Screening of Pt/Ni bimetallic
electrocatalysts using DFT calculations

LM Botha
orcid.org 0000-0002-1249-2706

Thesis accepted in fulfilment of the requirements for the degree
Doctor of Philosophy in Science with Chemistry
at the North-West University

Promoter: Prof CGCE van Sittert

Assistant Promoter:  Dr MJ Ungerer

Graduation June 2021
21112886



Table of contents

TADIE OF CONTENTS ...ttt e et b bt e et b bbb bbb nn b iii
ST OF TAIIES ...t R e Rt r e r e vii
TS ) T O (S xi
DIECIATALION ...ttt R R e R R R R Rt XV
ACKNOWIEAGEIMENTS ...ttt et b ettt b ettt b et b e b e e bt bt ekt s b et ke s bt et s be et sbe e et b XVii
o] - Lot PSSR XiX
List of conference poster/oral presentations and PUBbIICALIONS ............ccooeieiiiiriieiene e xxii
LSt OF PUDTICALIONS ...ttt bbb bbbt b et b e bbb b n e XXV
CONSENT DY COAULNOIS ...ttt bbbt b e bt bt b e b b e e b e b ebeeb e e beeb e e e e e e besaesbenbe e XXVil
SUIMIMIBIY ...ttt ettt b bbbt h e bt bt e b e b e e h e h e e e oAb e Ab e Sh £ e E e e h £ £ R £ e E e b e AH e e b e A b e e h £ e b e e meenbesbeebesbeebeebeeneenbenbebas XXIX

Part 1: Prologue to study

Chapter 1. Introduction

1.1. Background and ratioNal ...........cc.eiiieiiiiiieieee ettt r e e et et renrenreaneas 3
I o (0] o] 1= TS L 11T ) SOOI 4
1.3. AIM OF T8 STUAY ... bbb bbb bbbt bbb bbbttt et st nes 5
1.4, ODjJECtIVES OF TNE STUAY .....eveeeitiiecteit ettt bbbttt b et b ettt nbe s 5
1.5. Methodology OF the STUTY ......c.eiiiiiiiii bbbt bbbttt nae s 6
1.8, RETEIBNCES ...ttt bt bbb h bR bR bR bR bt bRt n s 7

Chapter 2. Litrature study

b2 I 11 oo (1 4T o PSSRSO 13
2.2. EIECtrOCNEMICAI HBVICES......oeiiieeiieie ettt bttt e bbb e bt bt e e et et seesbenbeeneas 13
2.2.1. Water splitting reaction (EIECLIOIYSEIS) .....couiiieiieiiieeitesie ettt 14
2.2.1.1. Oxygen evolution reaction (OER) ........ccccciiiiiiiiiiie ettt re e e et e besresrenne e 14
2.2.1.1.1. Gibbs free energy for the OER ..........cccoeiiiiiiie ittt sttt sresrenne e 15
2.2.1.2. Hydrogen evolution reaction (HER)..........cooiiiiiiiiiieiie sttt 16
2.2.2.1.2. Gibbs free energy for the HER ........cooiiiiiii bbb 16
2.2.2. Water formation reaction (FUEI CEIIS) .........ouiiiiiiiiiic e 17
2.2.2.1. Oxygen reduction reaction (ORR)........ciiiiiiiie ettt se e sb e 17
2.2.2.2. Hydrogen oxidation reaCtion (HOR) .........couiiiiiiiiiiiiieie ettt 18
TS 11 0111 Y2 USSR 18
b B T (0o 1 =LY S SRSRTON 18
P T [ (- LY T (o Tor: 1 7= 1) ST 18
2.3.2. Volcano plot as a catalytic activity description of ORR/OER half-reactions............cccceevvvveverercnensnnennn 19
2.3.3. Structure of DIMELAITIC SUMTACES ......oviiiiiie e ettt sresreens 21

Table of contents Page |iii



2.3.3. SUMIMIAIY ...ttt ettt ettt e bbbk e et e bt AR 4R e £ e e Rt e s e n e e bR e R e R e e st e s b e et Rt e bt e bt et e e ss e e nnenrenneer s 21

2.4. ComputatioNal DACKGIOUNG ........o.eiiiieiii ittt b et e et bbb e eae e e e e e beseesbesreeneas 22
2.4.1. Surface energy and WOrk FUNCLION ..........ooiiiiiii ettt 23
2.4.2. AUSOIPLION BNEITY ..riutitiitirteitietiet ettt te bttt et e be s teabesbe bt e b e e aeesbesb e b e s beeb e e bt eae e st e ebesbesbeebeebeeneenbeneeabesbeebeenes 24
2.4.3. Band structure and density OF SEAES .........oeiiiiiiiie et 24
2.4.2.1 Computational study of the Band STIUCTUIE .........cceiiiiii i 26
2.4.2.2. Computational study oOf density OF STALES ........cccieiiiiie e 28
2.4.3. Adsorption energy, d-band energy and hydrogen binding enNergies...........cocvervieneinienensienensiese e, 28
2.4.4. Strain, ligand and ensembIe €FFECES ......ocviv i 29
1 - Y[ =] 1 =Tt OSSOSO 29
2.4.4.2. LigANG EFFECT.......e ettt bbb et b e b et b e r e 30
2.4.4.3. ENSEMDIE BFFECT ..ot ettt b bbbt e et et b bbb e b 31
2.4.4.4. Methods to distinguish the ligand effect from the ensemble effect ... 31
W T 1N 7 Yot 1 = To [ L1 1 1] PP 33
2., RETEIBINCES ...t ettt bbb bt R R R R R R bbbt bbbt et nes 34

Chapter 3. Model development.

K I8 [ oo 1 (o] OSSOSO 41
3.2. ComPULALIONAI MOTEL ... bbbttt bbbttt 42
3.2.1. BUIK StrUCLUIES CAICUIALIONS ......evieiieeiiie ettt sttt st sn e te e e e e e eeneeneenre e 42
3.2.1.1. Validation using lattiCe PATAMETETS ........coriiiiriiieiiriee sttt 43
3.2.1.2. k-point sampling for Pt and Ni DUIK SETUCTUIE..........coiiiiiiiiiiiec s 43
3.2.2. SUITACE CAICUIALIONS .......eetiieei ettt bbbttt b e b bt bt e b e et e e e e sbe b ebeens 43
3.2.2.1. k-point sampling for Pt (111) and Ni (111) Surface slabs..........cccoiiiiiiiiiiii s 43
3.2.2.2. Surface and EIECIrONIC PrOPEITIES ........ecveeereie e ste st ste ettt st e e et e et e be st e te e esa e e et e stesresresreaneas 43
3.2.3. Hydrogen adsorption onto the (111) SUrface SIabs...........cccveviiiii i e 44
3.3, RESUILS @NA AISCUSSIONS ....c.vevreieeiiesieseesie e st eteeeeee st e e sresteeseesaeseeteseesbesseasaeseeseenseseessesseeneeseenseneeseeneensennens 45
3.3.1. BUIK StrUCLUIE CAICUIALIONS ....e.veieieeieeicie sttt st sreene e e e e eeseeneenre e 45
3.3.1.1. Validation using lattice parameters and interatomic SPACING..........ccuruirieiririeireneese s 45
3.3.1.2. k-point sampling of Pt and Ni DUIK SETUCTUIES ..........coueriiiiiiiiiiereee s 46
3.3.2. SUITACE CAICUIALIONS .......eetiieiei et bbbt bttt e e et b bt bt e b e et e b e b e nbe b ebeens 50
3.3.2.1. k-point sampling for Pt (111) and Ni (111) surface slabs.........cccoiiiiiiiiiiii s 50
3.3.2.2. Electronic properties of Pristing SUITACES..........cciiiii i eneas 53
KIS @] o ol 113 o] ISR 57
BRI 3 T =1 0001 ST 58

Page |iv Table of contents



Part 2: Pt/Ni bimetallic systems

Chapter 4. Construction of PtoxNioy surface slabs using a random manual technique

o T (oo [0 Tod o]  H T U SO U PP PP 66
4.2. ComputatioNal MOGEN ........cc.iii bttt bbbttt e e bbb b ens 67
4.2.1. Building the DImetalliC SUMACES ......cc.civiiiiiie ettt re s resne e 67
4.2.1. Prepping the surfaces for hydrogen adSOrption...........cccceiiieeieiieiesie st 68
e I R U 3 T o 0 Lo ULt (oo 69
4.3.1. Electronic properties of pristine bimetallic SUFFaCES..........coiiiiiiiiie e 70
4.3.1.1 WOTK fUNCION (D) ...viviiriiiieieiieiee sttt r bbbt nn e nr e sr e er s 70
4.3.1.2. Investigation of the d-Dand CENIIE (£4) ... ..urveriirriieirieiei ettt 71
4.3.2. Ligand and ensemble effects due to the hydrogen adsorption ...........coccoeveiieieiene e s 73
4.3.2. 1. LIQANG BFFECES ...ttt bbbttt bbb bbbt h e e bbb e bbbt st e e e b naenbe b ereas 73
4.3.2.2. ENSEMDIE BFFBCLS .. eiviiitiitiie ettt bbbttt e b s 74
A4, CONCIUSION ..tttk b e bbb st b bRt E ke n bt e st e b bt e bt e b e e be e re st 81
T L] =T =Y o= 81

Chapter 5. Study of surface reactivity of hydrogen adsorbed onto random disordered bimetallic structure

LTR[0T o 1 (o] OSSOSO 87
5.2. Computational METNOM ..ottt ettt 88
5.3. RESUILS @N0 TISCUSSIONS ...ttt ettt b bbbt bbbttt bbbttt ne s 89
B, CONCIUSTONS ...ttt b e b bbb bbbt bbbt b bbbt b bbbt 95
DD, RETEIBINCES ...ttt b bbb b E b bR bR bbbt 96

Part 3: Epilogue - Application of bimetallic (111) surfaces

Chapter 6. Adsorption of water onto a thermodynamically stable PtosNios slab.

6.1, INEFOAUCTION ...ttt b bt bbb bbbt b bbb nen e 103
6.2. ComPULAtIONAl METNOM ..o bbbt se et e et e e b e 103
6.2.1. BUilding the PtosNios SUMTACES ......c.eitiiiiitirieiit ettt 104
6.2.2. Hydrogen adsorption on PlosNios SUMTACES .........cuiiiiiiiiiiei s 106
6.2.3. Water adsorption 0N PlosNig.s SUITACES .........eviuiriiiiiieiiinieesisi s 107
6.3. RESUILS @N0 QISCUSSIONS .......evieetiiteieeie sttt eb et b et b e bt bt et eb e b e nr e bt nn e b e nn e anennes 107
6.3.1. Pristing (111) SUITACE PrOPEITIES. ....c..oiuiiuiieitietieiee ettt ettt e bbbttt e sbesreeneas 107
6.3.2. Hydrogen adSorption FESUILS ........ccveiviieiiie i eieiiese e te ettt e st e te et e e e e sbesbeeaeere e e eeesresresreaneas 111
6.3.3. Properties Of ISOIAtEA WALET .........ccciiiiiiie ettt e s be et e e s e e s besbeeaeete e e e aesresresreaseas 114
LTI o P @ I To o] o] o SR 115
6.3.4.1. Pt (111) @nd Ni (111) SUMTACES....ueieireireeeeieriestesieste s e seeree ettt re e e s tesrestesresneereaneeneesrenresreenennes 115
6.3.4.2. 15 (111) ANA 05(111) SUMTACES. ....veeetiiteieieiterieie sttt sttt sttt b ettt bbb 117

Table of contents Page |v



(ST O (o] [T 1) AT PRTOTRRTRRR 120
(ORI R (L (= (= (o= TSRO 121

Chapter 7. Conclusion and future work

75 T O3 Tod 131 o o S 125
7.1.1. Identification of the most stable ratio of Pt and Ni in a Pt/Ni bimetallic bulk structure using DFT calculations
................................................................................................................................................................. 125

7.1.2. Investigating the stability and reactivity of Pt/Ni bimetallic surfaces constructed from the most stable Pt/Ni
DIMEtalliC DUIK STIUCTUIE .......cviece e 126

7.1.3. Evaluation of the performance of the most outstanding Pt/Ni bimetallic surface as a viable electrocatalyst

for both the OER AN ORR ..ottt sttt sttt et e ebe e nesbe e 126
7 = oo 01140 0T o U0 S 127
A =T o0 T 127
Appendix
Supplementary 1
IS 0 O 1 o ¥ o o o OO U RSO UPR TR 152
S1.2. ComputatioNal MEtNOM. ........cciiicie et ee st e e reene e e e e e aeseesreareens 152
S1.3. RESUILS 8N ISCUSSION ....viviiieiiiteiieieste ettt sttt sttt se st se e s et e sb e b e et sbeseebesee e abeneenesbe e 153
S1.3.1. Comparison of optimisation energies for unconstrained surface slabs with different Miller indices.....153
S1.3.2. Comparison of optimisation energies for constrained and unconstrained surface slabs............cc.cc.co..... 155
$1.3.3. Influence of increasing slab thickness on interatomic distances for unconstrained slabs...................... 157
ST, SUMIMEIY ottt r bbbt et R bR bt st s e e e bt b e Rt b bt e s e e et b e e et e b e bt bt e e e n e nenr e r e 159
Y BT o C] T =10 [o0 T USROS 159
Supplementary 2
S I 1o o To 11 o] o ST 163
S2.2. ComMPULALIONAT METNOM. ... ...iiieieiie bttt bbbt e e bbb b e e 163
S2.2.1. Creating fourteen layered alloys with various metal arrangements...........ccoceverenerenieienene e 164
G238, RESUIS ..ttt ettt b ettt ettt R bt E e e R e R e R Rt b e R e Rt b e e e Rt be et e R e ke nee e ebe st eneete e 165
S2.3.1. Comparison of optimisation energies for the various bimetallic slab configurations................cc.ccce.e... 165
S2.3.2. Comparison of the interatomic spacing between the most stable bimetallic slabs ..........cc.cccoccvevrivinnnns 167
S2.4. SUMIMEIY .ttt ettt h bttt s e et E s bR E st e s e e Rt e bt e R b e bt e b e e st bt e bt e R bt bt e e e n e nenr e r e 168
YT o (-] =] To0 LSS 168

Page |vi Table of contents



List of tables

Chapter 2.

Table 2.1. Catalytic half-cell reactions used in electrolysers (OER/HER) and fuel cells (HOR/ORR)................ 13
Table 2.2. The OER mechanism in acidic and alkaline solutions.® 2020 .........cccccooviiieivciiirece e 14
Table 2.3. The OER mechanism in acidic SOIUTIONS.Z2 28 ...........cccciiiiiiiiecreere et 14
Table 2.4. The OER mechanism in alkaling SoIUtioNS. ™25 .........ccciiiiiiiciieceeceece e, 15
Table 2.5. Gibbs free energy for each intermediate for the OER.7 13142630 s 16
Table 2.6. HER mechanism, under acidic conditions, following the Volmer, Heyrovsky and Tafel steps.3:22... 16
Table 2.7. The ORR mechanism in acidic and alkaline solutions.22 28 .............ccccoevevieieeeeeceeeee e 17
Table 2.8. Overpotential (1)) for the OER (n°FR) and the ORR (nORR).14 4041 e, 18
Table 2.9. Symmetry K-points Of fCC IAtICE. .........cooiiiiiiic e 27
Chapter 3.

Table 3.1. Comparison of lattice parameters (Lattice_parm) and metal-metal interatomic spacing (du-dw) for the
Pt and Ni bulk structures with a Fm3m (225) space group obtained from the current study (*) and from
TNE TIEEIALUIE. ...t bbb bbb bbbt sb bbbt et nb s e ebe b s e ebe e 46
Table 3.2. The total number of k-points (No k-points), optimisation energy per atom, the energy difference
between the k-points, the interatomic spacing (dee-dpy), the equilibrium lattice parameter (E_lattice

parm), the d-band centre (g4) and the spin moment (ms) for various Pt bulk structures k-points grids.

Table 3.3. The total number of k-points (No k-points), optimisation energy per atom, the energy difference
between the k-points, the interatomic spacing (dni-dni), the equilibrium lattice parameter (E_lattice
parm), the d-band centre (g4) and the spin moment (ms) for various k-points grids for the Ni bulk
STTUCTUIES. ..ttt ettt ettt h bbbt e s ab e s b bt e s b e e s b bt e eh e e s b bt e sab e e e s bt e eab e e snb e e snbeennbeeenbeennteas 49

Table 3.4. The total number of k-points (No k-points), optimisation energy per atom, the energy difference
between the k-points, the interatomic spacing (de-dpt), the equilibrium lattice parameter (E_lattice
parm), work function (®), the d-band centre (g4) and the spin moment (ms) various k-points grids for
TE Pt (L11) SUITACE. ...eeeeieee ettt ettt bbbttt bbbt bt bt et e e e b e besbeebesre e 51

Table 3.5. The total number of k-points (No k-points), optimisation energy per atom, the energy difference
between the k-points, the interatomic spacing (dni-dni), the equilibrium lattice parameter (E_lattice
parm), work function (®), the d-band centre (gd4) and the spin moment (ms) for various k-points grids
FOF the NT (L1L) SUITACE. ...ttt bbb bbb ettt sb s ebe e e ebe e 52

Table 3.6. The surface energy (y) of unconstrained, pristine Pt (111) and Ni (111) metal surfaces of (3x3)-4L
obtained from the current study (*) as compared to computational and experimental values. ........... 53

Table 3.7. The work function (®) of unconstrained, pristine Pt (111) and Ni (111) metal surfaces of (3x3)-4L,
obtained from the current study (*), as compared to computational and experimental values from the

LT L (U] (TR 54

List of tables Page |vi



Table 3.8. The comparison of calculated adsorption energy, Eags (in €V), and bond length, dum (in A), of
unconstrained (2x2) Pt (111) and Ni (111) slabs with literature values. The surface coverage was

0:25IML. bbb bbb £ b b £ bR £ bR £ b b £ b bt b b e bbbt e 54
Table 3.9. Hydrogen binding energies (HBE) of adsorbed hydrogen onto Pt (111) and Ni (111) surfaces with
0.11 ML surface coverage. Notably, the coverage of the reference is 0.25 ML........ccccooeiiiiiiininne. 55

Chapter 4.

Table 4.1 Calculated work function (@) and d-band centre (eq) of the unconstrained pristine, Pt (111), Ni (111),
R-Ptg25Nio.75 (111), R-PtosNios (111) and R-Pto.7sNig.25 (111) SUIACES. ....cevvveieeiriiiciriecirieecins 70
Table 4.2. Calculated electronic properties for R-PtosNios bimetallic surface with varying adsorption sites in
terms of the adsorbed metal site (H-Mags) work function (@), interatomic spacing (dw-m), binding

energies (HBE), adsorption energy (Eags) and the d-band centre (g). «...ooevvereererereniniiniene e 78
Chapter 5.

Table 5.1. Atomic charges (q) and atomic spin momenta (ms) for the pure Pt and Ni metals, as well as for
configurations B and C of the bimetallic bulk structures with the PtysNios composition, as calculated

USING @ BAAET ANAIYSIS.E .....o.vcvieceeeeece ettt e ettt ettt s e e et st e st et seensnsnes 95
Chapter 6.

Table 6.1. Surface energies calculated before optimisation (y,), after optimisation (y;) and the percentage
relaxation (%) for (111) surfaces of the pure Pt, pure Ni and each of the Pty sNig s surface terminations.

(Structures with identical top layers and varying bottom layers are indicated with matching colours)

Table 6.2. The average interatomic spacing (d, in A) after slab optimisation of the relative interatomic spacing
for Pt, Ni, PtosNig s bulk and the constrained 90 (111),05 (111), 10(111), 15(111), and 20 (111) surfaces.
The spacing was obtained before (Apuik) and after relaxation (Arelax). ««veeeeerereeerereieneneieneneeennens 109
Table 6.3. Charge analysis for the atoms in the pure Pt (111) and Ni (111) surfaces and various Pty sNig s surfaces.

With respect to the average charge (g/e”) of either the Pt or Ni atoms in the mixed metal surfaces.

........................................................................................................................................................ 110
Table 6.4. Work function (®) and d-band centre (gq) results of pure Pt (111), Ni (111), 15 (111) and o5 (111)
SUITACES. ettt ettt ettt ettt et ettt sttt et e e ae e s et e ae e et Rt e EeeR e e R e e e e beeReeReeReene e Rt et e beneenrenre e 111

Table 6.5. Calculated geometries and Mulliken charges of the isolated H,O molecule as compared to theoretical®
and exXPerimental®® VAIUES. ..........ccccuiiiiiiiiiss ettt 114
Table 6.6. The work function (®), d-band centre (gg4), bond length and bond angles results obtained from H,0O

adsorption onto the Pt (111) and Ni (111) SUITACES. ..cvecveiveiviiecicieiee st 116
Table 6.7. Mulliken charge of water adsorbed onto the Pt (111) and Ni (111) surfaces. The calculated charges
are for the, M* and HaO DONS. .......oooiiiiii e 116

Table 6.8. Work function (®), d-band centre (gq), bond length and bond angles results obtained from H,O
adsorption onto the Pt (111), Ni (111), 05(111) and the 15 (111) surfaces, where the labels (B) and (C)

Page |vii List of tables



represents an alternative adsorption site of the water molecule on the o5(111) and 15 (111) metal

surface. (The H,O data is from Table 6.6 for the isolated H,O molecule)..........ccccceoeiiiiiinnnnns 117
Table 6.9. Mulliken charge of H,O adsorbed onto the Pt (111), Ni (111), 05(111) and the 15(111) surfaces. The
calculated charges are for the, M* and HoO DONS. ..o 118

Table 6.10. Water monomer adsorption with a flat geometry onto o5(111) and the 15(111) surfaces for the [A],
[B], [C] and [D] ENVIFONMENTS. .....coveieiieiiesiesieeeeeeiesteste et e et st be e sneese e s e aesnesreseesneaneens 120

List of tables Page |ix



Page |x



List of figures

Preface.

Figure P.1. Compilation of the thesis and artiCIES. ..........cccoveiiiii e s XiX
Chapter 2.

Figure 2.1. Illustration of a) an electrolyser and b) a fuel Cell. ..o 13

Figure 2.2. Schematic representation for the OER mechanism in an acidic electrolyte. In each step, a proton-
electron pair is subtracted from the reactants so that water molecules are subsequently transformed
into HOuds, Oadsy HOOads AN 2. ..eeviivieiiiie ittt sttt sttt se e st sbenneeneas 15
Figure 2.3. A schematic representation for the HER. In each step, a proton-electron pair is subtracted from the
reactants so that water molecules are subsequently transformed into Ha........cccoooviiiiiciincininne. 17
Figure 2.4. An ideal catalyst for the OER reaction at zero potential (U = 0) and at the equilibrium potential (U =
L.23 BV ). it R e n et 19
Figure 2.5. Volcano plots for the OER and ORR where each Gibbs energy is represented by AG1 (blue), AG; (red),
AGg (green) and AGq (pink). The solid lines are the volcano plots, while the dashes are an extension
of the volcano plot so that the n°%R and n°=R vales can be calculated. .............ccoeveveveeeceeereeenan, 20
Figure 2.6. Universal volcano plots for the OER reaction regarding nOER as a function of AGoads — AGHo. ... 20
Figure 2.7. A simple representation of different types of solid-solution bimetallic alloys, namely a) a
substitutional, b) an interstitial and c) an intermetallic compound............ccccocoiiriiiiniiiine s 21
Figure 2.8. Comparison of the flat surface of a) a low-index (111), and b) the high-index (210) surface with atomic
] (=] 01U OSURRSR 23
Figure 2.9. Forming of energy bands due to overlap of closely spaced orbitals. ..............cccovvvvivviiiiciie i 25

Figure 2.10. Projected representation of band structure and density of states for a) metal and b) an insulator or

LT=] g Tol] o 1§ Tod (o PSSR 25
Figure 2.11. Simple representation to describe the forming of s- and p- energy bands. ..........ccccccoviiininnn 25
Figure 2.12. Projected representation of the density Of STAteS. .........ccoriiiiiiiiieiee s 26
Figure 2.13. Brillouin zone of an fcc lattice with the path as T-X-W-K-T-L-U-W-L-K|U-X.% .......ccccoornnnnnnn. 27
Figure 2.14. Representation of the electronic structure of Ni metal, where the bands/lines stand for molecular
(0] 4 o 1= T OSSOSO PRSRPRPRSPRPN 28

Figure 2.15. A simple representation of ligand effects a) before and b) after addition of a secondary metal...... 30
Figure 2.16. A schematic relationship of the reactivity, towards O, adsorption for the ORR, and the d-band centre
(e4) for PtsM surfaces, represented as a volcano PIOt. ...........oov i 30
Figure 2.17. A simple representation of ensemble effects on the adsorption of H,O molecule a) before and b)
after addition of @ SeCONdary MEtal. ..........cco it e 31
Figure 2.18. The ensemble effect is obtained graphically by the subtraction of the ligand effect from the total
effect.!® The ligand effect is described where the composition of the surface is held constant for

SIMIlAr @dSOIPLION SIEES. ..iiuviiiiiie ittt b e e e e e st esbe e ereere et e besresbesreereas 32

List of figures Page |xi



Figure 2.19. Ensemble and ligand effects described using tri-fold ensemble (red triangle) where the binding site,

functions of n, is shown using a gold atom.55 115121 e 32
Figure 2.20. Graphical representation of effects contributed by the ligand and the ensemble effects. ................ 33
Figure 2.21. DOS of a) Ni (111) and b) Pt (111) surface with the minority (B) and the majority (o) spin states.34

Chapter 3.

