the three molecules shows that the strength
of their adsorption on the Ze111) surface follows the trend28 > CO > CQ (see
Table 5-1). H2O is likely to be dissociated, where onasHransferred to a surface
oxygen with the OH remaining on top of the Zr atfffigure 5-2). The dissociative
water adsorption on Zr{vas also observed in a previous investigation by Korhonen
et al.(Korhonen et al. 2008here they showed experimentally and theoretically that
water, at low coverage, dissociates on the monoclinic zirconia sutfacealculated

bindingenergy for [H+OH]ZrO»(111) ¢1.08 eV) is similar to the adsorption on their

monoclinic (ill) and the iLOl) zirconia surfaceq-1.20 eV) The most stable
adsorption site found for GGand CO molecules is on top of the zirconium atom
(Figure 5-2). The binding energy for CQ on ZrQ(111) ¢0.24 eV) is close to a
previous study-0.26 eV)(Hornebecq et al. 2011)vhere theauthorshad modelled

the zirconia surface by four types of clusters and saturated the dangling bonds with
hydrogenatoms: ZsO14H20, Zr3O16H20, Zr3019H26 and ZsO24H2s (Appendix-Figure

8-31). The Zr014H20 and ZgO19H26 exhibit OH groups, while in 2016H20 and
ZrsO24H2g only H atoms are adsorbed on the oxygen clusters. The main difference
between Z4016H20 and ZeO24H2sis the Zr atom pointing outwards from the@saHos
cluster. For ZsO16H20 the calculated Cgbindingenergy was0.26 eV (similar to this

work) and the author#ornebecq et al. 201$howed that C&is physisorbed at 2.70
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A away from the cluster and adopting a parallel position, comparable to our geometry
(Figure 5-2). On top of theZrO14H20 and ZeO19H26 Clusters, the authofslornebecq
et al. 2011¥ound a stronger C£bindingenergy {0.34 and-0.35 eV, respectively),
but CQ is still physisorbed since for both clusters the>&ster distance remains
larger than 2.10 A, indicating that the OH groups payninor role in the C®
adsorption. On top of ZD24H2gthe CQ adsorption was much stronge®.67 eV) but
the authors showed, using the miléingmuir model, that the g@bD.4Hos site is less
abundant than the three other sites. Thus, at higHda@ing,the authorgHornebecq
et al. 2011)oncluded that C&adsorbs onto the ZD14H20, Zr3016H20and ZgO19H26
clusters.In our study, the most stable adsorption found for CO onZdQ) is
stronger {0.37 e\j than the one on {Xuggested by Walter et flvValter et al. 2001)

(-0.14 eV), whichm our model was evaluated to 610 eV.
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Table 5-1. Calculatecbindingenergies per moleculee; in eV) and charges (q ir) ér the 3

molecules (HO, CQ and CO) adsorbed on the most fakable site of the 4 surfaces: Z{D11),

Ni/ZrO,(111), YSZ(111) and Ni/YSZ(111).

ZrOx(111) Ni/ZrO2(111) YSZ(111) Ni/YSZ(111)

Es(Hz0) - -1.39 -0.82 -0.67
Eg(H+OH) -1.08 -1.33 -0.30 -0.52
Es(CO») -0.24 -1.35 -0.36 -0.31
Es(CO) -0.37 -2.70 -0.37 -2.32
q(Hz0) - 0.0 0.0 0.0
q(H+OH) 0.1

q(CO) 0.0 -0.5 0.0 0.0
q(Co) 0.0 -0.2 0.0 -0.3

Among the three molecules, dissociate@®Hthas a stronger affinity for the Zg11)
surface than C®and CO.The variation of the interatomic distances isgood
agreement with théinding energes and the transferred chargdaljle 5-1). For
instance, [H+OH] is the closest species to the Zx0l) surfaceFigure 5-2 shows

that O (of OH) is at 2.070 A over the topanium atomic layer, while the closest
atom, O for CQand C for CO, are positioned at 3.009 A and 2.500 A, respectively,
from the surface which, added to a lack of charge transfer, suggests that both

molecules are physisorbed.

165



Chapter 5: Molecules adsorptis on Ni/ZrQ and Ni/YSZ interfaces

ZrOy(111) Ni/ZrO,(111) YSZ(111) Ni/YSZ(111)

1.911 A

Figure 5-2. Schematic representation of the@{ CQ and CO adsorption on Zp(111),
Ni/ZrO»(111), YSZ(111) and Ni/YSZ(111). Perpendicular black lines show the simulation cell. Red,
grey, blue and cyan spheres represent oxygen rainen nickel, and yttrium atoms, respectively.
Orange spheres represent the oxygen belonging to CO anch@e€xrules. The oxygen vacancy is

represented by the yellow spheres.

5.3.1.1.2Ni/ZrO5(111)

On the Ni/ZrQ(111) surface, the strength of adsorption of the mdés near Ni is as
follow: CO > HO > CQ.