Figure 3.1. A simple representation of using the d-band width to determine the d-band centre (e4), using

(11 CTo =LA o] AT URTU TR PP PRURPRTN 44
Figure 3.2. The atop (T), bridge (B), hexagonal close-packed (H) and face-centred cubic (F) adsorption sites that
0CCUr 0N @ (111) MELAl SUMTACE. ...viiveieecie ettt sre s renne e 45
Figure 3.3. The optimisation energy per atom of Pt bulk structures with various k-points. .........c.cccccceevvrivinnnnns 47
Figure 3.4. The optimisation energy per atom of Ni bulk structures with various K-points...........cccccccvverrinienn. 49
Figure 3.5. The optimisation energy per atom of Pt (111) slab with various k-points. ...........ccccecvvervinenninienn. 50
Figure 3.6. The optimisation energy per atom of Ni (111) slab with various k-points. ...........ccccceeveinineinenn. 52
Figure 3.7. Obtaining the binding energy from the optimisation energy (eV) and the bond length where the energy
is at a minimum point (e) and where bond breaking 0CCUIS (®)........ccoeiiririninienicierese e 55
Figure 3.8. pDOS of the pristine (3x3)-4L a) Pt (111) and b) hydrogen adsorbed onto Pt (111) surface at a
coverage 0f 0.11 ML 0N the TCC SITE. ....c.viiiiiiiie e 56
Figure 3.9. pDOS of the pristine (3x3)-4L a) pristine Ni and b) hydrogen adsorbed onto Ni (111) surface at a
coverage 0f 0.11 ML 0N the TCC SITE. ....oviiiiiiiiic e 57

Chapter 4

Figure 4.1. Top and side view for the a) R-Pty2sNig 75 b) R-PtosNigs and ) R-Pto7sNig 25 surfaces, where the Pt
atoms in green and the Ni atoms in PINK/PUIPIE. .......oci i 68
Figure 4.2. Adsorption sites on a) R-Pty2sNig75 b) R-PtosNigs and ¢) R-Ptg7sNio 25 surfaces, where Fi-F4 = fcc

hollow sites and Hi-Ha4 = hep hollow sites. (Where the atom colours are green and pink/purple for Pt

L a0 AT = 01T 11T Y2 TS 69
Figure 4.3. Partial density of states (pDOS) of Pt (111), Ni (111) and the R-Pty25Nig75(111), R-PtosNigs(111)
and R-Pty75Nio.25 (111) bimetallic SUMTACES. ......oii i 72

Figure 4.4. The comparison of the hydrogen binding energy (HBE) and the d-band energy (gq) for the F; and H;

adsorption sites for the bimetallic surfaces where the amount of Pt and Ni was varied to obtain

R-Ptg.25Nio.75 (111), R-PtosNios (111) and the R-Pto 7sNio.25 (111) SUrfACES. ....ccvveveeeeieiiieieeie 74
Figure 4.5. The comparison between the binding energies (HBE) for varying environments of the adsorption site
for the a) hcp and the b) fec sites for the for R-Ptg 2sNig.75 (111) SUrface. ......cooevviiiiiiiiiiiiiiee 75
Figure 4.6. Comparison between the binding energies (HBE) for varying environments of the adsorption site for
the a) hcp and the b) fcc sites for the for the R-PtosNios (111) surface. ......coocvvvevevieieie i 76
Figure 4.7. Comparison between the HBE and the a) hcp and b) fcc binding sites with varying environments,
either bonded to Ptz or Pt3Niy for the R-Pto 7sNio 25 bimetallic surface. ..., 77
Figure 4.8. Hydrogen binding energy (HBE) vs a) the adsorption energy and b) the d-band centre for Ni (111),
Pt (111) and R-PtysNios (111) surfaces (indicated as Fi, Fa, Fa, Hr and Ha)..coooveiviiiiiiiie 80

Page |xii List of figures



Chapter 5

Figure 5.1. A schematic representation of the process to obtain full convergence (Smax) for each of the Pt/Ni
concentrations with varying degrees of simulation cell SIZeS. .........ccccceveviiiiiii i 90
Figure 5.2. The mixing enthalpies (AHmix) for the 1x1x1 simulation cell size, both per atom of Pt;_«Nix and as a
function of the Ni Mole fraction (X). .......ooveeiiiiiie e e 91
Figure 5.3. The partially and fully disordered probability distribution of the energies (E) calculated for the
configurations with a PtosNigs configuration in the 2x2x1 simulation cell. The short vertical lines at
the top of the graph represent the energy values in the configurational spectrum. The partially
disordered probability distribution was calculated using a Boltzmann-modulation at 300 K........... 92
Figure 5.4. A schematic representation of configurations A, B and C for the 2x2x1 simulation cell of the
bimetallic bulk structure with the Pty sNios configurations. The [110] plane is represented in red... 92
Figure 5.5. Atomic projections of the partial density of states (pDOS) for the d-electrons of the pure Pt and Ni
metals, and configurations B and C of the bimetallic bulk structures with the Pty sNios configuration.
The o and S symbolise the majority and minority spin channels, respectively. ...........cccccvvvriinnne. 93
Figure 5.6. The density of states and band structure for configuration B of the bimetallic bulk structure with the

PtosNios configuration. « and £ stand for the majority and minority channel of the spins, respectively.

Chapter 6.

Figure 6.1. PtosNios bulk represented by a) supercell (2x2x1) and b) supercell (2x2x2); Pt in green, Ni in
PINK/PUIPIE. .ottt bbbttt b et b bt n et n b s 104
Figure 6.2. A schematic representation of the PtysNios bulk cleaving process by changing the fractional cleave
(017010 RSSO R PSP RV PO PRUPOPPPRO 105
Figure 6.3. A schematic representation of Pty sNigs bulk cleaved into (111) surface terminations by changing the
fractional cleave depth, t0 0.0, 0.5, 1.0, 2.5aN0 2.0. ..ceoveieiiiieeceee e 105
Figure 6.4. A schematic representation of a hydrogen molecule adsorbed onto the a) atop, b) bridge, ¢) hcp hollow
and d) fcc hollow sites for the five surface terminations. ..o 106
Figure 6.5. A schematic representation of an H,O molecule adsorbed onto the top sites at a) ¢sPt*, b) osNi*, ¢)
15PTF AN d) 15N SUMACE. ... e 107
Figure 6.6. Hydrogen adsorption energy (Eags) onto the five (4x4) — 4L surface terminations for fcc adsorption
site, where the surface coverage iS 0.0625 ML. ......c.ooiiiiiiiiiiiieee e e 111
Figure 6.7. Hydrogen adsorption energy (Eags) onto the five (4x4) — 4L surface terminations for hcp adsorption
site, where the surface coverage iS 0.0625 ML.......c.ooiiiiiiiiieiieeee e e 112
Figure 6.8. Hydrogen adsorption energy calculated on the o5(111) surface with increasing surface coverage for
the FCC AASOTPLION SITE. ...ttt bbbt bttt be e bbb ens 113
Figure 6.9. Comparison of the hydrogen adsorption energy with increasing surface coverage for the Pt (111)
Ni (111) and o5 (111) surface termination, for the fcc adsorption Site. .........ccoccvvvieeiievencnic e, 113
Figure 6.10. Visual representation of a) isolated H,O molecule, b) the single water molecule bonded to the metal

surface through the metal to hydrogen (MH) and c) metal to metal (MM) bond lengths. ................ 115

List of figures Page |xii



Figure 6.11. Iso-density contours of the different electron densities for the water adsorbed metal surfaces. The
loss of electrons is indicated in blue, while the red indicates electron enrichment..................ccc.c.... 117
Figure 6.12. Iso-density contours of the difference electron densities for the adsorption of one H,O molecule on

The MIXEA MELAI SUITACES. ... vttt s e e s et e e s s bt e e e s sbb e e e s sabaneesbens 119

Page |xiv List of figures



Declaration

I, Louise Magdalene Botha, declare that the thesis entitled: “Screening of Pt/Ni bimetallic electrocatalysts using
DFT calculations”, submitted in fulfilment of the requirements for the degree Philosophiae Doctor in Chemistry,
is my own original and independent work under the supervision of Prof C.G.C.E. van Sittert and Dr M.J. Ungerer,

except where acknowledged in the text, and has not been submitted in whole or in part to any other tertiary
institution.

Signed at North-West University (Potchefstroom Campus)

Louise Magdalene Botha

Declaration Page |xv


nwuuser
Highlight

nwuuser
Highlight


Page |xvi Declaration



Acknowledgements

Firstly, 1 would like to express my sincere gratitude to my supervisor, Prof Cornelia van Sittert, for the continuous
guidance and encouragement of my PhD study, for her patience, motivation, and immense knowledge. Her
guidance not only helped me to become more than just a researcher, but also to become a better scientist. | could
not have imagined having a better advisor and mentor for my PhD study. Also, | would like to extend my sincere
gratitude towards my assistant supervisor, Dr Marietjie Ungerer. My sincere thanks also go to Prof Nora de Leeuw
and Dr David Santos-Carballal, who provided me with an opportunity to join their team as an exchange student
during my six months visit to Cardiff University in Wales. | would also like to express my sincere gratitude to the
Centre for High-Performance Computing (CHPC) of South Africa and the High-Performance computing Wales
(HPC Wales), who gave me access to their supercomputing facilities. Without their help, it would not have been
possible to conduct this research. Last but not least, | would like to thank my family, my dogs and my parents for

supporting me not only emotionally, but also financially. Without them, | would never have pursued a PhD.

The contents of Chapter 5 of this thesis have been reproduced from Ref. RSC Adv., 2019, 9, 16948-16954 with

permission from the Royal Society of Chemistry.

Acknowledgements Page |xvii



Page |xviii Acknowledgements



Preface

This thesis describes a combined theoretical and computational study executed within the field of material science
and electrocatalyst design. In this thesis, alternative electrode materials for the water-splitting reaction were
investigated. The investigation was not limited to existing electrode materials, but also towards the construction
of new bimetallic electrode materials, consisting of Pt and Ni. Therefore, this study focussed on elucidating the
effectiveness of Pt/Ni bimetallic surfaces as alternative electrocatalysts through several surface and electronic

property investigations.

The thesis was submitted in Chapter format, in accordance with the rules stated in the General Academic Rules
(2019) for doctoral studies by the North-West University (NWU)?, and is written in British English. The articles,
derived from the results generated in this study, were submitted/published as research articles to/in scientific
journals and only one article which was published is included in the supplementary information in this thesis.
Overall, this thesis is presented as a unit, as required by the General Academic Rules (2019) and repetition of

conclusions/text/tables or figures may occur throughout the thesis including the content of published articles.

The thesis is a compilation of several chapters, graphically outlined in Figure P.1.

Part 1: Prologue to study
Chapter 1: Introduction
e  Background and rational.
e  Problem statement.
e Aim and objectives of the study.
e  Methodology of the study.
Chapter 2: Literature study
e Introduction.
e  Electrochemical devices.
e  Electrocatalyst and computational background.
Chapter 3: Model development and validation using pure Pt and Ni
e Introduction.
e  Computational model.
e  Results and discussions.

Part 2: Pt/Ni bimetallic systems
Chapter 4: Construction of PtoxNioy surface slabs using a random manual technique
e Introduction.
e  Computational model.
e  Results and discussions. (Draft article 1)
Chapter 5: Developing a thermodynamically stable Pt/Ni bimetal
e Introduction.
e  Computational model.
e  Results and discussions. (Published article and draft article 2)

Part 3: Epilogue — Application of bimetallic (111) surfaces.
Chapter 6: Water adsorption onto the most stable PtosNios surface
e Introduction.
e  Computational model.
e  Results and discussions. (Draft article 3)
Chapter 7: Conclusion and future work

Figure P.1. Compilation of the thesis and articles.
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As outlined in Figure P.1, the thesis is divided into four Parts. The first part serves as an introduction to the field
of research and consists of three chapters. Chapter 1 is the introduction Chapter to the thesis and contains the
background and rational, the problem statement, the aim, the objectives and the methodology of the study. The
next Chapter, Chapter 2, covers the electrochemistry theory and related computational models in the form of a
comprehensive literature study. This literature chapter is followed by the model development, Chapter 3, where
existing computational models were adapted to aid in the investigation of Pt/Ni systems. The k-point grids where
the energy was the lowest, were obtained for the Pt and Ni bulk structures, as well as the Pt (111) and Ni (111)
slabs, by varying the k-points to obtain the lowest energy for these systems. Lattice parameters for the Pt and Ni
bulk structures were calculated with the adapted computational model and compared to literature values.
Additionally, surface energies and work functions of the Pt (111) and Ni (111) metal surfaces as well as the
adsorption energies for hydrogen on these surfaces, were investigated to validate the computational model. After
the computational model was validated, the model was applied to all surface calculations throughout the remainder
of the thesis.

The next Part of this thesis, namely Part 2, covers the concept of bimetallic systems. It consists of investigating
the two types of construction techniques used to create the Pt/Ni bimetallic surfaces in this study. The first
technique investigated was the random manual technique, described in Chapter 4. In this technique, a bimetallic
surface was constructed from a pre-existing Pt (111) surface by manually and randomly substituting 25 %, 50 %
and 75 % of the Pt atoms with Ni atoms. In this Chapter, hydrogen adsorption investigations were carried out to
investigate the tune-ability of the bimetallic surfaces in terms of the ensemble and ligand effects. The second
technique, an automated systematic technique, is described in Chapter 5. In this technique, a Pt/Ni bimetallic unit
cell was constructed by using a computer program, namely the site occupancy disorder (SOD) program. This
computer program, SOD, automatically creates and calculates all the possible configurations for a specified unit
cell size (bulk structures), consisting of predefined ratios of Pt and Ni atoms. The most favourable ratio was
obtained using thermodynamic calculations. Thereafter, the total number of calculated Pt/Ni bulk structures
configurations (153 configurations) for the most favourable ratio (PtosNios) were narrowed down to three
configurations using Boltzmann-modulation at 300 K. PtysNigs (111) surfaces were constructed from the
thermodynamically most stable bulk structure configuration. To conclude this chapter, hydrogen adsorption
investigations were conducted on the Pt/Ni bimetallic surfaces. Notably, some of the results obtained from
Chapter 5 have been published as an article in RCS Advances?, while three more articles are pending submission
for end 2021.

Part 3 of the thesis consists of the preliminary adsorption study of PtosNigs bimetallic (111) surfaces. This part
covers the content in Chapter 6. In this part, the first steps are taken in applying the thermodynamic stable
bimetallic surface, obtained in Chapter 5, to investigate Pt/Ni bimetallic surfaces as potential electrocatalysts for
either the OER or ORR. This application is done by absorbing a single water molecule (H,O) onto the
thermodynamic stable bimetallic surface. The ability of the bimetal surfaces to adsorb a single water molecule,
and the behaviour of the water molecule on the metal surface, were investigated and compared to the performance
of Pt (111) and Ni (111) surfaces. A manuscript on the results obtained in this chapter are being finalised for

submission to a peer-reviewed journal, namely RCS Advances.
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The conclusions reached in Chapters 4-6 are summarised and an evaluation of the study is presented in

Chapter 7. Additionally, a section of Chapter 7 discusses the possibility of conducting future studies where the
investigation was beyond the scope of this study.

1. NWU, North-West University: General Academic Rules,
http://www.nwu.ac.za/gov_man/policy/index.html, (accessed 20 May 2020, 2020).
2. L. M. Botha, D. Santos-Carballal, U. Terranova, M. G. Quesne, M. J. Ungerer, C. G. C. E. van Sittert

and N. H. de Leeuw, RSC Advances, 2019, 9, 16948-16954.
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Summary

Clean, renewable energy could be produced from the electrocatalytic splitting and recombination of water in
electrolysers and fuel cells, called electrochemical devices. However, the development of these electrochemical
devices is limited by the oxygen evolution reaction (OER) and oxygen reduction reaction (ORR). These reactions
require an overpotential of 1.23 V, leading to slow reaction kinetics. The overpotential could be lowered and the
reaction Kinetics improved by using electrocatalysts and using acidic electrolytes. In the case of electrocatalysts,
the electrode materials that could be used are limited. It is limited even further if an acidic media is used because

acidic media destabilises electrode materials by dissolution/corrosion.

In previous studies, precious metal electrodes, amongst others, have shown catalytic activity towards the OER
and ORR. Of these precious metal electrodes, platinum (Pt) is the most used commercial electrocatalyst. However,
Pt is only catalytically active for the ORR but not for the OER. Additionally, Pt is a rare, expensive resource that
is not stable in acidic media. For these reasons, various studies have been conducted to identify an alternative

cost-effective and stable electrocatalyst for the OER and ORR.

One possibility that has shown potential is the development of bimetallic surfaces since the activity, selectivity
and stability (also called lifetime) of a metal, such as Pt, could be fine-tuned through the addition of a secondary
metal. In this study, nickel (Ni) was chosen as the secondary metal because Ni-based electrodes showed excellent

performance towards the OER.

However, before the Pt/Ni bimetallic surfaces could be investigated as potential electrocatalysts for the OER and
ORR, a computational model had to be developed. Pure Pt and Ni unit cells were used to develop the
computational model by adapting existing density functional theory (DFT) models for Pt and Ni. The adapted
computational model was validated by comparing the structural and electronic properties of the pure Pt and Ni
unit cells with literature values. Slab systems with (111) surfaces were created for Pt and Ni. Further validation
of the adapted computational model was done by comparing the structural and electronic properties of Pt (111)

and Ni (111) slabs to literature values.

The next step in this study was to construct Pt/Ni bimetallic systems. Two techniques for the construction of Pt/Ni

bimetallic systems, namely a random manual and an automated systematic technique, were employed.

The random manual technique is a simplistic technique that involves the manual substitution of Pt atoms with Ni
atoms in a pre-existing Pt (111) surface constructed from optimised pure Pt bulk structures. Using the manual
substitution technique, the ensemble and the ligand effect were investigated separately. Moreover, hydrogen
adsorption investigations were performed on these bimetallic surfaces. The results obtained for these
investigations showed that the adsorption ability of a bimetallic surface could be fine-tuned by using either the
ligand or the ensemble effects. However, this random manual is not sufficient to investigate all inequivalent

configurations and is not scientific reproducible.
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In contrast, the automated systematic technique is a more scientific reproducible technique that uses a computer
program, SOD, to create all possible inequivalent configurations for a selected size of the Pt/Ni bulk structures.
In addition, SOD allowed the user to obtain thermodynamic data, which was used to calculate thermodynamic
properties such as the full-disorder entropy, mixing enthalpy and a probability distribution. These thermodynamic
properties were used to narrow down the possible inequivalent configurations, and to obtain the optimal Pt/Ni
ratio and Pt/Ni atomic arrangement for a bimetallic bulk structure. A Pt/Ni bimetallic surface was constructed
from the optimal Pt/Ni ratio and Pt/Ni atomic arrangement bulk structures obtained from the automated systematic

technique.

Finally, the reactivity of the Pt/Ni bimetallic surfaces, constructed with the random manual technique and the
automated systematic technique, were investigated. The surface and electronic properties, namely the surface
energy, work function, d-band centre, binding energy and the adsorption energy which was obtained by the
adsorption of an elementary hydrogen on the Pt/Ni bimetallic slab surfaces. From the comparison of the results
obtained for the Pt/Ni bimetallic bulk structures and surface systems, constructed by the two techniques, it was
obvious that the automated systematic technique gave more consisted results. The reason being that the surface
slabs created using the random manual technique resulted in an uncertainty of the configuration stability, which
was observed from the varying surface reactivity results for each of the adsorption sites. However, the results
obtained using the automated systematic technique concluded that a bimetallic bulk structures consisting of a
PtosNios mixture was stable and exhibited favourable magnetic properties, which is a contributing factor towards
the reactivity of the surface. In addition, the d-band centre of the Pt/Ni bimetallic surface, constructed from the
PtosNigs bulk structures, shifted towards the Fermi level. This shift indicated an increase in the hydrogen binding
energy (HBE). The HBE exhibited by the Pt/Ni (111) bimetallic surface was higher than the HBE obtained for
the Pt (111) surface, but weaker than the HBE for the Ni (111) surface. This HBE indicated that the surface

reactivity of the Pt surface was successfully modified by the addition of Ni.

Lastly, the adsorption of a single H,O molecule on the bimetallic surfaces constructed from the PtysNios bulk
structures was investigated. From the H,O adsorption results it could be concluded that these bimetallic surface
slabs could be potential electrocatalysts for either the OER or ORR, since cleavage of the water molecule occurs
on the surface.

Although experimental data is needed to support the results in this thesis, the conclusion is that Pt/Ni bimetallic

surfaces are the future for the water splitting reactions.

Keywords: Oxygen evolution reaction, Oxygen reduction reaction, Electrocatalysts, Bimetallic catalysts,

Hydrogen adsorption

Page |xxx Summary



PART 1

Prologue to study

Part 1 Page |Xxxxi



Page |xxxii Part 1



]l Introduction

This chapter provides a general overview of the importance of electrochemical devices, such as electrolysers and

fuel cells. Electrochemical devices are used to convert chemical energy, obtained from bond breaking
(electrolysers) or bond formation (fuel cell) reactions, into electrical energy. In the case of water electrolysis,
these electrochemical devices could be viewed as a battery which can provide sustainable energy by repeatedly
splitting water into hydrogen and oxygen followed by the formation of water from hydrogen and oxygen. However,
the development of these electrochemical devices is hindered by the overpotential required for some of the half-
reactions taking place during the splitting and formation of water. The overpotential is indirectly influenced by
the type of material used for the electrocatalyst in these devices. Hence, in this chapter, the overpotential
hindrances of these electrochemical devices are outlined by the problem statement. The desired outcome of this

study is stated in the aim and objectives, along with the methodology which was applied to achieve the outcome.

1.1. Background and FatiONAL ...........cuoiiiiiiiie bbb bbbt n b e b nreene s 3
1.2, ProBIEM STAIEMENT . .......i ettt bbbttt bbbt bt bt a e s b e s b e b e s beeb e e beeb e e s e e e e besbesbenbeeneas 4
IR T AN T 1o 1 ) (1o Y2 SRS 5
1.4, ODJECtIVES OF the STUAY ....ecvriieiicie ettt et e e e e et e s aesteareeseesee e e besresrenreaneas 5
1.5. Methodology OF the STUY ......c.eiiiiiie bbbt b et nae s 6
IR GT (=] (=T Tt PSSR 7
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1.1. Background and rational

One of the biggest concerns today is climate change. Climate change is a result of increased fossil fuel usage due
to population growth and the increasing demand for electrical energy for transport, industry and electricity. It is
of utmost importance to decrease the usage of fossil fuel and as a result decrease the amount of greenhouse gasses
produced. These greenhouse gasses are released into the atmosphere, preventing solar heat from escaping through

the earth’s atmosphere. The increased solar heat leads to global warming, which leads to climate change.

To address the ever-increasing demand for electrical energy but decrease the usage of fossil fuels, the development
of affordable, clean and renewable energy sources and technology (mechanical or electrochemical devices) have
become crucial in recent years.:® Examples of renewable energy sources are the sun, wind, water and hydrogen.
All these renewable energy sources need some sort of technology to convert the energy to electrical energy. Solar
panels are used to convert the energy from the sun, whereas turbines are used to convert the energy generated
from wind and water resources. In the case of hydrogen as a resource, electrochemical devices, such as
electrolysers and fuel cells are used.®12 Of the above mentioned renewable energy sources, hydrogen is the energy
source that excels in the storage and discharge rate of energy.*® ** However, hydrogen does not occur naturally
and has to be obtained from the catalytic splitting of water into hydrogen and oxygen, as shown in equation
(1-1).

H.0 (1) —  H2(g)+%02(g) =123V (1-1)

The electrochemical splitting of water takes place in electrolysers. In the electrolysers, the water-splitting involves
two half-reactions, namely the oxygen evolution reaction (OER)% 7 and the hydrogen evolution reaction (HER).
The OER, shown in equation (1-2), is the oxidation which occurs at the anode and the HER, shown in equation

(1-3), is the reduction process which occurs at the cathode.

U%=-1.23 V vs RHE

H.0 —  2H"+2e+%0; (reversible hydrogen (1-2)
electrode)
2H* + 2¢ — H U%=0V vs RHE (1-3)

On the other hand, the reformation of water (reverse reaction of equation (1-1)) takes place in fuel cells, where
the fuel is hydrogen and the oxidising agent is oxygen. In these fuel cells, the water reformation involves the
reverse half-cell reactions used in electrolysers, namely the hydrogen oxidation reaction (HOR) at the anode (1-4)

and the oxygen reduction reaction (ORR) at the cathode (1-5).%8 1

Hs - 2H +2e U°=0V vs RHE (1-4)

4H" +4e + O, — 2H>0 U%=1.23 Vvs RHE (1-5)

As could be seen above, an overpotential (U°) of 1.23 V vs RHE is required for the OER and ORR to occur.?0-2

This overpotential leads to slow reaction kinetics, which hinders the development of electrolysers and ultimately
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fuel cells.?*-22 The overpotential can be lowered with an appropriate electrocatalyst.® 23-2> However, the choice of
electrocatalyst is influenced by the pH of the electrolyte (medium) in which the OER and ORR take place.?* %

1.2. Problem statement

In acidic media, the OER and ORR occur faster than in alkaline media.?” In an attempt to lower the overpotentials
required by the OER and the ORR in acidic media, mainly precious metals have been used as electrocatalysts.?®
Hence, the overpotential trend for the OER in acidic media with precious metal electrocatalysts is ruthenium
(Ru) < iridium (Ir) < palladium (Pd) < rhodium (Rh) < platinum (Pt), while the reverse trend is observed for the
ORR.> 2.2 Based on this trend, Pt-based electrocatalysts are used in ORR due to the excellent performance of
these electrocatalysts towards the ORR. %5 28.30-3¢ A alternative to precious metal electrocatalysts are precious
metal oxides.?® % For example, the benchmark electrocatalysts for the OER consists of precious metal oxides,
IrO, and RuQ,, which are highly reactive due to their high current density. 2% 36 However, although lower
overpotentials are exhibited by these benchmark electrocatalysts, they cannot be used on a large scale due to their
high cost, low natural abundance and their instability in acidic and alkaline solutions.'® 2036 At present, the OER
and the ORR cannot be used on a commercial or industrial scale due to the high cost and instability in acidic and

alkaline solutions of the available electrocatalysts.

As aresult, numerous investigations have been conducted on various electrocatalysts'® 7-% to obtain an alternative
cost-effective and stable electrocatalyst for the OER and ORR. Some of the alternative electrocatalysts that have
been investigated are non-precious (transition) metal oxides'® ¥7-% and bimetallic surfaces containing less Pt and

a secondary metal 8 253941

Although transition metal oxides have long term corrosion resistance in alkaline solutions,?* since most metal
oxides and hydroxides are chemically stable at high pH, the number of transition metal oxides resistant to the
oxidative potentials in acidic conditions are scarce.*? In the case of bimetallic surfaces, the activity, selectivity and
lifetimes of a metal, such as Pt, could be fine-tuned through the addition of a secondary metal.>"-“* One example
of a bimetallic electrocatalyst is nanoparticles consisting of a combination of Pt and Ni.® >4 A record low
overpotential of 0.69 V was obtained for the ORR with these Pt/Ni nanoparticles.® 1% 44 Additionally, Ni-based
electrocatalysts have shown excellent performance towards the OER.% %8 45 Therefore, electrodes consisting of a

combination of Pt and Ni, could be a possible bifunctional electrocatalyst for the OER and ORR.

In order to investigate combinations of Pt and Ni as electrocatalysts, the following research questions have been

formulated:

e Could a computational model be developed to deliver calculated structural and electronic properties that are
comparable with literature values?

e Can a Pt/Ni bimetallic slab be created by the random substitution of Pt atoms with Ni atoms (the random
manual technique)?

e Is this Pt/Ni bimetallic slab, created by the random manual technique, viable for adsorption investigations?

e What is the influence of the ligand and ensemble effects on the reactivity of the Pt/Ni bimetallic slab? And
can these effects be used to fine-tune the Pt/Ni bimetallic slabs?
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How do the surfaces of the abovementioned Pt/Ni bimetallic slabs compare to pure Pt (111) and Ni (111)
surfaces?

Is there a more scientifically repeatable method of constructing Pt/Ni bimetallic slabs?

What are the optimal ratio and atomic arrangement of Pt and Ni in a stable bimetallic bulk structure?

Are the Pt/Ni bimetallic surfaces, constructed from the optimal ratio and the atomic arrangement bimetallic
bulk structures, stable?

Are the abovementioned Pt/Ni bimetallic surfaces viable for adsorption investigations?

How do the abovementioned bimetallic slabs compare to pure Pt (111) and Ni (111) surfaces?

How will the Pt/Ni bimetallic surface fair as an alternative electrocatalyst, for the water splitting reaction, by
using water as an adsorbate?

What further steps need to be investigated to determine the suitability of these Pt/Ni bimetallic slabs for the
OER and ORR reactions?

1.3. Aim of the study

The aim of the study is three-fold, namely:

to use density functional theory (DFT) calculations to identify the most stable ratio of Pt and Ni in a Pt/Ni
bimetallic bulk structure;

to investigate the stability and reactivity of Pt/Ni bimetallic surfaces constructed from the most stable Pt/Ni
bimetallic bulk structures; and

to evaluate the performance of the most outstanding Pt/Ni bimetallic surface as a viable electrocatalyst for
both the OER and ORR reaction.

1.4. Objectives of the study

To reach the stated aim of this study, the following objectives have been formulated:

Review the literature in the areas of electrochemistry and computational modelling in surface science, to
gain an understanding of these fields.

Develop and validate a computational model for surface and electronic investigations of metal surfaces, and
surface reaction investigations on these metal surfaces.

Construct Pt/Ni bimetal bulk structures using two constructions techniques, namely a random manual
technique and an automated systematic technique.

Apply the computational model, developed and validated in objective 2, to investigate surface and electronic
properties of Pt/Ni bimetallic surfaces constructed with the random manual technique.

Use Pt/Ni bimetallic bulk structure constructed with the automated systematic technique to determine the
optimal Pt/Ni ratio and atomic arrangement in the bimetal bulk structures.

Construct Pt/Ni bimetallic surfaces from the abovementioned (optimal) Pt/Ni bimetal bulk structures
obtained from the automated systematic technique.

Apply the computational model, developed and validated in objective 2, to investigate surface and electronic

properties of Pt/Ni bimetallic surfaces constructed with the automated systematic technique.
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e  Compare the Pt/Ni bimetallic surfaces, constructed with the random manual technique and the automated
systematic techniques, to identify the best construction technique.
e Investigate surface reactivity, as an alternative electrocatalyst for both the OER and ORR, through an

examination of the performance of the surfaces toward hydrogen and water adsorptions.
1.5. Methodology of the study

In pursue of the investigation of Pt/Ni bimetallic surfaces as alternative electrocatalysts for both the OER and
ORR, density functional theory (DFT) calculations were employed. DFT calculations are essential in the
description of the chemical bond formation between a surface and a molecule. This bond formation is related to
the magnetic states and d-band centres of transition metals, which in turn is an indication of the reactivity of the

transition metals.

In this study the investigation consists of two distinct parts, namely the development and validation of a DFT

model to be used in Pt/Ni systems: and the application of the validated DFT model to Pt/Ni bimetallic systems.

In the first part, pure Pt and Ni were used to develop a computational model by adapting existing DFT models.*:
47 The adapted computational model was validated by comparing structural and electronic properties, of the Pt
and Ni metal unit cells, with literature values. Furthermore, surface slabs along the (111) Miller index were
constructed from the Pt and Ni bulk structures, which were validated through the comparison of structural and
electronic properties to literature values for Pt (111) and Ni (111) slabs. Moreover, the (111) surface was used in

this study since it is known to be the most stable and dominant surface in nanoparticles of fcc metals.

The principal research technique employed in the adapted computational model were the Cambridge serial total
energy package (CASTEP)* module, which is part of the BIOVIA Materials Studio software package.*® The
generalised gradient approximation (GGA) functional developed by Perdew, Burke, and Ernzernhof (PBE)%® 5
and the Koelling-Hamon relativistic treatment were used.> A computational cost effective geometric optimisation
algorithm, two-point steepest descent (TPSD),%® was used. The interaction between the core and valence electrons
was described using Ultrasoft pseudopotentials (USP),5* 5 while an energy cut-off of 400 eV and a smearing
value of 0.2 eV were used. A Monkhorst-Pack grid® of 11x11x11 k-points was used to carry out the integrations
in the reciprocal space of the metal bulk structures, while a Monkhorst-Pack grid> of 5x5x1 k-points was used
for the surface slabs. Notably, the zero-point energy is already incorporated in the results obtained with CASTEP

and will not be mentioned throughout this study.

In the second part of this study, two construction techniques were used to create Pt/Ni bimetallic bulk structures,

namely the random manual technique and the automated systematic technique.

The bimetallic surfaces constructed, using the random manual technique, consists of random Ni atom substitutions
into an optimised Pt (111) slab. In other words, the construction of the (1:1) bimetallic Pt/Ni slab consists of
substituting 25 %, 50 % and 75 % of the Pt atoms with Ni atoms in a (3x3)-4L Pt (111) surface slab. Notably, in
this technique a Pt/Ni bulk structures was not constructed, nor was the bimetallic surface cut from a Pt/Ni bulk

structures. The reason for not constructing a Pt/Ni bulk structures was to regulate the placement of Ni atoms in

Page |6 1.5. Methodology of the study



the top layer of the bimetallic slab to separately investigate the ensemble and ligand effects. In order to investigate
the ensemble effect, the environment surrounding the adsorption site must be varied. Therefore, the atoms
surrounding the adsorption site was varied for only the first layer while the rest of the substitutions in the sublayers
(layers 2-4) were held constant for all the surfaces investigated. As a result, the tune-ability of bimetallic surfaces
will be studied to determine if it is possible. These bimetallic surfaces were optimised using the validated

computational model based on CASTEP, developed in the first part.

On the other hand, the automated systematic technique used a more scientific and repeatable approach to create
the Pt/Ni bimetallic bulk structures bulk arrangements. It also enabled the identification of the optimal Pt/Ni ratio
in the bimetallic bulk structures. The automated systematic technique consisted of using a computer program,
SOD, to calculate all the possible configurations for a Pt/Ni bimetallic unit cell (bulk structures) for a wide range
of Pt/Ni ratios with 0% Ni, 25% Ni, 50% Ni, 75% Ni and 100% Ni. Thereafter, thermodynamic calculations, such
as the full-disorder entropy, mixing enthalpy and a probability distribution, were calculated with the Vienna Ab
initio Software Package (VASP)®"-%° or the general utility lattice program (GULP)®* 82, depending on the size of
the bulk structures. These thermodynamic properties were used to determine the most stable ratio and
configuration for a Pt/Ni bimetallic bulk structure. The most thermodynamically stable configuration for a Pt/Ni
bimetallic bulk structures was used to construct (111) bimetallic surfaces. The Pt/Ni bimetallic bulk structures and

surfaces were optimised using the validated DFT model.

The random manual and automated systematic techniques were compared by investigating the surface reactivity
of the Pt/Ni bimetallic slabs, constructed by these techniques. The surface reactivity was investigated through the
adsorption of elementary hydrogen. The surface reactivity could be determined by investigating the surface and
electronic properties of the surface involved in the adsorption of elementary hydrogen. The surface and electronic
properties calculated for the Pt/Ni bimetallic slabs were the surface energy, work function, d-band centre, binding
energy and the adsorption energy. The systematic technique was identified, from these adsorption investigations,
as the best construction technique.

The first step towards determining the suitability of these Pt/Ni bimetallic slabs, as electrocatalysts for the OER
and ORR reactions, was taken by investigating the adsorption of a single H,O molecule onto a Pt/Ni bimetallic
surface.

All the CASTEP calculations were carried out using the facilities at the Centre for High-Performance Computing
(CHPC) of South Africa.5"-6% 63 While, the GULP, and a small amount of VASP calculations, were carried out
using the facilities of the High-performance computing Wales (HPC Wales).5*
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2 Literature study

The objective of this Chapter is to review the literature in the areas of electrochemistry and computational

modelling in surface science to gain an understanding in these fields.
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2.1. Introduction

Global warming and climate change, due to pollution by fossil fuels, are the result of the ever-increasing demand
for electrical energy. In order to keep up with the increasing demand for electrical energy, clean and renewable
energy sources are needed.! To this end, technologies such as fuel cells, water-splitting technology including
proton exchange membranes (PEM)? and photoelectrochemical (PEC) devices®, as well as metal-air batteries and
CO; to fuel conversion,* are the forerunners in achieving renewable energy. However, due to the high energy
density and storage capacity of hydrogen, interest regarding the production of hydrogen as a renewable energy
source has increased.® > To produce and use hydrogen as a renewable energy source, electrochemical devices
such as electrolysers and fuel cells are needed.® 7 In the electrolysers water is split into hydrogen and oxygen, and

in fuel cells hydrogen and oxygen are combined to form water.

2.2. Electrochemical devices

As mentioned previously, electrochemical devices are electrolysers and fuel cells, as shown in Figure 2.1.

Current
Anode e athode
Hp—m i \ -“—O»
el I Y -
C
HT
Hp C C .&
L.
L=
3 Electrolyte Excess H)<— | IElectrolyte —>»H70 + 02
@ (b)

Figure 2.1. Illustration of a) an electrolyser and b) a fuel cell.

The core of the working of electrolysers and fuel cells are a series of electrochemical processes, shown in
Table 2.1. The electrochemical splitting of water in an electrolyser, Figure 2.1 (a), involves two half-cell redox
reactions, namely, the oxidation process at the anode (2-1) known as the oxidation evolution reaction (OER), and
the reduction process at the cathode (2-2) known as the hydrogen evolution reaction (HER).2%° 11 The formation
of water in the hydrogen-oxygen fuel cell, Figure 2.1 (b), involves the hydrogen oxidation reaction (HOR) at the
anode (2-3) and the electrocatalytic oxygen reduction reaction (ORR) at the cathode (2-4).*?

Table 2.1. Catalytic half-cell reactions used in electrolysers (OER/HER) and fuel cells (HOR/ORR).

Anode Cathode
OER 2H,O = A4H"+ 0, +4e (2-1) | HER 2H* + 2¢ =2 H, (2-2)
HOR H, =2 2H'+2¢ (2-3) | ORR 4H*+ 0O, + 4e 2 2H,0 (2-4)
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2.2.1. Water splitting reaction (Electrolysers)

As mentioned above, the electrocatalytic splitting of water is divided into two half-cell redox reactions: the

oxidation process (OER) at the anode, and the reduction process at the cathode (HER).
2.2.1.1. Oxygen evolution reaction (OER)

The OER electrolysis is an important half-reaction involved in water splitting, and have been intensively
investigated, both theoretically'® 1 and experimentally.*%18 Due to sluggish reaction kinetics, a catalyst is required
to accelerate the reaction, which primarily depends on the nature of the electrode material and the electrolyte.1%23
Moreover, the type of electrocatalysts and the efficiency of this electrocatalyst” 4 2* are limited by the large

overpotential of 1.23 eV required for the reaction to occur.?®%

The mechanism for the OER is shown in Table 2.2 for acidic and alkaline solutions. Molecular oxygen is produced

at the anode during the electrolysis of water for acidic (2-5)?° or alkaline (2-6) solutions.® 0.2

Table 2.2. The OER mechanism in acidic and alkaline solutions.® 1020

2H,0 = O, + 4H," + 4e [acidic/ pH 0)] (2-5)
(2-6)

40H-

I

0, + 2H,0 + 4e [alkaline/ pH 14]

In acidic solutions, hydrogen and oxygen molecules are produced from the oxidation of water molecules. This
production of hydrogen and oxygen molecules is accompanied by the loss of electrons, as shown in Table 2.3.2%
% In the equations adsorption on the surface of a catalyst is indicated as ags. In the OER mechanism, the water
dissociates on the surface and binds with the metal surface to form metal oxides, which then forms surface bonded
hydroxyl species (2-7). These surface-bound species are then further oxidised to form adsorbed oxygen (2-8).

Thereafter, a superoxide intermediate (2-9) is formed, which is a precursor to oxygen evolution (2-10).

Table 2.3. The OER mechanism in acidic solutions.? 2

2H,0 — H;O+OHus+H'+e 2-7)

H,0 + OH,gs + H + € —  Hy0 + Oygs + 2H" + 2¢° (2-8)
H,0 + Ougs + 2H™ + 26 —  OOH. + 3H" + 3¢ (2-9)
OOHus+3H" +3¢  — Oy +4H" +4¢ (2-10)

However, the OER in acidic solutions is limited by the type of material that could be used as the catalyst, since
the number of non-precious metal oxides which are resistant to the oxidative potentials in acidic solutions is
scarce.?” However, these metal oxides have a long term corrosion resistance in alkaline solutions,?® since most

metal oxides and hydroxides are chemically stable in alkaline solutions.

In alkaline solutions, oxygen and water are produced from the oxidation of the hydroxyl groups. This production

of water and oxygen is accompanied by the loss of four electrons, as shown in Table 2.4.1% 2 The OH groups
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adsorb onto the surface (2-11), which are then oxidised to form adsorbed oxygen (2-12). Thereafter, a superoxide
intermediate (2-13) is formed from which oxygen is produced (2-14).

Table 2.4. The OER mechanism in alkaline solutions.!t 26

40H° —  OHu+30H +e (2-11)
OHus +30H +& — Oy + HoO + 20H" +2¢° (2-12)

Ous + HO+20H +2¢¢  —  HOOuq + HyO + OH" + 3¢ (2-13)
HOOu + HoO + OH + 3¢ — O, +2H,0 +4e" (2-14)

Although the OER reaction will occur faster in the acidic solution than in the alkaline solutions,?® the OER is still
sluggish. To explain this, a schematic representation of the OER mechanism in an acidic electrolyte is described
in terms of the Gibbs free energy, in the next section.

2.2.1.1.1. Gihbs free energy for the OER

The Gibbs free energy plot of the reactive species and the intermediates of the OER mechanism is shown in
Figure 2.2, where the adsorbed intermediates are represented by Oads, OHags and OOHags,

Oy + 407" + 4¢”

AGyq
OOHgags + 3HT + 3¢7

H20 + Opgs + 2H' + 267 AGsl
2 ads S R AG
Ho0 + OHpgs + H +e AG2 1
E 2H70 o I

HyO — = 0o +4H " + 4¢”
Figure 2.2. Schematic representation for the OER mechanism in an acidic electrolyte. In each step, a proton-

electron pair is subtracted from the reactants so that water molecules are subsequently transformed
intO HOads, Oads, HOOadS aﬂd 02.

A function of the applied electrode potential for the reaction is represented by the blue line. The reaction energy
of these steps shown in Figure 2.2, can be expressed in terms of the Gibbs free energies (AG, eV) of the
intermediates (Oags, HOags and HOO,gs), as shown in Table 2.5.2° The Gibbs free energy is the energy obtained by
subtracting the energies of the products from the reagents. In Table 2.5, the Gibbs free energies of the steps are
expressed in terms of the activity of the proton (aw+ (an+ =1)) shift in the electron energy (V), the applied
overpotential (eU), the Boltzmann constant (Ky, eV/K) and the temperature (T, 298.15 K).13 14
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Table 2.5. Gibbs free energy for each intermediate for the OER.7: 13 14, 26,30

AG: AGHo ads — AGrzo — €U + KpT In e (2-15)
1.23 eV
AGs AGo ads — AGHo ads — €U + KpT In ay. (2-16)
2.46 eV
AGs AGHo0 ags — AGo ads — AGrzo — U + KpT In an+ (2-17)
3.69 eV
AGy AGo2 — AGHoo ags — €U + KpT In ap+ (2-18)
AGORR Max [AG1, AGs] (2-19)
Max [AGy, (3.2 V — AG3)]
AGORR Max [AGy1, AGd] (2-20)

The value of AGwzo is zero since all the energies refer to water.” 2 The thermodynamically least favourable

reaction step is known as the potential-determining step (2-19). This potential-determining step can either be
where HOqqs is formed from Oags (AGy) or the transformation of Oags to HOOxgs (AGs) for the OER, which will be
discussed in detail in section §2.3.1, using a volcano plot.”

2.2.1.2. Hydrogen evolution reaction (HER)

The HER reaction is kinetically favourable, as shown by the E%, ;. = 0 V (equilibrium potential) vs RHE.2 The

HER is a two-electron transfer reaction with one catalytic intermediate, namely Hags, Which is an adsorbed

hydrogen on the surface of the catalyst.?® The two-electron transfer reactions, such as HER, tend to have low

overpotentials which can be easily reduced, and are discussed in detail later in the overpotential section (§2.3.2).”

22 The HER mechanism, under acidic conditions, consists of a combination of the Volmer (2-21), Heyrovsky (2-
22) and Tafel (2-23) steps, as shown in Table 2.6.

Table 2.6. HER mechanism, under acidic conditions, following the Volmer, Heyrovsky and Tafel steps.3-32

2H* + 2¢ = Haas + H' + & (2-21)
Hads +H" +¢e = H2 (2-22)
2Hads = H> (2-23)

The reaction pathway either follows the 2-electron Volmer-Heyrovsky sequence (2-213! and 2-22%) or the

Volmer-Tafel sequence (2-21% and 2-23%2) depending on the electrode material.

2.2.2.1.2. Gibbs free energy for the HER

Since the HER is not the main focus of this study, it is only briefly discussed in terms of the free energy, as shown

in Figure 2.3.
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+
Hads +H +e AG

2H" +2e=—>Hp
Figure 2.3. A schematic representation for the HER. In each step, a proton-electron pair is subtracted from the

reactants so that water molecules are subsequently transformed into H,.

The free energy is constructed as a function of the applied electrode potentials (E) and represented as a red line.
In Figure 2.3, AG; and AG; express the elementary Gibbs reaction energies for the equations while the adsorbed
intermediate is represented by Hags. Since the HER is a simple reaction, only the adsorption free energy (AGn) is

needed to investigate the activity of this reaction.! 2

2.2.2. Water formation reaction (Fuel cells)

As mentioned previously, the water-forming reaction is divided into two half-cell redox reactions, namely, the

oxidation process, i.e. HOR, at the anode and the reduction process at the cathode, i.e. ORR.

2.2.2.1. Oxygen reduction reaction (ORR)

Unlike with the HOR, the ORR is kinetically slow and requires an electrocatalyst. The electrocatalyst material
that can be used is hindered by an overpotential of 1.23 eV vs RHE, which is required for the reaction to occur.??
28 Moreover, the ORR reaction is also influenced by the electrolyte used, for instance, it was found that this
reaction occurs faster under acidic conditions than under alkaline conditions.?> 2 The ORR and the OER

mechanisms are similar, but in the reversed directions. The OER mechanism was discussed in detail in §2.2.1.1.

The ORR is a multi-step mechanism (as shown in Table 2.7) where the transfer of a proton-electron occurs to
form a surface-adsorbed superoxide intermediate (2-24). Thereafter, a precursor (OOH 44s) occurs from an O-O

bond break, as shown in (2-25). Finally, water is produced from (2-26) the reduction of a surface bonded HO ;.

Table 2.7. The ORR mechanism in acidic and alkaline solutions.?* 28

0, +H'+¢ = HOO ags (2-24)

HOO ads + H+ + e- \_—\ 2OH ads (2-25)

H.O (2-26)

HO ads + H+ +e

2

Since the Gibbs energies are similar for the ORR and the OER, the Gibbs energies, described in Table 2.5, can
also be used for the ORR. Since the adsorption energies of Oags, HOas and HOO4gs are scalable with one another,

a linear combination of these equations is used to determine the potential-determining steps.” Therefore, the ORR
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has one potential-determining step for the AGORR (2-20), expressed as either -AG; or -AG4 which is discussed in

detail in the next section, §2.3.1, namely volcano plots.
2.2.2.2. Hydrogen oxidation reaction (HOR)

The HOR half-reaction occurs with direct association and is a kinetically favoured reaction with an equilibrium
potential (U°) of 0 V vs RHE (reversible hydrogen electrode).?® The overall HOR in an alkaline media is described
in equation (2-27).3* However, the detailed mechanism of the HOR is not discussed here, since it also follows the

reversed pathway as the HER, which was discussed under the water-splitting reaction.

H, +20H —  2H,0 + 2¢ (2-27)

2.2.3. Summary

Future development of electrochemical devices is hindered by the large overpotential, 1.23 eV, required for the
OER/ORR to occur. To overcome this hurdle, various studies were conducted in the field of electrocatalysts for
the water-splitting reactions.®1° ¢ Qverall, the catalytic performance of the ORR and OER can be calculated

from the magnitude of the potential determining step, GORR (2-20) and GOFR (2-19), respectively.
2.3. Electrocatalysts

Numerous studies have been conducted on transition metal oxides,** 27 % perovskites,® tri-metal alloys®®, bimetal
alloys?! and doped’ materials to search for alternative OER/ORR electrocatalysts. The ideal electrocatalyst for the
OER/ORR should be highly durable, have a low-cost, be high-earth abundant and be catalytically active. The

catalytic activity of electrocatalysts could be characterised through overpotential.*7-3

The overpotential (1)) is the added potential needed to drive an electrochemical reaction at a certain rate. The
calculation of the overpotential is shown in (2-28), where E is the electrode potential at equilibrium (no net flow
or current) and £ is the electrode potential when a current is drawn from the cell.®® Hence the overpotential for
an electrode is the difference between the electrode potential and the equilibrium potential.*> 4* The theoretical
overpotential at standard conditions for the OER and the ORR is shown in (2-29) and (2-30).1*

Table 2.8. Overpotential (n) for the OER (n°FR) and the ORR (n°RR),14 40. 41

n - E_E (2-28)
O = (GOR)_123ev (2-29)
nORR = 1.23 eV — (GORR) (2-30)

2.3.1. Ideal electrocatalyst

An ideal electrocatalyst, according to the Sabatier principle,*? should have medium bond strengths and bind the
reaction intermediates not too weakly or too strongly. Hence, if a catalyst can be fine-tuned, then the strength of

the adsorption of the reaction intermediates can be changed so that the reaction kinetics can be increased and a
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minimum overall free energy can be obtained.*® Overall, an ideal electrocatalyst for the OER and ORR should be
able to facilitate the water oxidation just above the equilibrium potential (1.23 eV).1* This means for an ideal
electrocatalyst, the free energy of the reaction intermediates, the reactant and the product, must have the same

energy level. An example of an ideal catalyst is represented in Figure 2.4.