Table 5-1 shows that, depending on the activation energief Hissociation is
practically in equilibrium with molecular adsorption sincgH2O)-Ni/ZrO»(111) ~
Eg[H+OH]-Ni/ZrO2(111) ¢1.39 and-1.33 eV respectively). Theinding energy of
CQO. (-1.35 eV) is similar to ED but considerably weaker than the one found for CO
(-2.70 eV), which will surround the single atom, replacing both &@ HO.

There is no obvious chaegn the HO intramolecular bond distances. However, the
intra-molecular CQ bond length increases from 1.2 A (gas phase) to 1.3 A-(CO

Ni/ZrO2(111)) and the CO bond length increases from 1.1 A to 1.2 A-(CO
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Ni/ZrO2(111)). A previous study also reporte@sle elongations of the intraolecular
distances upon interaction of the molecules with supported metal cluster on oxide
surfacegBriquet et al. 2010Meanwhile, HO remains practically unaltered, whereas
CO; and CO indicate an electronic rearrangement whichotsseen on the bare
ZrO>(111).Charge analysis shows a gain of charge fop GQ5 g and CO {0.2 e)

upon adsorption on the Ni/Zp(111) The outermost Zr atomic layer and the Ni atom
lose 6.3 eand +0.2 e, respectively, while for @0/ZrO>(111) only he outermost

Zr atomic layer transfers + 0.2 e, through the Ni adatom, to the CO molecule.

The electron localization function (ELF) plotskigure 5-3 show the effect of the Ni

on the mol ecul e & éurfagad b the iNi/Zo0Oa(11D) rasey the h
electron localization is negligible between H and the oxygen belonging to the surface,
whereas the electrons localized on the oxygen atom of the water molecule interact
favourably with the empty orbitals of théi atom, showing that Ni facilitates the
adsorption of HO on the Ni/ZrQ(111) surface. IrFigure 5-3 we note a bonding
region between C£and Ni, which is not observed in the £2rO,(111) system. This
interaction explains the strengthening of the £@dsorption over Ni/Zref111)
compared to the bare ZsQ211) surface. The shape of the ELF around the carbon atom
from CO changes in the presence of Ni: it points towards the Ni atom, showing the

important effect of ta metal atom.

In Figure 5-4 we show the total density of states (DOS) of the three molecui€s (H
COz and CO) adsorbed on ZsQ11) and Ni/Zr@(111) and the projected DOS on the

three relevant atoms (C, O and Hidathe Ni atom. A sharp peak (specific orbital)
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means that a specific orbital is located at this specific energy. Thus, when many
orbitals of different atoms have the same energy (well localized) we consider that the
interaction between those orbital atorae favourable. On the other hand, the

interaction is unfavourable if the peaks of the different orbital atoms are spread over

a range of energies (delocalized).

We have shown, in the [H+OH]/Ze(111) density of states (DOSjigure 5-4), that

the peaks located below the Fermi energy correspond to the s and p orbitals of OH
oxygen and are delocalized. However, in theOHNi/ZrO»(111) system, they are
localized and positioned at the same energy as the final tw Mi@rbital peaks-(
0.26,-0.20 and-0.01 eV). This favours the interaction between the Ni atom and the

H2>0 oxygen orbitals which is in good agreement with the ELF analysis.

Similar situations occur with the G@nd CO molecules, i.e. their orbitals belthe

Fermi energy are dispersed over a range of energies when interacting with a naked
surface, but are localized peaks in the presence of Ni atoms. The peaks at these
energies correspond to Ni, O and C orbitals, indicating that an interaction exists
between the molecule and Ni/Zed11) and that this interaction is facilitated by the

Ni atom, which confirms the ELF analysis discussed above.
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H,0-Zr0,(111) CO,-Zr0,(111) CO-ZrOy(111)

Figure 5-3. Electron localization function (ELF) of the three mal&es (HO, CQ and CO) adsorbed
on top of the 4 surfaces: Zsd11), Ni/Zr&y(111), YSZ(111) and Ni/YSZ(111). A high ELF value
along the bond path reflects a strong interaction between the molecule and the surface while a low

ELF value is the consequencieaoweak interaction.
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Figure 5-4. Total density of states (DOS) of the three molecule®(KCG and CO) adsorbed on
ZrO2(111) and Ni/Zr@Q(111) and projected DOS on the three molecule atoms (C, O and M) and
atom. We represent here both spin up (U) and do
projected DOS. Colour scheme is labelled in the insgt.add Hucorrespond to H pointing
towards the vacuum and the surface, respectively. The oxygeting towards the vacuum and the
surface are represented by&and Qur, respectivelyTo facilitate the reading of the graphs, we have

multiplied the intensity of the PDOS where necessary (multiplication factor shown in parentheses)
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