4 .
} Oy + 4t aed

OOHds + 3H" + 3¢

H20 + Ogds + 20T + 2¢7
AG

H0 + OHgpgs + HT +e”

o202 U=1.23

HoO — >0 +4H " + de”
Figure 2.4. An ideal catalyst for the OER reaction at zero potential (U = 0) and at the equilibrium potential (U =

1.23eV).

An ideal catalyst is when the difference in energy between the free energy steps is 2.46 eV.* This difference in
energy (2.46 eV) is due to the transfer of the two protons and electrons that results in the energy values of
AG Hoads = 1.23 EV, AG HoOads = 3.69 eV and AG Oads = 2.46 EV.7’ 14

The catalytic activity of an electrocatalyst for the ORR/OER, on various surfaces, can be determined with the use

of scaling relations, such as volcano plots.” 4

2.3.2. Volcano plot as a catalytic activity description of ORR/OER half-reactions

In the volcano plot (Figure 2.5), the reduction reaction is shown as a “A” shaped plot where the ORR volcano top
is labelled, while the oxidation reaction is a “v” shaped plot where the OER volcano top is labelled. From
Figure 2.5, the theoretical overpotentials (noer Or norr) are calculated by extending the ORR (AG1 - AG4) and
OER (AG;- AGg) volcano lines and finding the point where the (solid and dashed) lines meet with the equilibrium
potential (1.23 eV). In the case of n°FR, this point is where the extended dashed line of AG; (----) meets the
equilibrium potential and the solid line of AGa(—).
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03ds—HOOg4s OFR HOuds—Oads HaO—HOy s
n
AGq TOE
N OER volcano top
AG X 1.23eV
NORR ORR volcano top
ORR
-
Descriptor
—AG| =—AGY =—AG3 =—AGY

Figure 2.5. Volcano plots for the OER and ORR where each Gibbs energy is represented by AG; (blue), AG2 (red),
AGs (green) and AGa (pink). The solid lines are the volcano plots, while the dashes are an extension

of the volcano plot so that the n°fRand n°=R vales can be calculated.

In volcano plots, the universal descriptor of the OER activities of a large set of data is AGoads — AGHoads. This
descriptor is used since the difference in energy levels between the potential-determining steps for the ORR [-(AG1
+ AGy)] and the OER [(AG; + AG3)] reaction is equivalent to AGoads — AGroads.** A universal volcano plot can be
obtained by plotting n°R as a function of AGoadgs — AGroass (Figure 2.6). Moreover, metal oxides are used in
Figure 2.6 since metal oxides (NiFeOy,* PtO,,*¢IrO, (110)'*) are more reactive towards the OER.

0.0F ~— —_—
Weaker bond Stronger bond
0.2
— iFeOy
-
= 0.4
=
&)
=
0.6F
0.8
L 1 1L Il
0.8 1.2 1.6 2.0 2.4

AGQOads — AGHQads (eV)
Figure 2.6. Universal volcano plots for the OER reaction regarding nOER as a function of AGoads — AGHo.

The bond strength of the catalyst is dependent on the position on the volcano plot. For instance, an ideal catalyst

for the OER is where the catalyst is at the top of the volcano plot.

However, the number of transition metal oxides resistant to the oxidative potentials in acidic conditions are
scarce.?” For this reason, bimetallic surfaces where the activity, selectivity and lifetimes of a metal, such as Pt,
could be fine-tuned through the addition of a secondary metal have been identified as possible catalysts for the
OER.4754
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2.3.3. Structure of bimetallic surfaces

The development of bimetallic surfaces is used to fine-tune the activity and selectivity of the surfaces. This fine-
tuning allows for the adjustment of the bimetallic surface, using metals with similar structural and electronic

properties, to create a bimetallic surface with bifunctional properties for both the OER and ORR.

The mixing of two metals, to create a solid solution bimetallic alloy, is shown in Figure 2.7. The solid solution
bimetallic alloy is dependent on the crystal structure, atomic radii and the electronic properties of the two parent
metals. The properties of the two parent metals determine if the solid-solution bimetallic alloy is a substitutional
(Figure 2.7 (a)), an interstitial (Figure 2.7 (b)), or an intermetallic (Figure 2.7 (c)) alloy. In a substitutional alloy,
the two metals share the same crystal structure and electronic properties, while in an interstitial alloy the secondary
metal has a smaller atomic radius which leads to the placement of the secondary metal atoms into the voids of the
primary metal surface. However, if the two metals have distinct crystal structures and electronic properties an

intermetallic compound is formed.%®

Metal A Metal B Metal C

o © © O © 0 o

o © © O © o

o © © © o?o
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© 0 © : _\
© © © €60
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©©.° o0,
©©00® o000 0©0C

Figure 2.7. A simple representation of different types of solid-solution bimetallic alloys, namely a) a

substitutional, b) an interstitial and ¢) an intermetallic compound.

2.3.3. Summary

In summary, numerous experimental'>!® and theoretical studies'® * have been conducted on various metal
surfaces, which provide an understanding of the above-mentioned reactions (OER/ORR).*2! This understanding
enables the improvement of existing platinum group (PGM) electrocatalysts,* °6 or the development of alternative

catalysts, such as Pt>” or Ni®® skins, metal oxides,® 1* 8 and bimetallic surfaces.” 22 59-64

Although excellent performance in acidic solutions was obtained when IrO, and RuO, catalysts were used,® 1> 18
these catalysts are expensive. % In the case of a bimetallic nanoparticle consisting of PtNi, a record low
overpotential of 0.69 eV for the ORR was obtained. This indicated that PtNi nanoparticles are highly active
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electrocatalyst for the ORR reaction.®® On the other hand, excellent performance for the OER was obtained with

a Ni-based electrode consisting of Ni-oxides ((oxy) hydroxide).¢ 67

These results imply that an electrode containing a combination of Pt and Ni, could have great potential as a
bifunctional electrocatalyst for both the ORR and the OER." 18 52.68-73 Fyrthermore, bimetals have shown promise
as an alternative electrocatalyst material since the catalytic reactivity, lifetime and selectivity of a bimetallic
surface can be tailored to meet the requirements of the above-mentioned ideal electrocatalyst, i.e. lowering the

free energy difference with respect to HOO,g4s and HOqgs closer to 2.42 eV.5L 7478

However, despite the large amount of literature on the enhanced electrocatalytic activity of Pt/Ni alloys,% 7% 72.79-
81 the relationship between the equilibrium composition of the mixture, the distribution of the metal atoms and the

electronic structure are not yet fully understood.”?52
2.4. Computational background

Over the past three decades, various electronic and surface properties for metal surfaces have been investigated
using computational means.®® 7% 8-87 |t has been shown that the data obtained from these computational
investigations, such as the binding energy and the adsorption energy, correlates well with experimental data. -
8287 1t has also been proven that the computational investigations are successful in explaining trends that are
observed with regard to the reactivity of transition metals, bimetal surfaces and metal oxide surfaces.” For this

reason, computational investigations could be used in the design and fine-tuning of metal surfaces as catalysts.

The metal surface properties, such as the catalytic behaviour, reactivity, adsorption and surface segregation, are
of interest for these surfaces to be used as catalysts. These surface properties are closely related to the electronic
properties of the metal surfaces.*!- 5% 71 8.8 Measurements of surface electronic properties are obtained from the
surface energy (y), work function (®), d-band centre (eq), adsorption energies (Eass) and hydrogen binding
energies (HBE).®

There are various surface structures that can be created from cleaving the metal bulk structures using various
Miller indices. As shown in Figure 2.8,* different surface arrangements and surface densities are obtained from
(a) low and (b) high-index surfaces. Moreover, the catalytic activity of the metal surface is influenced by the type

of Miller indices used.8

In Figure 2.8 (a), the surface areas on the low-index surfaces, such as (111) and (100), are large. However, these
types of surfaces show low catalytically activity. On the other hand, the high-index surfaces, Figure 2.8 (b), are
atomically dense, open structures with atomic steps and defects, which allows these surfaces to exhibit high
catalytic activity.* However, the high-index surfaces are impractical to use due to their small surface. Overall, it
is more practical to carry out studies on the low-indexed (111) surfaces due to the large surface area and the

numerous amounts of comparable computational and experimental data available for the (111) surfaces.
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Top view

Side view

(@) (b)
Figure 2.8. Comparison of the flat surface of a) a low-index (111), and b) the high-index (210) surface with

atomic steps.

2.4.1. Surface energy and Work function

The surface energy (y) is the amount of energy required to create a new surface when an infinite crystal is
cleaved.® The surface energy of the unrelaxed system (y,) is calculated from equation (2-31), where Eqpp is the
total energy of the slab, Epui structures 1S the total energy of the bulk structures in eV/atom, N is the number of atoms
in the slab and A is the area of the slab. In a periodic slab system the area is multiplied by two (2A) since the
surface consists of a top and a bottom surface;*® whereas the relaxed system (y) is calculated by subtracting the
energies of the relaxed system (Esiab relaxed — VEbulk structures/A) from the unrelaxed surface energies (shown in (2-

32)).%° In the relaxed system, the top two layers of atoms are allowed to relax.

Yo - (Eslab unrelaxed — NEbulk structures) (2-31)
24
vr — (Eslab relaxed — IZEbUIk structures) _— (2'32)

The surface energy is dependent on the metal that is being studied. For example, in the case of Ni (which is a 3d
metal) and of Pt (which is a 5d metal) the number of valence electrons in both metals is 10. However, their
calculated surface energies are 2.60 J/m? and 2.45 J/m? for Ni (111) and 2.35 J/m? and 2.50 J/m? for Pt (111),
respectively.8é %% 92 The stability of a surface can be determined from the surface energy. For instance, a more
stable surface exhibits lower surface energy, e.g., the surface energies show that Ni (111) surfaces are stable and

that the removal of an electron from this surface will be more difficult than for Pt (111) surface.

The surface energy is also closely related to the work function (®). The work function is defined by equation
(2- 33), where e is the electron charge, ¢ is the electrostatic potential in the vacuum close to the surface and the
Fermi level (Ef) inside the surface. The energy of an electron at rest in the vacuum near the surface is obtained by
multiplying the electron charge with the electrostatic potential, ep.® The energy required to remove an electron
from the surface is obtained by subtracting the Fermi level from the energy of an electron at rest in the vacuum
near the surface.®® The work function of each of the transition metal groups, for example, 3d and 5d, is similar to

one another in regard to computational®® and experimental studies.®® The work function for Ni have been
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calculated to be between 5.4 eV to 5.8 eV, while for the work function for Pt metal have been calculated as being

between 5.6 eV and 6.6 eV, depending on the computational settings used.®*

O = - (eq) -Er (2-33)

The surface energy and the work function are inversely proportional to one another for face-centred cubic (fcc)
metals, such as Pt and Ni.® 8 For instance, large surface energies indicate a stable slab surface where removing
an electron from the metal surface will be difficult, and are indicated by a smaller work function value.®® It has
been shown that a notable difference in the computational and experimental values have been obtained, which is

due to the dependency that slab approximations have on the thickness of the slab.®

It is clear from the above-mentioned surface energies and work function values that the Ni surface is highly stable,
resulting in the difficult removal of an electron from this surface as indicated by the low work function value. This
low work function value means that strong bonding of adsorbents will occur on the Ni surface, while weak bonding
occurs on the Pt surface. To conclude, the bond strength of the adsorbents to the metal surface is crucial when
determining the type of electrocatalyst material that will be used during the electrochemical reaction investigated.
For the OER and ORR, a preferred electrocatalyst material is a surface which binds the intermediates strongly

enough to result in the production of all the reaction intermediates (Oads, HOags and HOOxgs).

2.4.2. Adsorption energy

Hydrogen readily adsorbs/desorbs onto transition metal surfaces® "% 87 and reacts differently for each transition
metal surface. This behaviour of hydrogen has been widely studied both experimentally and computationally.5®
71,8287 The reason is that adsorption and desorption of hydrogen, on transition metal surfaces, are promoted by
energetically available d-orbitals.82 8- 93 94 The electronic structure of the surface changes due to adsorption of an
adsorbate which is measured by the shift in the d-band centre.” 8 Also, the shift in the d-band centre can be used
to determine the reactivity of a metal surface since these two terms can be directly correlated with one another.
Numerous studies investigating the shift of the d-band centre have been conducted to investigate the reactivity of

transition metals, such as Pt82 8493 gnd Nj.82 94-96

One method to characterise the nature of a metal and to describe the bonding of the material is to observe the
electronic structure by calculating the Fermi level, band gap, type of the band gap, width of valence and conduction
bands, effective mass of electron and hole, charge densities, band structures and the total and partial density of
states (pDOS).%’

2.4.3. Band structure and density of states

As shown in Figure 2.9 for solid systems, the orbitals overlap which give raise to energy level bands, which are
separated by energy gaps, referred to as band gaps. Two states arise from the interaction of the electrons of the
surface with the adsorbent state, known as the bonding (valence band) and the anti-bonding (conduction band)
states which depends on the position of the bands relative to the Fermi level.®® The Fermi level (Ef) is defined as

the highest occupied state, at T =0 K, in a solid.*®
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Figure 2.9. Forming of energy bands due to overlap of closely spaced orbitals.

In order to determine the bond strength of a surface with respect to an adsorbent, the filling of the conducting
band, relative to the Fermi level (Er = 0 eV), is determined.® In Figure 2.10, a notable observation for metallic
surfaces is the lack of band gaps, which are values of the energy for which there is no molecular orbital. This lack

of band gaps agrees with the conducting properties of metals.®®

Anti-bonding

Fermi level Energy Fermi level

Density of states > Density of states >
(@) (b)

Figure 2.10. Projected representation of band structure and density of states for a) metal and b) an insulator or

semiconductor.

The overlap of the s-, p- and d-orbitals give rise to energy level bands (s-, p- and d-bands) separated by band gaps.
Therefore, the DOS is defined as the number of energy levels in an energy range where the energies across the
bands are not uniform since some of the energy levels are more densely packed at the edges than at the centre

which can be seen from Figure 2.11.%

Figure 2.11. Simple representation to describe the forming of s- and p- energy bands.

The d-orbitals are mostly responsible for the bonding ability in transition metals while small influences are
observed from the s- and p-orbitals.®® A simple representation of the DOS in transition metals is shown in

Figure 2.12, which is an approximate description of the bond formation on a transition metal surface.® % In
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transition metals, the s-and p-band are broad whereas the d-band is narrow. The d-band width and the orbital
overlap are dependent on the type of material since the nuclear charge depends on the position in the periodic
table.®® Moreover, most of the electrons responsible for bonding are in the d-orbitals even though the s-,p-band

penetrates the d-band (as shown in Figure 2.12).%

s, band

Energy Eermi level

Density of states >

Figure 2.12. Projected representation of the density of states.

Two general trends apply regarding the bonding properties of transition metals.” Firstly, the bond strength is
stronger as one moves to the left in the periodic table. Secondly, interactions become weaker as one moves down
the periodic table. These rules explain why the 5d metals are more noble than the 4d and the 3d metals.” Therefore,
the higher in energy the d-states are relative to the Fermi level the higher in energy the conducting band will be,
and thus the stronger the bond.®® In short, the strength of the bonds formed with the d-orbitals depend on the width
of the d-band.%®

The structural properties of transitional metals are similar but the electronic properties of the transition metals
differ from one another.”™ Therefore, the position of a transition metal d-band is calculated from the d-band centre
relative to the Fermi level, and is a good indicator of the bond strength between the metal surface and an
adsorbate.® % The position of the d-band centre on strained surfaces and metal overlayers correlates well with
binding energies and reactivity of small adsorbates.'? 1! For instance, the anti-bonding states of the Pt and Ni
metals are empty, and therefore adsorption will readily occur on these metal surfaces. Overall, the periodic trends
of the chemisorption energy and the bonding strength of metal-adsorbate systems can be based on the coupling of
the d-electrons in the metals due to the interaction between the s-, p- and d-bands of the adsorbate and the d-band

the surface.”™ 9

Overall, the DOS is used to obtain information on the electronic structure of a material since this knowledge is a
fundamental basis for understanding surface chemical reactivity and catalysis, and is used to describe the chemical
bond between a surface and a molecule.®® The d-band theory has successfully been used as an activity descriptor
for metal surfaces,” such as transition metal oxides,® noble metals® and bimetals.'%?

2.4.2.1 Computational study of the band structure

The electronic properties of a solid material are related to the underlying crystal symmetry of the material. The
crystal symmetry of the material, i.e., face-centred cubic (fcc) and body-centred-cubic (bcc) packing arrangement,

determines k-paths that divide the Brillouin zone.®” The Brillouin zone for an fcc lattice is shown in Figure 2.13,
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where the k-path of the Brillouin zone for the band structure analysis is along I'-X-W-K-T"-L-U-W-L-K]|U-X; listed
in Table 2.9 for the primitive reciprocal lattice vectors by, b, and bs. It is crucial that the correct k-path is used

during the calculation of the reciprocal lattice; otherwise, an incorrect band structure will be calculated.
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Figure 2.13. Brillouin zone of an fcc lattice with the path as T-X-W-K-T'-L-U-W-L-K|U-X.%

Table 2.9. Symmetry k-points of fcc lattice.

k-path b1 b2 bs k-path b1 b2 bs
r 0 0 0 u 5/8 1/4 5/8
K 3/8 3/8 3/4 wW 1/2 1/4 3/4
L 1/2 1/2 1/2 X 1/2 0 1/2

A reciprocal lattice is defined as a set of imaginary points, which was constructed in such a way that the direction
of a vector from one point to another coincides with the direction of a real space plane. In the reciprocal space,
there are points close to the origin which are spanned over the Brillouin zone. These points are known as k-points,
which are integrated using the Bloch wave vector.?® The k-points used in the fcc lattice are shown in Table 2.9
where b1,b, and bs are the primitive reciprocal lattice vectors and the values of these vectors are the coordinates
of the symmetry k-points given in fractions.

During the calculations of the reciprocal lattice, the k-points can be integrated over either the entire Brillouin zone
or over a specified portion of the Brillouin zone.1%* If the integration is over a specified portion of the Brillouin
zone, then the number of k-points in the Brillouin zones is changed. This change in the number of k-points is done
with a selected k-point mesh, such as the Monkhorst pack and Gamma point k-point mesh.1%* This selection of k-
points is called k-point sampling.

For an accurate approximation of the electronic potential and the total energy for a metal a dense k-point mesh is
needed to determine the Fermi level.’® However, the denser the k-point mesh used in a system, the more

computational time is used.

A full list of Brillouin zones, calculated with DFT (VASP), can be found in the article by Setyawan et al.®” The

band structure is easily obtained from Materials Studio for the investigated surfaces by editing the k-path in the
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CASTEP band structure options.% The band structure for the Ni surface is shown in Figure 2.14, along the I'-X-
W-K-T'-L-U-W-L-K]|U-X Brillouin path.®" %
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Figure 2.14. Representation of the electronic structure of Ni metal, where the bands/lines stand for molecular

orbitals.

2.4.2.2. Computational study of density of states

The d-band centre is unique for each transition metal and is an effective method for observing changes in the
electronic structure of transition metal surfaces.”" % The bond strength of an adsorbate can be described by
comparing the position of the d-band centre of the pristine metal with the d-band centre of the adsorbed metal.
During adsorption, the d-band centre experiences an upwards or downwards shift (filling states of metal surfaces)
through the Fermi level, which can be observed.”* DFT calculations have shown that both the binding energies
and the reactivity of small adsorbates, correlate well with the position of the d-band centre for metal surfaces,'

101 enabling the development of new catalysts. 2% 107

2.4.3. Adsorption energy, d-band energy and hydrogen binding energies

Adsorption of hydrogen onto transition metal surfaces is one of the most important intermediates for a large
number of catalytic and electrocatalytic processes.®> % Therefore, numerous experimental and theoretical studies
have been conducted on hydrogen adsorption onto various transition metal surfaces for the past few decades. The
adsorption energy of hydrogen is used to compare the surface reactivity of various metals to one another, to
determine the most reactive metal surface for processes that contain hydrogen adsorption. For example, in order
to understand the activity, reactivity and catalytic behaviour of the Pt, Ni and Pt/Ni bimetallic surfaces, adsorbates
were adsorbed onto these surfaces.® 7 8287 Hydrogen atoms form a moderately strong chemical bond with
transition metal surfaces, hence being very reactive intermediates, but are also very sensitive to catalytic

poisons. 1%

Another electronic property which can be used to investigate the reactivity of a surface is the adsorption energy,
Eags, Of an adsorbate. The adsorption energy is calculated using equation (2-34), where N is the number of
hydrogen atoms adsorbed onto the slab, Ep is the energy of the pristine slab, (Euab + Nnags) S the energy of the

metal slab with the adsorbed hydrogen on the surface, and Eu, s IS the total energy of the isolated H, molecule.
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1 N
Eads = ﬁ ((Eslab+NHads) - (Eslab + E EHz,isol)) (2'34)

A positive adsorption energy indicates that hydrogen adsorption is not favourable and will result in dissociative

chemisorption.®2 °® However, a negative E,qs indicates a stable surface, which in turn favours hydrogen adsorption.

The hydrogen binding energy (HBE) and the adsorption energy (Eads) could be used to successfully explain the
reactivity of metal surfaces.” The hydrogen binding energy and the adsorption energy have a linear correlation
since the energy gained by the metal surface from the adsorbate can be correlated with the strength with which
this adsorbate is bound the surface. Moreover, the energy gain of the surfaces with respect to the adsorbate is
described using the adsorption energy.8” 7 The binding energy is calculated by extending, and constraining, the

bond length between the adsorbate and the metal surface and optimising the slab.

As previously mentioned, the d-band centre of metal surfaces is a critical factor in determining the adsorption
properties of simple adsorbates since the d-band centre describes and measures the reactivity of various types of
metal surfaces, and is not limited to describing pure metal surfaces.” This description of the reactivity is because
the d-band centre value is unique for every transition metal as a result of the metals’ electronic structures.” 8 In
addition, this d-band centre value can also be correlated with the binding energy, obtained from adsorption
calculations, which results in a linear trend for the Pt (111) and Ni (111) surfaces.® A linear correlation is obtained
since metal surfaces with large binding energy results in smaller d-band centre values, which are closer to the
Fermi level. The binding energy is also dependent on the electronic structure of the metal surface.? The
relationship between these two measurements can also be observed from a plot between the adsorption energy
and the binding energy since stronger bonding of an adsorbate to a metal surface results in larger adsorption energy

values. Therefore, there is also a linear correlation between these electronic properties.

The catalytic properties of metals are influenced by the coverage of the surface with the adsorbate, which causes
an increased adsorption energy.®* Therefore, the coverage of an adsorbate on a metal surface plays an important
role in determining the adsorption configurations of the reactants as well as the final mechanism for reactions on

the surface.?

2.4.4. Strain, ligand and ensemble effects

In the construction of bimetallic surfaces, the electronic properties of the primary metal are influenced by the
nature of the secondary metal. There are three effects that control and influences the reactivity of these bimetallic
surfaces, namely, the strain effect, the ligand effect (electronic effect), and the ensemble effect (geometric

effect).5®
2.4.4.1. Strain effect

The first effect, namely the strain effect, occurs due to compression or stretching of the lattice because of the
addition of a secondary metal to the primary metal. The influence of this effect is dependent on the size of the
secondary metal. As a result, the binding energies®® 19111 of himetallic surface>* 112114 are affected by the strain

effect, since the chemical properties of the surfaces are altered. The contribution of the strain effect for surfaces
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is determined by plotting the hydrogen binding energy against the adsorption sites where the lattice parameters

are varied.

2.4.4.2. Ligand effect

The ligand effect occurs when the electronic structure of the bimetallic surface changes due to the distribution of
a secondary metal in the bimetallic surface and/or bulk structures, as shown in Figure 2.15.5 In simpler terms,
the electronic states are modified due to the addition of a secondary metal, which influences the catalytic or
adsorption properties of the bimetallic surface.> 11511 As shown in Figure 2.15, the degree of modification of
the electronic structure, the energy of the d-band, strongly depends on the nature and composition of the secondary

metal which either shifted upward or downward relative to the Fermi level.55 116
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Figure 2.15. A simple representation of ligand effects a) before and b) after addition of a secondary metal.

A clearer relationship between the reactivity and the d-band centre, as a result of the ligand effect, is shown in
Figure 2.16.1Y7 This relationship is shown as a volcano plot, which clearly shows how the adsorption is affected

by the secondary metal used in the surface.
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Figure 2.16. A schematic relationship of the reactivity, towards O, adsorption for the ORR, and the d-band centre

(=q) for PtsM surfaces, represented as a volcano plot.
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According to Figure 2.16, strong O, adsorption occurs on the metal surfaces if the d-band centre shifted up
towards the Fermi level. On the other hand, weak O adsorption is obtained when the d-band centre shifts

downwards in the Fermi level.
2.4.4.3. Ensemble effect

The ensemble effect occurs due to changes in the environment surrounding the adsorption site (Figure 2.17)
influencing the adsorption of the adsorbate.® 18 In simpler terms, if the electronic properties of the secondary
metal significantly differ from that of the primary metal, drastic changes occur in the electronic structure which

will influence the adsorption strength.
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Figure 2.17. A simple representation of ensemble effects on the adsorption of H,O molecule a) before and b)

after addition of a secondary metal.

Previously, the ligand and ensemble effects have been used to fine-tune the adsorption properties of bimetallic
surfaces.!'™ 119 However, distinguishing the ligand effect from the ensemble effect are challenging since these
effects are closely related to one another.5 120

2.4.4.4. Methods to distinguish the ligand effect from the ensemble effect

Investigations that focus on distinguishing between the ligand and ensemble effects for bimetallic surfaces are
limited. 115121 Although limited, these investigations provide useful insight for distinguishing these effects from

one another and will be discussed using the similar Pd/Au surfaces.'!> 12!

The first method uses a graphical plot to determine the ensemble effects by the subtraction of ligand effects from
the total effects, as shown in Figure 2.18.115 12
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Figure 2.18. The ensemble effect is obtained graphically by the subtraction of the ligand effect from the total
effect.’® The ligand effect is described where the composition of the surface is held constant for

similar adsorption sites.

In Figure 2.18, a change in the adsorption energy (Eads) occurs due to a contribution of both the ensemble and the
ligand effects, described by the total effect (En+1-En).1*® The ligand effect, E’, - En, is calculated from the difference
in adsorption energy where the composition of the surface metal (PdAui.x) is varied while the binding site

(neighbouring atoms) is held constant (Figure 2.19).
n 0 1 2 3
On w w Oé

Total effect : Ey - E,
Ensemble effect : E,., - E',
Ligand effect : E'| - E|
Figure 2.19. Ensemble and ligand effects described using tri-fold ensemble (red triangle) where the binding site,

functions of n, is shown using a gold atom.55 15121

Moreover, in Figure 2.19, a variety of adsorption sites are described using Pd and Au atoms. This variance in the
binding site is also known as a tri-fold ensemble. In Figure 2.19, the number of Pd and Au in the binding site is

changed, which changes the chemical properties of the environment surrounding the binding site.1*> 121

The second method that can be used to determine the amount of ligand and ensemble effects can be obtained by
direct comparison, as shown in Figure 2.20, by plotting the average HBE against the binding sites. In this instance,
these effects are discussed using the Pd/Au (111) and Pt/Au (111) bimetallic surface where the binding sites are
varied.*? The contribution from ligand effects can be observed for the metal surfaces where the composition is
varied while the bindings sites are held constant.?* On the other hand, the contribution from the ensemble effect

can be observed for the metal surfaces where the surface composition is held constant with varying binding sites.*?
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Figure 2.20. Graphical representation of effects contributed by the ligand and the ensemble effects.

It is important to mention that the nature of the secondary metal is not only affected by the size, but also by the
magnetic properties of the metal. As a result, the magnetic properties of the secondary metal can cause significant

changes in the electronic properties of the bimetallic surface and will be discussed in the next section.*?

2.4.5. Surface magnetism

The difference in the valence electron configuration of the metal determines a metal’s magnetic property. In the
case of Pt, there is an equal population of electrons which are divided into up (o) and down (B) spins, within the
full 5d*° level'??, which is why this metal is deemed non-magnetic.*? On the other hand, the incomplete 3d ® level
of the Ni metal means that the electrons’ spins are unpaired and become parallel, exhibiting ferromagnetic
properties.t?* 125 Another significant difference between these two metals is the observed electron affinities. The
electron affinity of Pt is 247 kJ/mol, the largest among the transition metals,'?® while the electron affinity for Ni
is 156 kJ/mol. As a result, Pt metal is a better electron acceptor than Ni when present in a bimetallic surface. A
representation of the PDOS, in terms of the d-band, for the Ni (111) ¥” and Pt (111) *?® surfaces are shown in
Figure 2.21 (a). In this figure, the a and B spin states for the Ni metal are unsymmetrical due to an unpaired
electron which causes the metal to exhibit paramagnetic properties. Hence, the minority spin is attractive for
metal-adsorbate bonding due to the unpaired electrons in the metal surface.’?? In contrast, there are no unpaired

electrons which makes the Pt metal diamagnetic.
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Figure 2.21. DOS of a) Ni (111) and b) Pt (111) surface with the minority (B) and the majority (o) spin states.

Most investigations focus on describing the surface properties using adsorption energy, while overlooking the

importance of magnetic moments.*?® In a recent study, the scaling relationships of magnetic bimetallic transition

metal surfaces were investigated by adding the magnetic moment in the scaling calculations.*? The results showed

that the scaling relation for bimetallic magnetic systems can be recalibrated to include magnetic moments.*?®
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3 Model development and validation using pure Pt and Ni

In the last three decades, several computational and experimental studies on Platinum (Pt) and Nickel (Ni) have
been conducted. In these computational studies, the parameters for the computational models were altered to
improve the accuracy, in comparison with experimental values, of various properties calculated for pure Pt and
Ni. Using these parameters as a starting point, the adapted computational model used in this study was developed.
However, from the earlier studies, it was evident that a universal k-point grid, which is crucial in determining the
accuracy of the electronic properties of the metals, was not well defined for the Pt and Ni bulk structures.
Therefore, in this study, an energetic minimum and stable k-point grid was determined for the pure Pt and Ni bulk
structures, as well as energetically stable and active Pt (111) and Ni (111) surfaces. To validate the adapted
computational model, the lattice parameters obtained in this study were compared to literature values.
Furthermore, the surface energies, work functions and the d-band centre of the Pt (111) and the Ni (111) surfaces
were calculated, using the adapted computational model, and compared to literature values to strengthen the
validation of the adapted computational model. Finally, the surface reactivity of the Pt (111) and Ni (111)
surfaces were evaluated by adsorbing an elemental hydrogen atom onto these surfaces. The values obtained from
the hydrogen adsorption are the hydrogen adsorption energies (Eags) and the hydrogen bonding energies (HBE)
for the Pt (111) and the Ni (111) surfaces. These energies were compared to energies obtained from published
computational studies. The adapted computational model developed in this chapter was validated by comparing
the results from this model with literature values. Moreover, the data obtained from the computational model

developed in this chapter, after validation, were used as a baseline for all the calculations throughout the rest of

this study.
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3.1. Introduction

To develop a computational model that calculates the electronic properties discussed in Chapter 2, comparable
parameters are needed. Therefore, computational studies were identified, with similar computational parameters
and calculated electronic properties, to be used as a baseline for the adapted computational model. The four chosen
studies were by Watson et al.,* Shi et al.,2 Singh-Miller et al.® and Wang et al.* In all these studies, the (111),
(110) or (100) low indices were investigated. Of these indices, the (111) Miller index is an excellent surface for

adsorption studies due to its high surface area and have been used in numerous computational studies.®

The DFT calculations in these studies were conducted using the Vienna Ab initio Software Package (VASP)° or
Quantum ESPRESSO.Z The generalised gradient approximation (GGA) along with the Perdew-Burke-
Ernzernhof (PBE) functional were used by three of the above-mentioned authors,?* whereas the parameterisation
of Perdew et al.!® was used by Watson et al.' 1 Notably, the revised-Perdew-Burke- Ernzernhof (RPBE)
functional is more suited to investigate metal surfaces, but since neither of the above-mentioned authors used this

functional, it was disregarded for consistency of the computational model.!!

Ultrasoft pseudopotentials (USP) along with a smearing value of 0.1 eV/A were used by Watson et al.! and
Wang et al.* On the other hand, smearing values of 0.2eV and 0.27 eV were used by Shietal.? and
Singh-Miller et al.?, who did not mention which pseudopotentials were used. Therefore, a smearing value of
0.2 eV was used in this study for comparability with values obtained by Shi et al.? The reason for this decision

was that the study by Shi et al.2 aligned with the objectives of this study.

The cut-off energies, which is related to the number of planewaves, used varied amongst these authors with
energies of 300eV (Watsonetal.,!), 400 eV (Shietal?), 400eV (Wangetal?) and 435.38 eV
(Singh-Miller et al.%); whereas the cut-off energies used for Ni in other publications were 270 eV and 350 eV.% 12

13 Using an energy cut-off value of 400 eV is reasonable, although it may make the calculations expensive.

It is important to note that the slab size and the slab thickness were different between the above-mentioned studies.
In two of these studies, smaller and thinner slabs of (2x2)-3L%, (2x2)-5L* and (3x3)-4L2 were used. Comparing
the average adsorption energy between the (2x2)-3L and (2x2)-5L slabs, a difference of 0.011 eV was obtained
for the fcc sites. Thicker slabs of (1x1)-13L and 3 to 16 layers with an unspecified dimension were used by
Wang et al.* and Singh-Miller et al.® Looking at the slab sizes, it was deemed that the surface of the (2x2) surface
slab is not large enough for adequate adsorption calculations and cannot be used to investigate various adsorption
sites. Therefore, a slab size and slab thickness of (3x3)-4L surface slab was identified to be large enough to be

used for these calculations.

The vacuum gap used by these authors varied between 12 A2, 15 A% and 16 A3. Since the adsorption calculation
in this study was conducted for a small adsorbent, such as hydrogen with an atomic radius of 0.53 A4 15 a vacuum

gap of 12 A is large enough to prevent interference between hydrogen and the repetitive slabs.
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A universal k-point grid could not be identified from the studies mentioned above. However, a k-point grid of
11x11x11 was used by Shi et al.? to verify the lattice parameters and determine the interatomic spacing between
the metal atoms in the bulk structures. It is also known that the choice of k-points for the pure Pt and Ni usually
require higher mesh parameters to reach a proper ground state. Therefore, a k-point grid of 11x11x11 was used

as a starting point in this study. It may be insufficient to give good convergence.
3.2. Computational model

DFT calculations, as implemented in the Cambridge serial total energy package (CASTEP)6 which is part of the
Materials Studio 2016 package,'® were carried out to optimise the structures, and to calculate the energies and
properties of the Pt and Ni metal bulk structures and surfaces. In the results obtained with CASTEP, the zero-

point energy is already incorporated.

The generalised gradient approximation (GGA) functional developed by Perdew, Burke, and Ernzernhof (PBE)*"
18 was used. The geometry was optimised using the two-point steepest descent (TPSD) algorithm, which achieves
good performance and is computationally cost-effective.l® The interaction between the core and valence electrons,
defined as those in level 5d6s for Pt and 3d4s for Ni, were described with the Ultrasoft pseudopotentials (USPP).?
2L This model allows calculations to operate with the lowest possible cut-off energy for the plane-wave basis set,
based on the Koelling-Hamon?? relativistic treatment. The Monkhorst-Pack grid®® was used to carry out the
integrations in the reciprocal space of the metal bulk structures and metal slabs. The broadening of the electronic
width was set to a smearing value of 0.2 eV. The self-consistent field (SCF) convergence tolerance per atom, the
convergence threshold for the maximum energy change, and the convergence threshold for the maximum force
were left as the default values of 2.0 x 10-%eV, 2.0 x 10 ®eV/atom and 0.05 eV/A, respectively.

Due to the ferromagnetic properties of the Ni, spin polarisation was added to the metal surfaces. Although Pt is
paramagnetic, and do not need spin polarisation to be added to the metal surface, it was decided to add spin
polarisation to the Pt surface to keep a level of consistency in the computational model. The addition of spin

polarisation was important since Pt/Ni bimetallic systems were also investigated with this model.

The computational model was applied to the metal bulk structures, as well as to the (111) surface slabs of Pt and
Ni. As a result, the computational model section is divided into two parts, namely, 83.2.1 for the bulk structures

calculations and §3.2.2 for the surface calculations.

3.2.1. Bulk structures calculations

The unit cells for Pt and Ni were imported from the Biovia Materials Studio?* crystallographic database, which is
a part of the Biovia Materials Studio package. The lattice parameters for the imported Pt unit cell were
a=3.924 A, b=3.924 A and c = 3.924 A. The lattice parameters for the imported Ni unit cell were a = 3.524 A,
b=3.524 Aandc=3524 A%
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3.2.1.1. Validation using lattice parameters

During the geometric optimisations, the internal coordinates, lattice parameters, atomic spin moments and cell
shape were allowed to change. A comparison between the calculated lattice parameters and experimental lattice

parameters 234749 obtained from the Inorganic Crystal Structure Database (ICSD)%, was made.

3.2.1.2. k-point sampling for Pt and Ni bulk structure

In order to obtain more accurate results for the Pt and Ni bulk structure, with the dimension of (3x3x3) consisting
of 32 atoms, various k-point grids were used to optimise the bulk structures, while the rest of the computational
settings mentioned above were used. Even though the metal bulk structures are larger than literature values, the
interatomic spacing and energies of the bulk structures should be comparable. A widespread of k-point grids, from
1x1x1 to 11x11x11, was selected for the k-point sampling. The results obtained for the k-point sampling of the
metal bulk structures, with varying k-point grids, were discussed and compared with one another by plotting the
optimisation energy per atom against the number of k-points per grid. Since the 1x1x1 k-point grid is the smallest
grid, it was selected as the starting point; whereas the 11x11x11 k-point grid was chosen as the maximum grid
because it is dense enough to correctly describe the electronic properties without increasing the computational

time exponentially.

3.2.2. Surface calculations

Surface slabs of Pt and Ni were created by cutting the optimised bulk structure along the (111) Miller plane. The
slabs consisted of four unconstrained layers, totalling 36 atoms per slab. A 12 A vacuum gap, which was large
enough to avoid interactions between the repetitive layers and accommodate the adsorption of a hydrogen atom,
was added to the surfaces.

3.2.2.1. k-point sampling for Pt (111) and Ni (111) surface slabs

It is important to make sure that the correct k-point grid is used to ensure that accurate electronic properties are

obtained. Shi et al.? and Watson et al.! used a 5x5x1 k-point grid during hydrogen adsorption.

The k-point sampling in this study was conducted by geometrically optimising the Pt (111) and Ni (111) surface
slabs with the above-mentioned computational settings. The only exception was that a wide array of k-point grids
were used for the k-point sampling. As with the metal bulk structures, a k-point sampling was investigated for the
Pt (111) and Ni (111) slabs, by varying the k-point grid, from 1x1x1 to 7x7x1. The results obtained from the
k-point sampling, for each of the surface slabs with the varying k-point grids, are discussed and compared with
one another by plotting the optimisation energy per atom against the number of k-points per grid. Also, the
interatomic spacing between the atoms for each of the k-point grids was calculated and compared against literature

values.

3.2.2.2. Surface and Electronic properties

The surface and electronic properties, including the surface energies (y), work functions (®) and the d-band centres

(g4), for the pristine Pt (111) and Ni (111) surface slabs were calculated using the settings as listed in §3.2.
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The surface energy was calculated by using equation (2-31) and (2-32) mentioned in Chapter 2. In order to
calculate the surface energy, the optimised energies and the area of the metal surfaces were calculated. The work
function was automatically calculated in CASTEP during optimisation calculations and was obtained from the

potential’s files.

As mentioned earlier, the d-orbitals are mostly responsible for the bonding ability of transition metals and can be
observed from a density of states (DOS) graph.?® Using the DOS graph, the centre of the d-band (&4) was calculated
from the d-band width, as shown in Figure 3.1.

DOS A Il;tcgru] of 1

Y

&q

E (eV)
Figure 3.1. A simple representation of using the d-band width to determine the d-band centre (g4), using
integration.

This calculation was done by importing the d-band (DOS) data and integrating the region in the xy-plane bounded
by the graph. To calculate the d-band width (1), (the area under the curved line) as shown in Figure 3.1, the middle
of the d-band (y-axis) was obtained by dividing the d-band width by two. Thereafter, the point where the y-axis
intersects with the integration curve was identified, and the value on the x-axis was determined. This value is the
d-band centre (eg) in eV (electron volt). A two dimensional (2D) plotting tool for numerical data, such as the freely
available QtGrace,?” was used to calculate the d-band centre value.

The electronic property values obtained were compared to literature values to validate the computational model.
The validated computational model was further utilised to investigate the adsorption of an elementary hydrogen
atom, using an unconstrained metal slab with a vacuum gap of 12 A,

3.2.3. Hydrogen adsorption onto the (111) surface slabs

In this section, adsorption investigations were performed by adding a single hydrogen atom onto the metal surface
followed by geometrical optimisation of the surface. For these adsorption calculations, the same computational
settings were used as those for the pristine surfaces.

However, before the adsorption investigations could be done, an isolated H, molecule was geometrically
optimised in a periodic system with the same lattice parameters, a = 8.507 A, b= 8.507 A and ¢ = 18.946 A, as the
Pt (111) and Ni (111) surfaces. The reasoning for optimising the isolated H, molecule in the same lattice parameter

was to keep the system of the H, molecule consistent to that of the metal surfaces for adsorption purposes.
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A single hydrogen atom was added onto specific sites, known as adsorption sites, on both Pt (111) and Ni (111)
surfaces as shown in Figure 3.2.12 The four adsorption sites that were investigated are the atop (T), the bridge
(B), the hexagonal close-packed (hcp) and the face-centred cubic (fcc) sites. The coordination number of the
adsorbed hydrogen, with the surface metal atoms, corresponds to one for the atop, two for the bridge and three for

the hollow sites (hcp and fcc).

Figure 3.2. The atop (T), bridge (B), hexagonal close-packed (H) and face-centred cubic (F) adsorption sites that

occur on a (111) metal surface.

For this study, the (3x3) surface, with a (111) Miller index, has a total of nine possible adsorption sites. If all nine
sites were occupied by an adsorbed hydrogen atom, the monolayer (ML) will equal one. In this case, a single
elementary hydrogen atom is adsorbed onto the (3x3)-4L surface slab, resulting in a surface coverage of 0.11 ML.
For instance, for a (2x2) surface there are a total of four adsorptions sites, which will result in a surface coverage

of 0.25 ML when a single hydrogen atom is adsorbed.

The adsorption energies (Eags) and the d-band centre (eq) values were calculated for the hydrogen adsorbed metal
surfaces. The adsorption energy values were calculated by using equation (2-34), as discussed in Chapter 2. To
determine the amount of interaction between the metal’s d-band with the hydrogen’s s-band, the d-band centre
was calculated. The amount of interaction, also known as a d-band centre shift, is observed by comparing the d-

band centre values before and after adsorption.
3.3. Results and discussions

The results obtained were divided into two parts that cover the bulk structures (83.3.1) and the surface slab
calculations (83.3.2).

3.3.1. Bulk structure calculations

To validate the computational model, the lattice parameters, the k-point sampling and the interatomic spacing

between the atoms in both the bulk structures for each k-point grid were calculated and compared to the literature.

3.3.1.1. Validation using lattice parameters and interatomic spacing

The lattice parameters and interatomic spacing calculated for the Pt and Ni bulk structures, after geometric
optimisation, are compared to literature values in Table 3.1. The lattice parameters and the interatomic spacing

(shown in Table 3.1) are relatable to that of the literature values.

Looking at the results for Pt bulk structures, it is clear that the calculated lattice parameters obtained in this study

are close to the values in literature references, with a difference of ~0.06 A. 283 Similarly, the lattice parameters
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for the Ni bulk structures shows a difference of ~0.05A% 3! and ~0.1 A?® in comparison with the lattice parameters
in literature. Looking at the calculated and literature interatomic spacing values, a difference of ~0.3 A and ~0.5 A

were obtained.t 31

Table 3.1. Comparison of lattice parameters (Lattice_parm) and metal-metal interatomic spacing (du-dwm) for the

Pt and Ni bulk structures with a Fm3m (225) space group obtained from the current study (*) and from

the literature.

Name Sf:gg - Lattlcs_parm (}3\)C Lattice_parm [Ref] dM(A)dM
3924  3.924 3.924 * 2.839

Fm3m 3923  3.923 3.923 2 2.776

Pt (225 3923 3923 3.923 2 2.774
3.924  3.924 3.924 3 2.775

_ 3473 3473 3.473 * 2531

i g;g;“ 3528  3.528 3.528 ! 2.494
3526  3.526 3.526 132 2.024

3580  3.580 3.580 2532

Overall, the calculated lattice parameters and the du-m interatomic spacing (using an 11x11x11 k-point grid) for

the Pt and Ni bulk structures (Table 3.1) are in good agreement with literature values.

3.3.1.2. k-point sampling of Pt and Ni bulk structures

In this section, a suitable k-point grid was investigated for the Pt and Ni metal bulk structures. This k-point grid
should not only be energetically stable, but also accurate for the investigation of electronic properties. In the case
of this study, the criteria for a suitable k-point grid is where the optimisation energy difference between

consecutive k-point grids should be 0 eV.

In Figure 3.3, the optimisation energy per atom for the Pt bulk structures was plotted against the number of k-
points (density) for a widespread of k-point grids, from 1x1x1 to 11x11x11. The k-point densities ranged from 1
k-point (1x1x1) to 666 k-points (11x11x11). As mentioned previously, the more k-points a grid has, the more
accurate the electronic property calculations will be, but at a higher computational cost. For this study, unsuitable
k-point grid criteria include those which are computationally costly and those which result in inaccurate electronic

property calculations.
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Figure 3.3. The optimisation energy per atom of Pt bulk structures with various k-points.

In Figure 3.3, it is difficult to distinguish between the 1x1x1 k-point grid (red) and the 3x3x3 k-point grid (green)
due to the close proximity of the optimisation energies. However, these two k-point grids were undesirable in this
study due to the large optimisation energies and the low number of k-points in these grids (as shown in Table
3.2). The optimisation energy of the 5x5x5 k-point grid had the lowest optimisation energy with 63 k-points in
the grid. However, measured against the criteria, this grid was unsuitable since the optimisation energies between
the 5x5x5 and consecutive 7x7x7 # 0 eV. Nevertheless, the optimisation energies from 7x7x7 to the 11x11x11
k-points were constant, with the optimisation energy difference between the 7x7x7 to the 11x11 x11 k-point grids
at 0.001 eV, deeming them suitable for this study.

Table 3.2. The total number of k-points (No k-points), optimisation energy per atom, the energy difference
between the k-points, the interatomic spacing (de-drt), the equilibrium lattice parameter (E_lattice

parm), the d-band centre (g4) and the spin moment (ms) for various Pt bulk structures k-points grids.

&d Mms
. No k-poin E/atom AE E_latti rm -

o < TV T S
Ix1x1 1 -718.194 0.006 4.002 2.830 -2.786 0.670
3x3x3 14 -718.188 0.006 4.010 2.835 -2.745 0.590
5%5x5 63 -718.384 0.001 4.010 2.836 -2.739 0.610
TxTxT 172 -718.383 0.001 4.010 2.835 -2.753 0.580
9%9x9 365 -718.382 0.001 4.010 2.835 -2.750 0.590
11x11x11 666 -718.382 0.000 4.010 2.835 -2.750 0.590

To determine the accuracy of the equilibrium lattice parameter (E_lattice parm), interatomic spacing (dp:-dpt), the
d-band centre (gq) and the spin moment (ms) obtained for each of the k-point grids, the calculated values were
compared to literature values, as shown in Table 3.2.

The calculated equilibrium lattice parameter, as shown in Table 3.2, is comparable to the literature lattice
parameters for the Pt bulk structures (3.920 A and 3.990 A) within 97 %.33 3 From these results, it can be seen
that the lattice parameters increased as the k-point grid increased. This increase in the lattice parameters was small,
with an increase of 0.008 A between the first two k-point grids. Hence, it will be advisable to use the larger k-

point grids in terms of the lattice parameters.

3.3. Results and discussions Page |47



The lattice parameter was followed by the comparison of the interatomic spacing (dp-det) to literature values to
aid in the k-point grid determination. There was little variance in the interatomic spacing (det-det) values across
the different k-point grids. Furthermore, the calculated interatomic spacing in the Pt bulk structures (Table 3.2) is
comparable within 70 % to that of literature values, 2.827 A and 2.774 A 342

Next, the d-band centre was investigated for each of the k-point grids (Table 3.2). The results obtained shows that
the d-band centre value varied between the k-point grids, further implying that the k-point grid affects the accuracy
of the electronic properties. The calculated d-band centre values are within 90 % comparable to those obtained in
literature for the Pt bulk structures, namely, — 2.520 eV for the 9x9x9 and the 11x11 x11 k-point grids®. The high

correlation at larger k-point grids indicates that the larger k-point grids deliver more accurate electronic properties.

Lastly, the accuracy of the k-point sampling was determined by investigating the spin momenta calculated for the
Pt bulk structures for the widespread of k-point grids. The experimental spin moment for a Pt bulk structure is
0.300 uB%, which is comparable (within 50 %) to the spin momenta obtained in this study. Looking at the
calculated spin moment for the k-point grids, these values became closer to that of experimental values as the k-
point density increased. The results obtained for the Pt bulk structures is comparable to the values obtained by Shi
etal.?

Overall, it was concluded that the 11x11x11 k-point grid was the most suitable to accurately determine the

electronic properties of a Pt bulk structure and for this reason was used for the rest of this study.

The same procedure was followed for the Ni bulk structures to determine the most suitable k-point grid to calculate
the electronic properties. The Ni bulk structures consisted of 32 atoms, the same as the Pt bulk structures. From
Figure 3.4, the optimisation energy per atom was plotted against the k-point density for widespread of k-point
grids from 1x1x1 to 11x11x11. From Figure 3.4 it can be seen that the optimisation energies followed a similar
trend to Pt. Again, the 1x1x1 k-point grid was not suitable for this study due to its high optimisation energy.
Although the optimisation energy for the 3x3x3 k-point grid was at an energetically minimum point, it was not
stable when the energy difference relative to the next k-point grid (5x5x5) was taken into consideration. The
optimisation energy difference between the 5x5x5 and 7x7x7 k-point grid was 0.001 eV, as shown in Table 3.3.
Overall, the denser k-point grid resulted in constant and stable optimisation energies between the 7x7x7 and
the 11x11x11 k-point grids.
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Figure 3.4. The optimisation energy per atom of Ni bulk structures with various k-points.

Table 3.3. The total number of k-points (No k-points), optimisation energy per atom, the energy difference
between the k-points, the interatomic spacing (dni-dni), the equilibrium lattice parameter (E_lattice

parm), the d-band centre (gq) and the spin moment (ms) for various k-points grids for the Ni bulk

structures.
k-point  No k-points  E/atom AE E_lattice parm dni-dni &d Ms
(eV) (eV) (A) (A) (eV) (1B /atom)

1x1x1 1 -1355.451 0.043 3.574 2.527 -1.632 0.650

3x3x3 14 -1355.493  0.043 3.595 2.542 -1.536 0.710

5%5%5 63 -1355.491  0.003 3.593 2.540 -1.531 0.660

TxTx7 172 -1355.490 0.001 3.593 2.541 -1.530 0.660

9%9x9 365 -1355.490  0.000 3.593 2.540 -1.533 0.660
11x11x11 666 -1355.490  0.000 3.593 2.540 -1.532 0.660

The calculated equilibrium lattice parameter for Ni (as shown in Table 3.3) is within 98 % to 99 % comparable
to the literature lattice parameters for the Ni, namely, 3.528 A and 3.526 A.13. The difference between the literature
values and that of the calculated equilibrium lattice parameter increased from the first k-point grid (0.0021 A) to
the final k-point grid (0.067 A).

The interatomic spacing for Ni for all of the k-point grids (Table 3.3) is comparable to literature values, namely,
2.492 A and 2.532 A 3732 with a comparability of 98%. It is also clear from the results (shown in Table 3.3) that
the d-band centre varies between the different k-point grids, similar to that observed for the Pt bulk structures.
The calculated d-band centre values are comparable to that of the literature Ni bulk structures values of — 1.566
eV for all the k-point grids investigated.*®

The spin moment for a Ni bulk structure obtained from literature is 0.620 uB (PBE)%, 0.610 uB (PW)%, 0.590 uB
(LDA and GGA)¥* and 0.610 uB (experimental)®, which is comparable within a 87 % to 93 % to the spin moment
obtained in this study. The spin moment changed as the k-point grid was varied for the Ni bulk structures but
became stable as the k-point grid became denser. Overall, the 11x11x11 k-point grid was accurate in determining

the electronic properties for the Ni bulk structures.
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In conclusion, the results obtained for the k-point sampling concluded that the selected k-point grid spread of
9%x9x9 and 11x11x11 were sufficient to study the Pt and Ni bulk structures. Therefore, the consistency of the
optimisation energy obtained showed that the 11x11x11 k-point grid was suitable and that larger k-point grids

were not required to describe the electronic properties.

The next section of this chapter will focus on applying this established model to the Pt (111) and Ni (111) surfaces.
As with the bulk structures, k-point sampling was performed first, followed by the hydrogen adsorption onto the

metal surfaces to determine the reactivity and catalytic ability of the metal surfaces.

3.3.2. Surface calculations

Similar to the procedure followed for the bulk structures, the k-point sampling was performed for the Pt (111) and
Ni (111) surface slabs. Thereafter, the electronic properties of the Pt (111) and Ni (111) surfaces were compared

with literature values, for validation of the computational model.

3.3.2.1. k-point sampling for Pt (111) and Ni (111) surface slabs

The Pt (111) slab had a thickness of four layers which consisted of 32 atoms. Figure 3.5 shows the optimisation
energy per atom, plotted against the number of k-points for a widespread of k-point grids from 1x1x1 to 7x7x1.
Similar to the results from the Pt bulk structure, Figure 3.5 shows that the 1x1x1 k-point grid was not suitable for
this study due to the small number of k-points and the high optimisation energy (as shown in Table 3.4). This was
similar for the 3x3x1 k-point grid, which had a low k-point density and would have resulted in less accurate
calculations. The optimisation energy for the 3x3x1 k-point grids was close to that of the next k-point grid, namely

5x5x1. A constant optimisation energy was observed between the 5x5x1 and the 7x7x1 k-point grids.
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Figure 3.5. The optimisation energy per atom of Pt (111) slab with various k-points.
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Table 3.4. The total number of k-points (No k-points), optimisation energy per atom, the energy difference
between the k-points, the interatomic spacing (de-det), the equilibrium lattice parameter (E_lattice
parm), work function (@), the d-band centre (&) and the spin moment (ms) various k-points grids for
the Pt (111) surface.

k-point No k-points E/atom AE EBIaart;ch]ce dpt-dpt ()] &d ms
(eV) (eV) A) A V) (@Y)  (usawom)
1x1x1 1 -717.695  0.000 4.253 2.755 4916  -2.264 0.990
3x3x1] 5 -717.895  -0.199 4.253 2.826 5.001 -2.413 0.360
5%5x1 13 -717.881 0.014 4.253 2.823 4995 -2.430 0.520
7x7x1 25 -717.884 -0.003 4.253 2820 5.075 -2.094 0.550

As with the bulk structure, the lattice parameters of the Pt (111) surface were determined for each of the k-point
grids and compared to literature values (as shown in Table 3.4). The lattice parameters for the Pt bulk structure
were 3,920 A and 3,990 A, 3.3 which were ~0.26 A and ~0.33 A smaller than the calculated lattice parameters

for the Pt (111) surface. As a result, the calculated values correlated well with the literature values.

Moreover, the Pt — Pt interatomic spacing distance (dp-dpt) Was calculated for each of the k-point grids and is
shown in Table 3.4. The Pt — Pt interatomic spacing was calculated as 2.823 A for the 5x5x1 k-point grid, while
an interatomic spacing of 2.820 A was obtained with the 7x7x1 k-point grid. Both of these interatomic spacing
distance results corresponded well with the literature values of 2.776 A, 2.774 A, 2.775 A and 2.830 A for the Pt
bulk structure., 2% 29 30.13

The changes in the electronic properties, in terms of the work function and the d-band centre, were calculated for
the various k-point grids, as shown in Table 3.4. The experimental work function for a Pt (111) surface is
5.70 eV,* which is smaller than the work function value obtained for all the k-point grids. The work function
values calculated for all the k-point grids were closely related but still showed that the work function values are

dependent on the surfaces k-point grid.

The theoretical d-band centre value for a Pt (111) surface is — 2.52 eV,% which is the closest to the calculated d-
band centre value for the 5x5x1 k-point grid. Lastly, the spin moment for the Pt (111) surface slab was not constant
throughout the slab and varied between the layers. The spin momenta for the denser k-point grids varied less per
layer than for the less dense k-point grids (as shown in Table 3.4). The spin moment for a Pt surface of a Pt bulk
structure is 0.300 uB,® which is comparable to the spin moment obtained for the 5x5x1 and the 7x7x1 k-point
grids. Moreover, the value of the spin moment became stable, with an increase in k-point density. As a result, it

was decided that the 5x5x1 k-point grid was suitable to be used for the Pt (111) surface.

The k-point sampling for the Ni (111) surface used the same method as that of the Pt (111) surface. As with the
Pt (111) surfaces, the Ni (111) surface consisted of 32 atoms over a slab thickness of four layers. The optimisation
energy per atom was plotted against the number of k-points over the 1x1x1 to 11x11x11 k-point grids, as shown
in Figure 3.6. From the results, it is clear that the 1x1x1 k-point grid was not only higher in optimisation energy,

but also had a low amount of k-points. Therefore, the 1x1x1 k-point grid is not suitable for this study. The
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optimisation energy for the 3x3x1, 5x5x1 and the 7x7x1 k-point grids is similar. However, the energy difference
between the 5x5x1 and the 7x7x1 k-point grids was 0.002 eV (as shown in Table 3.5).
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Figure 3.6. The optimisation energy per atom of Ni (111) slab with various k-points.

Table 3.5. The total number of k-points (No k-points), optimisation energy per atom, the energy difference
between the k-points, the interatomic spacing (dni-dni), the equilibrium lattice parameter (E_lattice
parm), work function (@), the d-band centre (d) and the spin moment (ms) for various k-points grids
for the Ni (111) surface.

k-point No k-points ~ E/atom AE EB?:tI;]ce dni-dni () &d ms
(a.u.) (eV) (eV) A) (A) (eV) (eV) (MB /atom)
1x1x1 1 -1354.10  0.000 3.764 2450 3017 -1.413 0.960
3x3x1] 5 -1354.17  -0.076 3.764 2.478 3.060 -1.453 0.570
5%x5x1 13 -1354.17  -0.002 3.764 2.478 3.068  -1.481 0.710
7x7x1 25 -1354.17  0.000 3.764 2.480 3.073  -1.477 0.680

The lattice parameters for a Ni bulk structure were found to be 3.528 A 31 3.580 A %2 and 3.526 A.! These literature
values are comparable to the values calculated for the Ni (111) surfaces, within ~ 94 %. The lattice parameters
values calculated for each of the k-point grids are the same. From Table 3.5, it is clear that the calculated Ni - Ni
interatomic spacing distance (dni-dni) for the k-point grids is comparable to the literature values of 2.490 A 13
2.532 A, ¥ and 2.949 A, within ~ 98 %™

The change in the electronic properties, in terms of the work function and d-band centre, was calculated for each
of the k-point grids and shown in Table 3.5. The experimental work function value for a Ni (111) surface is
5.35 eV,* which is not comparable to the values obtained within this study. However, this larger value, as
observed, is normal and not necessarily incorrect according to Wojciechowski et al.*? and is dependent on the
method used during the calculations. Accordingly, the calculated value was influenced by the large number of
electrons in the Ni sphere, which lowered the calculated value. As a result, the Ni values calculated in this study
is not inaccurate but is larger due to the calculation method, which should be refined in future studies. The work
function values obtained for this study are smaller than that of the experimental values, and as the k-point grids

increased the values became larger. The theoretical d-band centre value is —1.56 eV for Ni, ** which is 0.079 eV
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larger than calculated in this study. Overall, the work function values calculated is still comparable to that of

literature studies.

The calculated spin moment for the Ni (111) surface slab is comparable (86 % to 91 %) to the literature values of
0.620 uB (PBE),*® 0.610 pB (PW),* 0.590 uB (LDA and GGA)®* and 0.610 uB (experimental)®® for the Ni bulk
structure. Looking at the spin moment of the k-point grids, it is clear that the 7x7x1 k-point grid is the closest to

that of the experimental spin moment for a Ni bulk structure.

In conclusion, the results obtained for the k-point sampling for both Pt and Ni (111) surfaces further concluded
that the selected k-point grid spread of 5x5x1 and the 7x7x1 was sufficient to study the optimisation energy for
the metal surfaces. Therefore, the consistency of the optimisation energy obtained showed that the 7x7x1 k-point
grid was suitable and that larger k-point grids were not required to describe the electronic properties. Overall, the
5x5x1 k-point grid was determined to be energetically the most favourable for both the Pt (111) and the Ni (111)

surfaces and was used as the preferred k-point grid for the remainder of this study.

3.3.2.2. Electronic properties of pristine surfaces

The calculated surface energy (Table 3.6) and work function (Table 3.7) values were compared to values obtained
from literature.® # 4% 4 The surface energy (y) values obtained for the Pt (111) surface, 1.20 J%/m, predicts that
an adsorbent will most likely form weak bonds on the metal surface due to the stability of the surface. In the case
of the Ni (111) surface, a value of 1.63 J2/m2was obtained, which indicates that strong bonding of the adsorbent
will occur on the surface. Although Pt and Ni are both transition metals with similar surface structures, the
differences in the electronic structure causes a variation in the trends between these metals.* *” From Table 3.6
and Table 3.7, it can be seen that a large surface energy value results in smaller work functions indicating that the
surface energy is indirectly proportional to the work function. As a result, removal of electrons from the surface

will be difficult since the surface is highly stable as indicated by larger surface energies and lower work functions.

Table 3.6. The surface energy (y) of unconstrained, pristine Pt (111) and Ni (111) metal surfaces of (3x3)-4L

obtained from the current study (*) as compared to computational and experimental values.

Computational Experimental
Metal Name

(3%/m?) [Ref] (3%/m?) [Ref]

1.200 * -

Pt Pt (3x3) 1.490 3 2.490 4

2.000 4 -

. . 1.630 * 2.380 4
Ni Ni (3X3) 1.920 44, 46 2.450 47,48
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Table 3.7. The work function (®) of unconstrained, pristine Pt (111) and Ni (111) metal surfaces of (3x3)-4L,
obtained from the current study (*), as compared to computational and experimental values from the

literature.
Computational Experimental
Metal Name

(eV) [Ref] (eV) [Ref]
5.070 * 6,080+0,150 49

Pt  Pt(3x3) 5.690 3
5.700 !

Ni Ni (3x3) 3.090 * 5.35 50

3.3.2.2.1. Adsorption energy

The results obtained for the adsorption of hydrogen on pure metal slabs are shown in Table 3.8, where the
adsorption energy results are compared to literature values.> 5 The adsorption energy obtained in this study
closely relates (+90%) to the unconstrained metal slabs of Watson et al.® In this study, the most stable site was
the atop site for Pt with an adsorption energy of — 0.465 eV, while the hcp site was the most stable site for Ni with
an adsorption energy of — 0.589 eV. However, the reference adsorption energies show that the fcc site for Pt with
an adsorption energy of — 0.477 eV and the fcc site for Ni metal with an adsorption energy of — 0.651 eV are the
most stable sites.> Although the adsorption sites in this study vary from the reference, there is a reason for the
difference between the calculated adsorption energies and the reference energies. It has been shown that slab
thickness plays a role in the stability of metal surfaces.® Thus, the difference may be due to the slab thickness
since the reference values were obtained from a thicker slab (5 layers). On the other hand, the inconsistency of

the adsorption energies may be due to poor convergence.

The calculated bond lengths, between the hydrogen and the metal, and those obtained from literature-3* correlated
well for the Pt and Ni. The most stable site for the Ni was the hcp, which had the longest Ni-H bond length when
compared to the other sites. In the case of Pt, the most stable site was that of the atop site, which was 0.009 eV
smaller than the stable hcp hollow site. The difference in the adsorption energies between the different sites is
negligible which means that all these sites should be equivalent. Therefore, hydrogen can be adsorbed on any of

the sites on the Pt or Ni surface.

Table 3.8. The comparison of calculated adsorption energy, Eags (in €V), and bond length, duwm (in A), of

unconstrained (2x2) Pt (111) and Ni (111) slabs with literature values. The surface coverage was

0.25ML.
Sites Current study Ref [1 Current study Ref [1]
Pt Eads (V) Ni Eadgs(eV)

Atop - 0.465 -0.450 -0.588 -0.081
Op-m 1.520 1.560 1.730 1.550
Bridge - 0.462 -0.440 -0.536 -0.511
Ar-m 1.870 1.560 1.730 1.720
hcp - 0.456 -0.450 -0.589 -0.642
Ar-m 1.880 1.880 1.730 1.810
fcc -0.409 -0.477 -0.571 -0.651
Ah-m 1.870 1.870 1.720 1.810

Layer 4 5 4 5
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3.3.2.2.2. Binding energy

The binding energies and adsorption energies for each of the adsorption sites were calculated. For this study, the
hydrogen binding energy was calculated by extending, and constraining, the bond length between the hydrogen
atom and the metal surface and optimising the slab (Figure 3.7). Thereafter, the bond length with the lowest
energy (e) was subtracted from the bond length where the energy was constant (e), indicating bond breakage.
Although this method is more time consuming than the existing hydrogen binding energy equation, the results

obtained in this method yielded more accurate values, and the method is consistent.
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Figure 3.7. Obtaining the binding energy from the optimisation energy (eV) and the bond length where the energy

is at a minimum point (e) and where bond breaking occurs (e).

The hydrogen binding energies (HBE) and the du.+ bond distances of a single hydrogen adsorbed onto the surface
of a (3x3)—4L Pt (111) and a (3%3)-4L Ni (111) metal, is shown in Table 3.9. The calculated binding energies
are comparable (~ 94 % to 97 %) with those obtained from literature, as shown in Table 3.9.% 3 5254 These
calculated binding energy values are an indication of the bond strength between the hydrogen atom and the metal
surface. Moreover, the binding energy values obtained, indicated that the binding energies were small between
the four sites for the Pt (111) and Ni (111) surfaces. From the results, it was clear that stronger binding energies
resulted in stronger adsorption energies which correlate with literature results that binding energy and the

adsorption energy have a linear correlation.*

Table 3.9. Hydrogen binding energies (HBE) of adsorbed hydrogen onto Pt (111) and Ni (111) surfaces with
0.11 ML surface coverage. Notably, the coverage of the reference is 0.25 ML.

Pt (111) Ni (111)
(V) [Ref] (V) [Ref]
Atop -2.500 * -2.880 *
-2.660 % -
Bridge -2.770 * -2.900
hcp -2.820 * -2.900 *
-2.680 % -2.880 »
fcc -2.690 * -2.880 *
-2.720 54 -2.940 2;‘
-2.720 % -2.890
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3.3.2.2.3. Electronic structure

The atomic projections of the density of states (pDOS) for the Pt (111) and adsorbed Pt.H (111) metal for the
(3x3)-4L with a 0.11 ML, is shown in Figure 3.8. In Figure 3.8 (a), the d-band filling is between 1.65 eV and
—7.22 eV, after adsorption of a single hydrogen atom the d-band centre shifted to between 1.08 eV and — 7.44 eV.
The interaction between the hydrogen’s s-orbital and the d-orbital of the Pt metal caused a shift in the d-band
centre, from 2.39 eV to 1.99 eV. This shift in the d-band centre values indicates that the energy moved towards
the Fermi level, which indicates that strong bonding occurred between the hydrogen atom and the Pt surface. This
strong hydrogen bonding to the surface was also observed from the binding energy for the fcc site, — 2.69 eV, on
the Pt metal .
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Figure 3.8. pDOS of the pristine (3x3)-4L a) Pt (111) and b) hydrogen adsorbed onto Pt (111) surface at a

coverage of 0.11 ML on the fcc site.

The d-band of the Ni metal is narrow, which indicates that the d-band is contracted, as shown in Figure 3.9. This
observed contraction in the Ni metal d-orbitals is due to ferromagnetism. In ferromagnetic metals, the electron
spins unpair and the spin becomes parallel. The narrow d-band of the Ni metal gives rise to a strong interaction
(strong chemisorption) that can be observed from the binding energies.5® %6 In the Ni, the d-band filling was
between 0.77 eV and —5.00 eV, while after the adsorption of single hydrogen the d-band filling changed to
1.35eV and — 5.26 eV. The d-band centre shifted from 1.51 eV to 1.47 eV, respectively. The binding energy of a
metal consists of the coupling of the hydrogen’s s-state and the metal d-states.5” The binding energy of hydrogen
to Ni metal on the fcc site was — 2.88 eV, which concluded that hydrogen binds even stronger to Ni metal than Pt

metal.
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Figure 3.9. pDOS of the pristine (3x3)-4L a) pristine Ni and b) hydrogen adsorbed onto Ni (111) surface at a

coverage of 0.11 ML on the fcc site.
3.4. Conclusion

It was clear that the calculated interatomic spacing, lattice parameters, the d-band centre (g4) and the spin moment
(ms) obtained in this study are close to the values in literature references for the Pt and Ni bulk structures.
Furthermore, the results from the k-point sampling have shown that the 11x11x11 and 5x5x1 k-point grids were

sufficient to carry out the integrations in the reciprocal space of the metal bulk structures and the surface slabs.

The calculated electronic and surface properties, such as the surface energies, work functions, hydrogen binding
energies and the adsorption energies, are comparable to literature studies.> ? Although the slab thickness varied
from literature studies?, the calculated surface and electronic properties are comparable. Moreover, the difference
in the adsorption energies between the sites for the metal surfaces were small enough that the hydrogen can adsorb
to any site on the metal surfaces. However, strong chemisorption of the hydrogen occurred on the surface of the

Ni metal, while in the case of the Pt metal, the chemisorption was less.

In conclusion, the adapted computational model, which was developed in this chapter, is comparable to literature
data and therefore was suitable to be used in the remainder of this thesis. In summary, the Cambridge serial total
energy package (CASTEP)® module, which is part of the BIOVIA Materials Studio software package, was used.?
The generalised gradient approximation (GGA) functional developed by Perdew, Burke, and Ernzernhof (PBE)*"
18 and the Koelling-Hamon relativistic treatment were used.?? A computational cost-effective geometric
optimisation algorithm, two-point steepest descent (TPSD),'® was used. The interaction between the core and
valence electrons was described using Ultrasoft pseudopotentials (USP),2% 2 while an energy cut-off of 400 eV
and a smearing value of 0.2 eV were used. A Monkhorst-Pack grid® of 11x11x11 k-points was used to carry out
the integrations in the reciprocal space of the metal bulk structures, while a Monkhorst-Pack grid? of 5x5x1

k-points was used for the surface slabs.

3.4. Conclusion Page |57



Results not included in this chapter, on a study where the slab thickness was increased from 4 to 14 layers to

obtain the most stable slab thickness, are given in the Supplementary (S1) section. The reason for not including

this part of the study in the main text of the chapter is that it did not affect the outcome of this study.
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It has been found that platinum (Pt) metal is active towards the oxygen reduction reaction (ORR), but it is not
active towards the oxygen evolution reaction (OER).%? Therefore, various experimental and computational studies
have been conducted for the past three decades to identify alternative electrocatalysts which are more cost-
effective, active, selective and stable than Pt. However, the type of electrocatalytic material that can be used is

limited due to the large overpotential, 1.23 V, required for these reactions to occur.

One possible solution is by creating cost-effective bimetallic electrocatalyst from the earth-abundant metals, such
as the first-row transition metals.®® In bimetallic surfaces, the electronic structure and reactivity of the primary
metal, such as Pt metal, are changed, brought on by the addition of a secondary metal.® 7 The bimetallic surfaces
are attractive alternative electrocatalysts since the activity, selectivity and stability of these metals can be fine-
tuned.®1* Moreover, the cost of the bimetal can be lowered by lowering the amount of the Pt in the surface with a
more earth-abundant and less expensive secondary metal. 4 6.11.14-28 Ag 3 result, various bimetallic surfaces have

been extensively studied experimentally®: 27:2%-33 and computationally. 28 34+43

A bimetallic surface which is capable of catalysing two different types of reactions (OER and ORR) is known as
a bifunctional electrocatalyst.!> “4 45 Pt-based electrocatalysts exhibit excellent performance towards the ORR
reaction, while excellent performance towards the OER is obtained using nickel (Ni)-based electrocatalysts.23 46
47 Moreover, Pt/Ni nanoparticles have been shown to be an excellent bimetallic electrocatalyst with a record low
overpotential of 0.69 V for the ORR.*’ Further suggesting that electrodes consisting of a combination of Pt and

Ni could be a possible bifunctional electrocatalyst for the OER and ORR.

Despite the large amount of literature on the enhanced electrocatalytic activity of Pt/Ni bimetals,** 4% 4851 the
relationship between the equilibrium composition of the mixture, the distribution of the metal atoms in the mixture
and the electronic structure are not yet fully understood. For example, there are numerous publications which were
not limited to determining the surface properties of transition metals,>2-° but also transition metal oxides,* 57-5
bimetallic surfacest® 132641 or nanoparticles®-8 for various electrochemical processes, such as the water-splitting

reaction.

In conclusion, insight into the relationship between the catalytic intermediates and the catalyst, and the energy of
their interaction, is a crucial step in theoretically understanding a multi-step catalytic reaction such as the OER
and ORR. By using computational studies, the reactivity of a surface can be determined from a wide range of
surface and electronic properties, such as the catalytic behaviour, reactivity, the surface energy (y), work

function (@), d-band centre (e4), adsorption energies (Eags) and hydrogen bonding energies (HBE).5% 69-73

Therefore, Part 2 of this study focused on constructing different Pt/Ni bimetals using the random manual
(Chapter 4) and an automated systematic technique (Chapter 5). In this study, the bimetallic surfaces constructed
were substitutional solid solutions due to the similar crystal structure and electronic properties between the Pt and
Ni metals.

The main focus of Chapter 4 is using a simplistic technique that involves the manual substitution of Pt atoms
with Ni atoms in a pre-existing Pt (111) surface. In this Chapter, the ligand and ensemble effects were

distinguished using different Pt/Ni ratios and different adsorption sites. Additionally, the electronic properties and
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hydrogen adsorption on these bimetallic surfaces were investigated to determine the reactivity of these surfaces

as a potential bifunctional electrocatalyst for the OER and ORR reactions.

In contrast, a more scientifically reproducible approach was followed in Chapter 5. In this approach, a site

occupancy disorder program (SOD)™ was used to construct all of the inequivalent configurations for a selected

size of the Pt/Ni bulk structure. Thereafter, the possible inequivalent configurations were narrowed down by using

thermodynamic properties, such as the full-disorder entropy, mixing enthalpy and probability distribution, to

obtain the optimal Pt/Ni ratio and Pt/Ni atomic arrangement for bimetallic bulk structures.
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4 Construction of PtoxNioy surface slabs using a random manual

technique

In this Chapter, Pto2sNio.7s (111), PtosNios (111) and Pto7sNio.2s (111) surface slabs (labelled R-PtoxNioy) were
constructed using a random manual technique to investigate the stability and electronic properties of a Pt/Ni
bimetallic surface. This technique consists of using a pre-existing (3 x3)-4L Pt (111) surface slab and substituting
nine (25%), eighteen (50%) or twenty-seven (75%) of the Pt atoms with Ni atoms to create the Ptg 2sNig.7s (111),
PtosNios (111) and Pto7sNig2s (111) slabs. A manual substitution was done to control the atom arrangement in
the top layer of the surface slab. The reason for controlling the atom arrangement in the top layer of the surface
slab was to ensure diverse fcc and hcp adsorption sites for hydrogen, to study the ligand and the ensemble effect
on the bimetallic surfaces. The ligand effect and the ensemble effect both influence the reactivity of bimetallic
surfaces. The ligand effect was investigated for the Pto 2sNio.75 (111), PtosNios (111) and Pt 75Nio 25 (111) surfaces,
since the Pt/Ni composition of these surfaces varied. In addition, the ensemble effects were investigated for the
bimetallic surfaces where the environment surrounding the adsorption sites, were varied. The results showed that
the ligand and the ensemble effects could be used to fine-tune the reactivity of the investigated bimetallic surfaces.
However, the calculated electronic properties obtained for the R-PtosNios bimetallic slab were not stable and
varied between the adsorption sites and the bimetallic surface. In conclusion, erratic electronic properties proved
that a randomly substituted surface slab is not effective, and a more systematic technique is needed for the

construction of bimetallic surfaces.
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4.1. Introduction

As mentioned previously, according to the Sabatier principle, *® an ideal catalyst should have medium bond
strengths. It has been proven through numerous hydrogen investigations that the bonding on Pt (111)° surfaces is
feeble, while the bonding on Ni (111)° is extreme.*® Furthermore, these results were confirmed in Chapter 3, in
terms of the adsorption energy (Eags) in 83.3.2.2.1 and the hydrogen binding energies (HBE) in 83.3.2.2.2.

It has been shown that the strength of the hydrogen bonding can be fine-tuned by using a weak hydrogen bonding
metal such, as Pt, and creating a bimetallic surface through the addition of a secondary metal. °*2 This addition of
a strong binding secondary metal could be used to fine-tune the electronic properties and the reactivity of the
primary metal.®*2 Moreover, the nature of the secondary metal affects the electronic property of the bimetallic
surface and ultimately, the reactivity of the bimetallic surfaces. These influences are known as the strain effect,

the ligand effect (electronic effect), and the ensemble effect (geometric effect).1°

If the atomic size of the two metals is very different, then the addition of the secondary metal will lead to a
compression or stretching effect of the lattice of the primary metal. This change in the lattice will alter the chemical
properties of the surface, which in turn will affect the binding energies!®¢ of bimetallic surfaces.’-? This effect
is known as the strain effect.

However, when a change occurs in the catalytic or adsorption properties of the primary metal by the addition of
a secondary metal, it is known as the ligand effect. The ligand effect is a result of adjusting the position of the d-
band centre by changing the electronic states of the primary metal when the d-bands of the primary metal overlap
with the electronic states (s-, p- and d-bands) of the secondary metal.!*- 2 Moreover, the degree of the electronic
structure modification is strongly dependent on the nature and the composition of the d-band of the secondary

metal 10 22

In the case that the environment surrounding the adsorption site (active site or ensemble) is changed, the
adsorption of the adsorbate is influenced, and this is known as the ensemble effect.’ 2123 There is a clear-cut
relationship between the reactivity and the electronic state of the surface, and the ensemble effects are known to
modify the electronic state of the surface.'® As a result, the ensemble effect is used for fine-tuning the adsorption

sites (active sites) in terms of the adsorption strength with the intermediates, during catalytic reactions.?"2*

However, distinguishing the ligand effects from the ensemble effect are challenging, since these effects are closely
related to one another.' 2> Moreover, studies which focused on distinguishing the strain, ligand and ensemble
effects are scarce, and the available studies only focus on Pt/Au, Rh/Au or Pd/Au surfaces.! 2. 26-28 Therefore,

the results obtained in this chapter are not comparable to literature studies.

An excellent method of investigating the relationship between reactivity and the d-band centre (gq) for bimetallic
surfaces is a volcano plot.?’ From these volcano graphs, a clear trend can be observed which shows that when a

d-band centre value is close to the Fermi level (Er = 0 eV), strong adsorption occurs and vice versa.?

In this study, the ligand and ensemble effects for Pt/Ni bimetallic surfaces were investigated. The strain effects

were not considered in this study, since it should be negligible as the crystal structure for Pt and Ni are identical
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with similar atomic sizes, i.e. Pt (1.75 A)% and Ni (1.63 A).%° Furthermore, the lattice parameter of the surface

slabs was held constant for the bimetallic surfaces, further reducing strain effects.>

The ligand effect was investigated by varying the amount of Pt and Ni in the surfaces, which in turn controls the
adsorbate binding.?* 2 Since the catalytic active sites are controlled by the ensemble effects, this effect was
investigated by varying the environment surrounding the adsorption site, while keeping the Pt/Ni composition

constant.1112 26

Overall, the number of ligand and ensemble effects for the Pt/Ni bimetallic surfaces was observable from plotting
the binding energies against the adsorption energies for all the adsorption sites (discussed in detail in Chapter 2,
in section §2.3.2.)121.25,

4.2. Computational model

The number of steric effects in the bimetallic surfaces were minimised by using constant lattice parameters. As a
result, the ligand and ensemble effects could be thoroughly investigated. These two effects were investigated
separately by changing either the composition of the bimetallic surfaces or the adsorption sites used. Therefore,
the ligand effects were investigated by varying the composition of the bimetallic surface (Pto.2sNio.75 t0 Pt 75Nio 25),
while the environment surrounding the adsorption sites were held constant. On the other hand, the ensemble
effects were investigated only for the PtosNigs bimetallic surface, while the environment surrounding the
adsorption site (also known as the ensemble) was changed. The random manual technique requires a large number
of configurations which would have been be time taxing. As a result, the configurations were limited to eight
adsorption sites.

4.2.1. Building the bimetallic surfaces

The Ptg2sNio7s5 (111), PtosNios (111) and Pto7sNig 25 (111) surfaces were constructed from the (3x3)-4L Pt (111)
surface slab, created and optimised in Chapter 3. This (3x3)-4L Pt (111) surface slab consisted of 36 Pt atoms,
with a vacuum gap of 12 A.

The Pto2sNig7s (111), PtosNios (111) and Pto7sNio2s (111) bimetallic surface slabs were constructed by randomly
substituting nine (25%), eighteen (50%) or twenty-seven (75%) Pt atoms with Ni atoms, as shown in Figure 4.1.
These constructed bimetallic surface slabs were labelled as R-PtyxNiox throughout this Chapter. (Note: This
labelling was done to eliminate any confusion with the PtosNios (111) surfaces, which are used in Chapter 5 and
Chapter 6).
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Figure 4.1. Top and side view for the a) R-Pty2sNig 75 b) R-PtosNigs and ¢) R-Pto7sNio2s surfaces, where the Pt

atoms in green and the Ni atoms in pink/purple.

During the construction of the Pt/Ni surfaces, the atomic arrangement of the top layer was the main focus where
the Pt atoms of the top layer were replaced with Ni. The environment surrounding the adsorption site was
investigated in terms of the ensemble effect, as shown in 84.2.1. Furthermore, the investigation of the ensemble
effect was only conducted for the R-PtysNigs bimetallic surface, since this Pt/Ni ratio has been shown to be the
most stable.?! The ligand effect was investigated for the R-Pto 2sNio 75, R-PtosNios and R-Pto 7sNio 25 bimetallic slab

while keeping the adsorption sites constant, as shown in the next section (84.2.1.).

These bimetallic surface slabs, namely R-Ptg2sNig 75, R-PtosNios and R-Ptg 7sNio 25, were optimised using DFT
calculations as described in the computational model developed and validated in Chapter 3. The optimisation
was followed by energy calculations, using the same settings as the optimisation to calculate the electronic

properties for the bimetallic surface slabs.

The electronic properties, such as the d-band centre (g4), hydrogen binding energy (HBE), adsorption energy (Eads)
and the work function (®), were calculated to aid in the description of the surface reactivity. The d-band centre is
obtained from the density of states (DOS), where the overlap of the s-, p- and d-orbitals are shown as energy level

bands (s-, p- and d-bands), separated by energy gaps.?

The adsorption of an elementary hydrogen atom on the bimetallic surfaces to investigate the electronic and
catalytic properties of these surfaces was investigated. The isolated H, molecule was optimised before the
adsorption was performed on to the R-PtosNios (111) surface. For consistency, the isolated H, molecule was
optimised in a lattice (periodic system) with the same lattice parameters, 8.507 A, 8.507 A and 18.946 A, as the
Pt (111) metal system.

4.2.1. Prepping the surfaces for hydrogen adsorption

The elementary hydrogen adsorption was investigated on (3x3)-4L surface slabs, with nine adsorption sites
simulating a coverage of 0.11 ML. The 3-fold energetically most stable hollow adsorption sites for transition
metals, namely, the hexagonal close packed (hcp) and the face centred cubic (fcc) sites,®*2 shown in Figure 4.2,

were investigated. The adsorption sites were labelled as (F1 -F4) in the fcc sites and (H1-Ha) for the hep sites.
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Figure 4.2. Adsorption sites on a) R-Pty2sNig75 b) R-PtosNigs and ¢) R-Ptg7sNig.2s surfaces, where Fi-F4 = fcc

hollow sites and Hi-Hs = hep hollow sites. (Where the atom colours are green and pink/purple for Pt

and Ni, respectively.)

In Figure 4.2, it is apparent that the environment surrounding the adsorption sites is diverse. As shown in
Figure 4.2, a Pt3 triatomic adsorption site (indicated with a triangle) was obtained for the F; and H,4 adsorption
sites, while the rest of the adsorption sites had a PtsNi; relationship. Furthermore, the second layer below the
adsorption site was a Pt (pink/purple) atom for the Hi, Ho, Hs and F, adsorption sites. Whereas, a Ni (green) atom

was in the second layer below the adsorption site for the Hs, F2 and Fa.

Hydrogen was adsorbed onto all the possible hcp and fcc adsorption sites of this surface, to study the surface
reactivity influenced by the ensemble effect due to the nearest neighbours. No dipole-correction schemes were

employed during the adsorption of hydrogen due to the simplicity of the isolated hydrogen.

4.3. Results and discussions

The results and discussion are divided into two parts where the first part, as shown in 84.3.1, investigates the
electronic properties of the pristine R-Ptg2sNig75 (111), R-PtosNios(111) and R-Pto7sNio2s(111) surfaces and
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compares the results to the pristine Pt (111) and Ni (111) surfaces. In the second part, a single hydrogen atom was
adsorbed onto the bimetallic surfaces to investigate the influence of the ligand (84.3.2.1) and the ensemble
(84.3.2.2) effects on these surfaces.

4.3.1. Electronic properties of pristine bimetallic surfaces

Electronic properties of the R-Ptg 2sNig 75 (111), R-PtosNigs (111) and R-Pto 7sNio 25 (111) bimetallic surface slabs,
including the work function and the d-band centre (as shown in Table 4.1), were calculated and compared to
pristine Pt (111) and Ni (111) surfaces values obtained in Chapter 3.

Table 4.1 Calculated work function (®) and d-band centre (e4) of the unconstrained pristine, Pt (111), Ni (111),
R-Pto,zsNiojs (111), R-Pto,sNio,s (111) and R-Pto,75Nio,25 (111) surfaces.

Surface D (eV) Reference gd (eV) Reference
] 3.090 * —1.484* *
Ni (111)
5.680 36 —1.560 6
5.070 *
5.690 4 —2.612* *
Pt (111)
5.702 2 —2.520 6
6.740 36
R-Pto.2sNio.75 4,367 * —1.332* *
R-PtosNios 4,781 * —1.886* *
R-Pto.7sNio.25 4519 * —1.096* *

Present study (*) and literature values.> & 337

4.3.1.1 Work function (®)

As mentioned previously, the minimum amount of energy required to remove an electron from the surface is
indicated with the work function, which determines the bond strength between the surface and the adsorbent.? As
per the definition of the work function, the more stable the surface, the more difficult it is for the electrons to
escape from the surface. The removal of an electron from the pure Pt (111) metal surface should be easy due to
its large work function.? Moreover, the d-orbitals of Pt are filled, which results in an easier donation of electrons
to an adsorbate on the metal surfaces. On the other hand, the small work function value obtained for the pure
Ni (111) surface, indicates that the removal of an electron from this surface should be difficult.® Moreover, the d-
orbitals of Ni are not filled, which influences the binding ability of the metal. As a result, removal of electrons
from the Ni is difficult, since the metal clings to the electrons which will result in strong bonding of adsorbates.
Overall, due to the difficulty of removing electrons from the Ni (111) surface, the binding energy for the Ni (111)

surface should be large and vice versa for the Pt (111) surface.®

The work function for the pristine pure metals, as shown in Chapter 3 (§3.3.2.2) and from previous studies in
literature, showed that pure Ni is not an ideal electrocatalyst since strong bonding occurs between hydrogen and
the Ni surface. This strong bonding is a result of the unwillingness of the metal surface to lose the electron obtained

from the hydrogen.® On the other hand, hydrogen bonds weakly to Pt (111) surfaces, which interferes with the
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formation of the intermediates during the OER or the ORR. However, in the bimetallic surfaces, the electronic

properties of the Pt metal surface changes due to the addition of a secondary metal, Ni, to the metal surface.

The calculated work function obtained for the pure metal surfaces were 5.070 eV for Pt (111) and 3.090 eV for
Ni (111). However, work function values of 5.690 eV and 4.600 eV for Pt (111) and Ni (111), respectively, have
been reported in literature.> 4 3638 3% |n section §3.3.2.1, it was mentioned that observing a larger value is not
necessarily incorrect, as it is dependent on the method used during the calculations of the metals shown by

Wojciechowski et al.*

From Table 4.1, it is clear that the calculated d-band centre is comparable to literature values within a range of
50 % to 89 %. Furthermore, the calculated work function values for the Pt/Ni bimetal slabs surfaces, 4.367 eV,
4.781 eV and 4.519 eV, are between the work functions values of the pure Pt (111) and Ni (111) surfaces of
5.070 eV and 3.090 eV (Table 4.1). Therefore, according to the calculated values, adsorbates should bind less
strongly to the bimetallic surface than on Ni (111) surface and more strongly than on the pure Pt (111) surface.
This indicates a trend in the bonding strength where Ni > R-Pt 25Nig.75 > R-Ptg 75Nig 25 > R-Ptg50Nig50 > Pt. This
trend of the calculated work function values of the bimetallic surface indicates that electrons moved from the Pt
atoms towards the Ni atoms, lowering the work function of the Pt metal during Ni atom substitution. This
movement of the electrons from the Ni atoms to the Pt atoms in the bimetallic slab surfaces will induce a shift in

the d-band centre.

4.3.1.2. Investigation of the d-band centre (eq)

An effective method for the observation of electronic structure changes can be observed from the d-band centre
values (Table 4.1). The shift in the d-band centre is measured to ascertain the amount of influence that an
adsorbate has on the bonding orbitals (d-orbitals) of the metal surfaces. This d-band centre of the pristine surfaces
was compared to the d-band centre of the adsorbed surfaces to determine the shift in the d-band centre, which is

shown in Chapter 2.

In the primary metal, the completeness of the d-orbital in the core metal*! is maintained by shifting the d-band
centre towards the Fermi level when a secondary metal is added. This downshift in the d-band centre towards the
Fermi level, results in an increase in the bonding strength between the metal and an adsorbate because the anti-
bonding states becomes empty. The opposite is true when the anti-bonding states are filled, decreasing the bond
strength, due to an upshift in the d-band centre away from the Fermi level. The d-band is observed from the partial
density of states (pDOS), which is the overlap of the d-orbitals as shown as energy levels. This pDOS is used to

give an approximate description of the bond formation of a transition metal surface.*?

The atomic projections of the pDOS, with regard to the d-band of the Pt (111), Ni (111), R-Pto2sNio75(111),
R-PtosNigs (111) and R-Pto 7sNio 25 (111) surfaces, are shown in Figure 4.3.
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Figure 4.3. Partial density of states (pDOS) of Pt (111), Ni (111) and the R-Pty2sNig75(111), R-PtosNigs(111)

and R-Pty75Nio 25 (111) bimetallic surfaces.
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The observed difference in the d-band centre values between the Pt (111) and R-PtosNigs (111) surface, is known
as a downshift, which is usually observed in bimetals. This downshift is a means of conserving the number of d-
states in the metal when a secondary metal is added.*® As shown in Figure 4.3, the d-band width of the R-
Pto.25Nio.7s (111) surface is similar to that of the Ni (111) surface with a narrow peak. This narrow peak means that
strong bonding will occur on this surface, like with the Ni (111) surface. Whereas the d-band width of the R-
PtosNios (111) surface is broader than that of the Ni (111) metal, due to the molecular orbital overlap between the
Pt and Ni atoms in the metal surface. Therefore, this broadening of the d-band indicates that the bond strength on
the R-PtysNios (111) surface should be weaker than that of the Ni (111) surface. In the case of the R-Pty 75Nio 25
(111) surface, the d-band width is narrower than that of Pt (111), while also exhibiting a narrow peak similar to
the peak observed for Ni (111). As a result, the bond strength should be close in value to that of the Pt (111)
surface, but stronger than the Pt (111) due to the narrow peak of the d-band.

The electronic structure, with regard to the d-band centre of the Pt (111) metal, shifted downwards in the Fermi
level when 50 % (- 1.886 eV) of the Pt metal was substituted with Ni. On the other hand, the d-band centre shifted
upwards in the Fermi level as the percentage of the Ni was changed to 25% (— 1.096 eV) and 75% (- 1.332 eV).
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The upwards shift in the d-band centre, in the Fermi level for the R-Ptg25Nio75 (111) and the R-Ptg.7sNig25 (111),
will result in strong binding onto these surfaces, which is not ideal for adsorption. On the other hand, the value of
the d-band centre for the R-PtosNio5(111) bimetallic surface (— 1.886 eV) lies between the calculated values of
the Pt (111) and Ni (111) surfaces with respect to the Fermi level of — 2.612 eV and — 1.484 eV, respectively. This
shift in the d-band centre indicates that bonding will be more favourable on the PtysNios (111) bimetallic surface,

compared to the other bimetallic surfaces or even the Pt (111) and Ni (111) surfaces.

In conclusion, strong hydrogen adsorption occurs on Ni (111) due to the high energy level of the anti-bonding
state formed by the hydrogen 1s-orbital and the metal d-orbital, leading to a low filling of this state and thus strong
adsorption.** Moreover, by examining the binding energy and the d-band centre of a metal surface, the strength
with which the hydrogen adsorbs to the metal surface can be determined.*® The electronic structure of the catalysts,
the reaction trends of transition metals, their bimetals and their alloys, have been successfully described using the

linear correlation between the binding energy and the d-band centre.*6-4°

The difference in the d-band centre values between the bimetallic surfaces indicates that the electronic structure
is influenced by either the ligand or the ensemble effect. As a result, the ligand (84.3.2.1) and the ensemble

(84.3.2.2) effect were investigated in the next section.

4.3.2. Ligand and ensemble effects due to the hydrogen adsorption

The changes in the electronic properties, such as the d-band centre, adsorption energy and the binding energy,
were investigated to determine the amount of ligand and ensemble effects that occur on the bimetallic surface

using hydrogen adsorption as a case study.

4.3.2.1. Ligand effects

The influence that the ligand effect has on the electronic structure for the R-Pto2sNio7s, R-PtosNigs and the

R-Pto.2sNio.7s bimetallic surfaces was investigated.

4.3.2.1.1. Difference in the binding energies due to the ligand effect

The binding energy was plotted against the d-band centre to investigate if there are changes in the reactivity of
the surface, as a result of the ligand effect, shown in Figure 4.4. The values used in Figure 4.4, are available in
the Appendix (Table A4.1).

To determine the number of ligand effects, the adsorption sites were held constant for all the surfaces to minimise
the contribution of ensemble effects, while the ratio of Pt and Ni was changed. In Figure 4.4, it is apparent that
the number of Pt and Ni atoms in the bimetallic surface influenced the d-band centres, which is an indication of
the presence of ligand effects. Looking at the F; adsorption site, the d-band centre values obtained were
—1.999 eV, —1.679eV and —1.456 eV for the Pto2sNig7s, PtosNigs and PtozsNig2s surfaces. Moreover, the
binding energies for the F; adsorption site varied as the amount of Pt and Ni in the bimetallic surface varied.
Looking at the H; adsorption site, the d-band centre values obtained were — 1.878 eV, — 1.679 eV and — 1.456 eV

for the Pto,zsNio]s, Pto,sNio_s and Pto,75Nio,25 surfaces.
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Figure 4.4. The comparison of the hydrogen binding energy (HBE) and the d-band energy (&q) for the F; and H;

adsorption sites for the bimetallic surfaces where the amount of Pt and Ni was varied to obtain

R-Pto,zsNio]s (111), R-Pto_sNio.s (lll) and the R-PtonNio,zs (lll) surfaces.

It is interesting to note that the hydrogen bonds are the strongest for the F1 and H; adsorption sites on the
R-PtosNigs bimetallic surface, as compared to the other bimetallic surfaces. On the other hand, the weakest

hydrogen bonding was obtained for the R-Ptg 2sNig 75 bimetallic surface.

In conclusion, the ligand effect can be used to fine-tune the bimetallic surfaces, in terms of the binding energy by
changing the ratio of Pt and Ni in the metal surface. This phenomenon can be used to fine-tune these bimetallic
surfaces for specific catalytic purposes. However, it is not conclusive that these values are only contributed by the
ligand effect and that a contribution from the ensemble effects does not occur. As a result, the influence of the

surrounding environment on the adsorption site was also investigated and discussed in the next section (84.3.2.2).

4.3.2.2. Ensemble effects
4.3.2.2.1. Difference in the binding energies due to the ensemble effect

The influence that the ensemble effect has on the adsorption properties for the R-Ptg2sNio.7s, R-PtosNigs and
R-Pto 2sNig 7s bimetallic (111) surfaces was investigated in terms of the hcp and the fcc adsorption sites. The results
are shown for the R-Ptg 25Nig 75, R-PtosNig s and for the R-Pty 7sNio 25 bimetallic surfaces in Figure 4.5, Figure 4.6
and Figure 4.7, respectively. The environment of the hydrogen adsorption sites, in terms of the amount of Pt and
Ni in the adsorption site, are indicated with a red triangle (V) for the hcp and a blue triangle (A) for the fcc

adsorption sites.
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Figure 4.5. The comparison between the binding energies (HBE) for varying environments of the adsorption site
for the a) hcp and the b) fcc sites for the for R-Ptg 25Nig 75 (111) surface.

In Figure 4.5, the change in the binding energy for the R-Pto2sNio.75 bimetallic surfaces was due to the ensemble
effect and not the ligand effect since only one surface was investigated (R-Pto2sNio7s), while varying the
environment surrounding the adsorption sites (H1 — Hs4 and F1 — F4). The calculated binding energies for the hcp
adsorption sites were —2.741 eV, —2.714 eV, — 2.407 eV and —2.777 eV for Hi, Hz, Hs and Hg, respectively.
Excessive bonding was obtained for the H; and the H, sites, with a difference of 0.036 eV between these sites. On
the other hand, weaker bond strengths were obtained for the H,and the H3 (weakest) site, which had a large energy
difference of 0.307 eV between these sites. In the case of the fcc adsorption sites, the binding energies were found
to be —2.722 eV, —2.787 eV, —2.771 eV and — 2.574 eV for Fy, F,, F3 and F, respectively. The values of the
bond strength between the Fi, F, and F3 adsorption sites were close with a difference between 0.016 eV and
0.065 eV. Moreover, linear tune-ability was observed as a result of the amount of Pt atoms in the binding site.
However, the F; and F, (Pt2Ni1) bonding sites were an exception and resulted in weaker bonding than the F; site,

because it is a Pt3 site.

Comparing the hcp and the fcc adsorption sites, it is clear that the strongest bonding occurred for the F, and the
H, adsorption sites, closely followed by the F3 adsorption site. The weakest bonding was obtained for the Hs4
adsorption site. The ideal bond strength between the Pt (111) and Ni (111) surfaces, should be 2.690 eV and
2.880 eV, respectively. Therefore, the F4 binding site is more suited for catalysts using an R-Pt2sNio.7s (111)
surface.

Similar results were obtained for the R-Ptys0Nioso bimetallic surface and are shown in Figure 4.6. The binding
energies for the hcp adsorption sites were calculated as — 2.595 eV, — 2.655 eV, — 2.417 eV and — 2.259 eV for
Hi, Hz, Hs and Hg, respectively. The strongest adsorption sites were the Hj and the H; site. The difference in bond
strength between the H; and the second strongest adsorption site, Hz, was 0.06 eV. The difference in bond strength
between the H; and Hs was large, namely 0.238 eV. The weakest binding on the R-PtysNig s surface was obtained
for the Hasite. From the results it is clear that the strongest bonding was obtained for the H; adsorption site, which
was a (PtNi) adsorption site where a Pt atom is available in the second layer. The H; site was the second strongest
site, while the hydrogen was bonded weakly to the H4 absorption site. In the case of the fcc adsorption sites, the
binding energies were calculated as — 2.355 eV, — 2.417 eV, —2.696 eV and — 2.261 eV for Fi, F,, F3 and Fa,
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respectively. The trend in bond strength towards hydrogen for the adsorption sires was F3 > F, > F1 > F4, with the
largest energy difference between F3; and F,, namely 0.279 eV. The binding energy of the F, adsorption site is

more suitable for adsorption than that of the other fcc adsorption sites investigated.
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Figure 4.6. Comparison between the binding energies (HBE) for varying environments of the adsorption site for
the a) hcp and the b) fcc sites for the for the R-PtosNigs (111) surface.

Comparing the hcp and fcc adsorption sites, it was seen that the bond strength was the strongest on the Fs; site,
followed by the second strongest on the hcp adsorption site (labelled as H,). On the other hand, the weakest
hydrogen bonding was obtained for the H4 and F4 sites. Once again, it was observed that an increase of Pt atoms
in the adsorption site caused a weakening of the binding energy for both the hcp and fcc adsorption sites. In
conclusion, the hydrogen bond strength for the R-PtosNios (111) surface, for both the hcp and the fcc sites, was
stronger than the bond strengths observed for the Pt (111) surface (2.690 eV).

The binding energies obtained for the R-Pty7sNio2s surfaces, with both the hcp and fcc adsorption sites, are
compared in Figure 4.7. The binding energies for the hcp adsorption sites were calculated at —2.578 eV,
—2.665 eV, —2.805eV and — 2.693 eV, for Hi, Hy, Hz and Ha, respectively, while the bonding energies calculated
for the fcc adsorption sites were —2.691 eV, —2.878 eV and — 2.665 eV for Fy, Fs and F4, respectively. It is
important that there was no F, adsorption site for the R-Pty 7sNig 25 surface since adsorption did not occur on this
site since the site was not suited for hydrogen bonding. This unsuitable site means that the hydrogen, which was
added to the hydrogen site, moved to a more suitable adsorption site which was a bridge site and was not
investigated further. Once again, it is clear that an influence was seen for each of the adsorption sites due to the
ensemble effects. The direction of the linear tune-ability was the same as with the R-Pto 2sNig 75 bimetallic surface.
This linear tune-ability further concludes that the downward shift of the d-band centre in the Fermi level, observed
for the R-Pto72Nio7s surface and R-Pty7sNig2s surface bimetallic surfaces, affects the adsorption on these
bimetallic surfaces. Now that the ensemble effects have been investigated between these bimetallic surfaces, the
ligand effect was investigated by comparing the hcp and the fcc sites for all three the compositions, hence changing

the compositions while keeping the adsorption sites constant.
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Figure 4.7. Comparison between the HBE and the a) hcp and b) fcc binding sites with varying environments,

either bonded to Pts or PtsNi; for the R-Ptg75Nig.2s bimetallic surface.

By comparing the binding energies for the H; adsorption site for the R-Pto 2sNio .75, R-Pto sNig s and the R-Pto 2sNio 75
bimetallic (111) surfaces, binding energy differences of — 2.741 eV (R-Pty 25Nig.75), — 2.595 eV (R-Pto 2sNig 75) and
—2.578 eV (R-Pty.2sNio.75) were observed.

It is clear that the environment surrounding the adsorption sites affected the binding energy. Comparing the fcc
and hcp adsorption sites with one another, it is clear that the binding energies were similar in respect to the same

surfaces.

The hydrogen bond strength obtained for the R-Ptg 25Nio.75 surface showed that an ideal bond strength was obtained
for the Hs (— 2.407 eV) and F,4 (— 2.720 eV) adsorption sites, while a less ideal strength was observed for the H,
and F; sites. In the case of the R-PtosNigs surface, the hydrogen bonded too strongly onto the H, and F3 adsorption
sites, which is not the ideal. However, more ideal hydrogen bond strengths, between Pt (111) and Ni (111)
surfaces, were obtained for the Hs (— 2.259 eV) and F4 (— 2.261 eV) adsorption sites. The hydrogen bond strength
obtained for the R-Pto75Nio 25 surface was less ideal for the Hz and the F; adsorption sites, with more ideal bond
strengths obtained for the H; ( 2.578 eV) and F3 ( 2.387 eV) sites.

In conclusion, the most ideal bond strengths were obtained between —2.5 eV and — 2.6 eV for all bimetallic
surfaces investigated. Moreover, the differences in binding energies between the hcp sites and the fcc sites were
stable, where the differences in the energies for the R-PtosNigs surface was close in value. The least stable hcp
and the fcc sites were that of the R-Pty70Nio 25 surface with energy differences between 0.23 eV and 0.31 eV, for

the hep and fec sites, respectively.

4.3.2.2.2. Difference in the adsorption energies due to the ensemble effect

As described in 8§84.3.1.2, the d-band centre values calculated for the pristine R-PtosNigs bimetallic surface
indicated that the surface had a medium bond strength when compared to the pure metals and the other two

bimetallic surfaces. Therefore, the ensemble effects were studied in terms of the R-PtosNigs bimetallic surface.
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Moreover, as already mentioned, Pty sNios compositions are the most stable ratio for a Pt/Ni bimetal, 3% 5° which

was why ensemble effect was studied in detail for this surface.>

The calculated work function, the interatomic spacing (dw-m) between the metal and the adsorbed hydrogen, the
binding energy, the adsorption energy, and the d-band centre were calculated, as shown in Table 4.2. In addition,
H-Mags represents which surface the hydrogen was adsorbed to. In Table 4.2, the spacing between the hydrogen
and the bonded metal/s (dv-v) was 1.726 A and 1.800 A for Pt (111) and Ni (111), respectively. Furthermore, the
interatomic spacing for the R-PtosNig s surface was larger than that of the pure metals, depending on the adsorption
site and the ensemble effects. This interatomic spacing varied between ~2.008 A and ~2.062 A for the hcp site,
and ~1.942 A and ~2.048 A for the fcc site. Overall, the difference in the atomic spacing between the metal

surfaces was minor, with no large spacing differences observed due to the minimisation of the strain effect.

Table 4.2. Calculated electronic properties for R-PtosNios bimetallic surface with varying adsorption sites in
terms of the adsorbed metal site (H-Mags) work function (®), interatomic spacing (dw-m), binding

energies (HBE), adsorption energy (Eags) and the d-band centre (gg).

S S ) dH-m HBE Eads £d
(eV) A) (eV) (eV) (eV)

Ni (111) H Ni 3.089 1.729 —2.900 —-0.561 -1.474

Pt (111) H Pt 5.002 1.800 —2.785 —0.516 —2451

o R-PtosNigs (Hi) Pt2N 4,152 2.038 —2.595 -0.350 -1.673
2 R-PtosNigs (H2) PtzN 4.376 2.008 —2.655 -0.533 -1.682
R-PtosNios (Hs) PN 4.774 2.062 —2.417 —0.067 —1.684
R-PtosNigs (Ha) Pts 4.359 2.018 —2.259 -0.479 -1.681

Ni (111) F Ni 3.097 1.725 —2.880 —0.539 -1.474

Pt (111) F Pt 5.025 1.800 —2.737 —0.461 —2.461

R-PtosNios (Fu) Pts 4.875 2.048 —2.355 —0.067 -1.678

‘§ R-PtosNios (F2) PtoNi 4.901 2.021 —2.417 -0.133 —1.675
R-PtosNios (Fa) PtNi 4.661 1.942 ~2694  -0.381 ~1.681
R-PtosNios (Fa) Pt:Ni 4.367 2.002 ~2261  -0.308 ~ 1678

In Chapter 3 in section §3.3.2.1, it was shown that the calculated work function for the pristine Pt (111) and
Ni (111) surfaces was 5.070 eV and 3.090 eV, respectively. Comparing this to the R-PtysNios bimetallic surface,
the work function value was different for hydrogen adsorbed at the different adsorption sites. The shift in the work
function, between the pristine surfaces and the adsorbed surfaces, was relatively small with a difference of less
than ~ 0.15 eV. The reason for the small shift in the work function is due to the small effect that an elementary
hydrogen atom has on the metal surfaces. Elemental hydrogen has only 1 electron (st), which bonds to the d-band

of the metal surface during adsorption.

The adsorption energies obtained for the Pt (111) surface, Table 4.2, were — 0.516 eV and — 0.461 eV for the fcc

and hcp adsorption sites, respectively. These adsorption results correlate with literature values, where the
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adsorption energies were, —0.455 eV and — 0.448 eV, for the fcc and hcp adsorption sites, respectively.! In
addition, the adsorption energies obtained for the Ni (111) surface, Table 4.2, were — 0.561 eV and — 0.539 eV,
for the fcc and hep adsorption sites. These adsorption energies values correspond well with literature values of
—0.659 eV and — 0.661 eV, for the fcc and hcp adsorption sites.!

The adsorption sites investigated for the bimetallic surfaces were the Hs, Ha (R-Pto.75Nio2s) and F, (R-PtosNios)
adsorption sites (— 2.787 eV). The bond strength in these adsorption sites are strong and are close to the bond
strength obtained for Ni (111) surfaces, which is not ideal for multi-step reactions where more than one
intermediate is formed. On the other hand, the bond strength obtained is between —2.25 eV and — 2.66 eV (Hi-
Hs) and between —2.35eV to —2.70 eV (Fi-F4). Therefore, the R-PtosNigs surface showed weaker adsorption
and therefore, the more ideal catalytic surfaces for the water splitting reaction. In the next section the influence of

the ensemble effect was investigated for the stable R-PtosNios surface by comparison of the electronic properties.
4.3.2.2.3. Linear correlation between electronic properties.

A linear correlation exists between the binding energy and the adsorption energy since the binding energy of the
hydrogen to the metal surface is dependent on the electronic surface.* In Figure 4.8 (), the binding energy is
plotted against the adsorption energy for the R-PtosNigs (111) surface. As expected, the results show a linear
correlation between the binding energy and the adsorption energy, especially for the Hz and F3; adsorption sites,
although not all the adsorption sites correlate well. The adsorption energies of the R-PtysNios (111) surface varied
for each of the adsorption sites (Figure 4.8 (b)). The d-band centre value for the pristine metal indicated that the
adsorption energies should be between the pure Pt (111) and Ni (111) metals, as observed in the results. Strong
adsorption occurred on the H, (— 0.533 eV) and H4 (— 0.479 eV) adsorption sites, which was still weaker than on
the Ni (111) surface. On the other hand, the binding energy for all the other sites calculated was weaker than
Pt (111).
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Figure 4.8. Hydrogen binding energy (HBE) vs a) the adsorption energy and b) the d-band centre for Ni (111),
Pt (111) and R-PtosNios (111) surfaces (indicated as F1, F2, F4, Hi and Hy).

When hydrogen is adsorbed onto transition metal surfaces, all the s- and p- orbitals are filled and therefore, the
same for all the transition states.*® However, the contribution of the d-band states varies between the transition
metal surfaces and the adsorbed hydrogen. The structures of these d-band states are narrow, which are easily
affected by small perturbations in the environment.® 1415 Therefore, the binding energy was plotted against the
d-band energy for the pure metals and the R-PtysNios (111) surfaces, as shown in Figure 4.8 (b).

According to literature studies, the binding energy varies approximately linearly with the d-band centre for the
Pt (111) and Ni (111) surfaces, ®3*4° as observed in Figure 4.8 (b). The trend in the binding energy for the parent
metals was Pt < Ni, which is consistent with literature studies.® Furthermore, the hydrogen bonding increased as
the d-band centre shifted down towards the Fermi level, where Er = 0. Consequently, the interaction of the
hydrogen with Ni (111) was strong due to the d-states being close to the Fermi level, but higher in energy than
that of the Pt (111) surface.

Moving to the results of the R-PtosNios (111) surface, the observed d-band centre for all the adsorption sites did
not vary. However, the binding energy varied for each of the adsorption sites. This varying binding energy is a
possible indication of the nearest neighbour and environmental influences on the adsorption sites. In addition,
there are many possible arrangements of the Pt and Ni metals in the R-Pto sNios (111), which were not determined.
Hence, the R-Pty5Nios (111) surface used in this chapter was most likely not the most stable surface arrangements
for a Pt/Ni bimetal with a 1:1 ratio. This instability of the R-PtosNios(111) surface could also be a contributing
factor to the varying adsorption results on this surface.

The binding energies on the bimetallic surfaces are less than that of either the parent metals for thermodynamically
stable bimetallic surfaces.*® Experimentally, it has been observed that hydrogen atoms bind more weakly on
Pt — Ni — Pt surfaces than on either Pt or Ni surfaces.®* 4® This was observed in Figure 4.8 (b), which shows that

the R-PtysNios (111) bimetal surfaces exhibited binding energies which are lower than that of the corresponding
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Pt (111) metal and higher than the Ni (111) metal surface. In conclusion, hydrogen bonding on the bimetallic
surfaces was still weaker than that observed for the Ni (111) surface, which depending on the electrocatalytic

reaction used, is more reactive than the parent metals.

Even though the binding energies for the H4 and F4 adsorption sites were identical, the adsorption energy indicated
that adsorption was preferred for the Hy site, rather than on the F4 site. This difference in the adsorption energies
could be a contribution of the ensemble effect and not the ligand effect. The reason for this is that the binding
energies were constant for both adsorption sites. Furthermore, ligand effects occur due to the difference in the
electronic properties between the parent metals. From the results, it is obvious that the electronic property of the
R-PtosNios (111) surface was constant between the binding sites. Therefore, the changing binding energies and

adsorption energies must be due to the ensemble effects.

In conclusion, although the surface of the metal consists of various parent metals, the strength of the hydrogen
bond is dependent on the adsorption site and the type of adsorption metal. The electronic properties of various
metal surfaces, i.e. d-band structure, can be studied by examining the changes in the adsorption energies. As
previously mentioned, the shift in the d-band centre affects the degree of interaction, either towards a weaker or
stronger chemical bond, between the transition metal surface and the hydrogen adsorbate. Furthermore, downward
shifts in the d-band centre have been shown to cause a significant effect on the surface reactivity, due to the

weakened interaction between the reactants and substrates.5?

Overall, a linear correlation was observed between the parent metals, which correlates with literature findings.'#
% However, the adsorption sites calculated on the R-PtysNios surface were inconsistent, which showed the
presence of ensemble effects. The ensemble effects that occur on the bimetallic surface influenced the bonding

energies and adsorption energies of each of the adsorption sites investigated, resulting in varying energy values.

4.4. Conclusion

In conclusion, the reactivity of a metal surface can be determined by the adsorption energy, d-band centre and the
binding energy. The results obtained for the R-PtysNigs bimetallic surface showed varying results for each of the
adsorption sites brought on by a change in the adsorption environment, and as a result, the contribution of
ensemble effects. Ultimately, a conclusive trend could not be observed for this bimetallic surface. The method
used in this chapter did not determine the most stable R-PtosNigs bimetallic surface mixture. However, the results
indicated that by varying the adsorption sites, a more stable atomic arrangement of the surface could be possible.
Therefore, the results concluded that the manual random technique was not an ideal technique to create bimetallic
surfaces or to assess all the arrangements possible for a Pt/Ni bimetallic mixture with a 1:1 ration. Therefore,
Chapter 5 will focus on a systematic method, using the site occupancy disorder (SOD) program®, to create

bimetallic slabs with more stable atomic arrangements.

4.5. References

1. G. W. Watson, R. P. K. Wells, D. J. Willock and G. J. Hutchings, The Journal of Physical Chemistry B,
2001, 105, 4889-4894.
2. J. Wang and S.-Q. Wang, Surface Science, 2014, 630, 216-224.

4.4. Conclusion Page |81



©ooNo Ok~ Ww

10.

12.

13.

14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24,

25.

26.

217.
28.

29.

30.
31.

32.
33.

34.

35.
36.
37.
38.
39.

40.
41,

42,

43.
44,
45,
46.
47.
48.

Q. Shi and R. Sun, Computational and Theoretical Chemistry, 2017, 1106, 43-49.

N. E. Singh-Miller and N. Marzari, Physical Review B, 2009, 80.

F. R. De Boer, W. Mattens, R. Boom, A. Miedema and A. Niessen, 1988.

J. Greeley and M. Mavrikakis, J Phys Chem B, 2005, 109, 3460-3471.

B. Hammer and J. K. Norskov, Nature, 1995, 376, 238-240.

B. Hammer and J. K. Ngrskov, 2000, 45, 71-129.

J. Greeley and M. Mavrikakis, Surface Science, 2003, 540, 215-229.

S. Furukawa and T. Komatsu, ACS Catalysis, 2016, 7, 735-765.

P. Liu and J. K. Ngrskov, Physical Chemistry Chemical Physics, 2001, 3, 3814-3818.

U. Schneider, H. Busse, R. Linke, G. Castro and K. Wandelt, Journal of Vacuum Science & Technology
A: Vacuum, Surfaces, and Films, 1994, 12, 2069-2073.

P. Strasser, S. Koh, T. Anniyev, J. Greeley, K. More, C. Yu, Z. Liu, S. Kaya, D. Nordlund, H. Ogasawara,
M. F. Toney and A. Nilsson, Nature Chemistry, 2010, 2, 454-460.

J. R. Kitchin, J. K. Norskov, M. A. Barteau and J. G. Chen, Phys Rev Lett, 2004, 93, 156801.

M. Mavrikakis, B. Hammer and J. K. Ngrskov, Physical Review Letters, 1998, 81, 2819-2822.

P. Mani, R. Srivastava and P. Strasser, The Journal of Physical Chemistry C, 2008, 112, 2770-2778.

J. A. Rodriguez and D. W. Goodman, Science, 1992, 257, 897-903.

E. Kampshoff, E. Hahn and K. Kern, Physical Review Letters, 1994, 73, 704-707.

J. H. Larsen and I. Chorkendorff, Surface Science, 1998, 405, 62-73.

M. Gsell, Science, 1998, 280, 717-720.

H. Li, K. Shin and G. Henkelman, J Chem Phys, 2018, 149, 174705.

V. R. Stamenkovic, B. Fowler, B. S. Mun, G. Wang, P. N. Ross, C. A. Lucas and N. M. Markovic,
Science, 2007, 315, 493-497.

J. W. A. Sachtler and G. A. Somorijai, Journal of Catalysis, 1983, 81, 77-94.

L. Luo, Z. Duan, H. Li, J. Kim, G. Henkelman and R. M. Crooks, J Am Chem Soc, 2017, 139, 5538-
5546.

Y. Gauthier, M. Schmid, S. Padovani, E. Lundgren, V. Bu§, G. Kresse, J. Redinger and P. Varga,
Physical Review Letters, 2001, 87, 036103.

H. Li, L. Luo, P. Kunal, C. S. Bonifacio, Z. Duan, J. C. Yang, S. M. Humphrey, R. M. Crooks and G.
Henkelman, The Journal of Physical Chemistry C, 2018, 122, 2712-2716.

L. Zhang and G. Henkelman, The Journal of Physical Chemistry C, 2012, 116, 20860-20865.

L. Zhang, R. lyyamperumal, D. F. Yancey, R. M. Crooks and G. Henkelman, ACS Nano, 2013, 7, 9168-
9172.

V. Stamenkovié¢, T. J. Schmidt, P. N. Ross and N. M. Markovi¢, The Journal of Physical Chemistry B,
2002, 106, 11970-11979.

A. Bondi, The Journal of Physical Chemistry, 1964, 68, 441-451.

L. M. Botha, D. Santos-Carballal, U. Terranova, M. G. Quesne, M. J. Ungerer, C. G. C. E. van Sittert
and N. H. de Leeuw, RSC Advances, 2019, 9, 16948-16954.

R. Hoffmann, S. D. Wijeyesekera and S.-s. Sung, Pure and Applied Chemistry, 1986, 58.

V. Pallassana, M. Neurock, L. B. Hansen and J. K. Ngrskov, The Journal of Chemical Physics, 2000,
112, 5435-5439.

J. R. Kitchin, N. A. Khan, M. A. Barteau, J. G. Chen, B. Yakshinskiy and T. E. Madey, Surface Science,
2003, 544, 295-308.

J. Greeley and M. Mavrikakis, Nat. Mater., 2004, 3, 810.

H. L. Skriver and N. M. Rosengaard, Physical Review B, 1992, 46, 7157-7168.

P. J. F. Harris 1, Philosophical Magazine, 2004, 84, 3159-3167.

V. Zolyomi, L. Vitos, S. K. Kwon and J. Kollar, J Phys Condens Matter, 2009, 21, 095007.

M. P. J. Punkkinen, Q. M. Hu, S. K. Kwon, B. Johansson, J. Kollar and L. Vitos, Philosophical Magazine,
2011, 91, 3627-3640.

K. Wojciechowski and H. Bogdandéw, Acta Physica Polonica A, 1994, 85, 875-890.

A. Ruban, B. Hammer, P. Stoltze, H. L. Skriver and J. K. Ngrskov, Journal of Molecular Catalysis A:
Chemical, 1997, 115, 421-429.

J. K. Norskov, F. Abild-Pedersen, F. Studt and T. Bligaard, Proc Natl Acad Sci U S A, 2011, 108, 937-
943.

J. R. Kitchin, J. K. Norskov, M. A. Barteau and J. G. Chen, J Chem Phys, 2004, 120, 10240-10246.

Y. Jiao, Y. Zheng, M. Jaroniec and S. Z. Qiao, Chem Soc Rev, 2015, 44, 2060-2086.

F. Calle-Vallejo and M. T. M. Koper, Electrochimica Acta, 2012, 84, 3-11.

J. G. Chen, C. A. Menning and M. B. Zellner, Surface Science Reports, 2008, 63, 201-254.

C. A. Menning, H. H. Hwu and J. G. Chen, J Phys Chem B, 2006, 110, 15471-15477.

V. Pallassana and M. Neurock, Journal of Catalysis, 2000, 191, 301-317.

Page |82 4.4. Conclusion



49, A. M. Goda, M. A. Barteau and J. G. Chen, J Phys Chem B, 2006, 110, 11823-11831.

50. S. L. Shang, Y. Wang, D. E. Kim, C. L. Zacherl, Y. Du and Z. K. Liu, Physical Review B, 2011, 83,
144204.

51. B. Hammer and J. K. Ngrskov, Surface Science, 1995, 343, 211-220.

52. R. Grau-Crespo, S. Hamad, C. R. A. Catlow and N. H. d. Leeuw, Journal of Physics: Condensed Matter,
2007, 19, 256201.

4.4. Conclusion Page |83



Page |84 4.4. Conclusion



5 Developing a thermodynamically stable Pt/Ni bimetal

using a systematic method

In this chapter a series of face-centred cubic (fcc) Pt/Ni bimetallic unit cells (PtiNii-, where x = 0, 0.25, 0.50,
0.75 or 1) were created using the site occupancy disorder (SOD) program. These Pt/Ni bimetallic unit cells was
created by performing substituting of Pt by Ni for various simulation cell sizes of the unit cell. The electronic and
thermodynamic properties for these Pt/Ni bimetallic unit cells were studied. The results showed that a Pt/Ni
bimetallic unit cell with a 1:1 Pt/Ni ratio was thermodynamically the most stable mixture. It is important to note
that the previously mentioned adapted model (CASTEP), as discussed in Chapter 3, was not used in this chapter,
but instead, the Vienna ab initio simulation program (VASP) was used. The reason being that this research was
done during a brief exchange visit to Cardiff University in Wales, UK, and VASP is the software of choice used

within the host research group. The results obtained in this part of the study was published in Issue 30 of RSC

Advances.!

TR [ oo 1 (o] SO PO PR 87
5.2. Computational METNOM ..ottt b et b et 88
5.3. RESUILS 8N0 QISCUSSIONS ...ttt ettt etttk b bbb bttt b bbbt b et 89
SR O] Tod [F 1 (o] USSP PSPPSR 95
DD, RETEIBINCES ...ttt bbb b bbb bR R R R R bbbt 96

Chapter 5 Page |85



Page [86 Chapter 5



5.1. Introduction

In Chapter 2 (§2.4.5), the electronic and magnetic properties of metallic surfaces were discussed in detail. From
the discussion, it was clear that the magnetic property of a metal is determined by the valence electron
configuration. Pt is non-magnetic due to the equal population of electrons, divided into the up (o) and down ()
spins, within the full 5d° level.l:2 On the other hand, Ni exhibits ferromagnetic properties due to the incomplete

3d 9 level of the Ni metal which leads to unpaired electrons spins.® 4

A large number of investigations use adsorption energy to describe the surface properties of surfaces, which
overlooks the importance of the magnetic properties of the surface, such as the magnetic moments.> Moreover,
scaling relations of magnetic bimetallic transition metal surfaces have been recently investigated through the
addition of magnetic moment in the scaling calculations.® As a result, it was shown that magnetic moments could
be successfully added to the scaling relation for bimetallic magnetic systems.> A Bader partitioning (also known
as Bader charge analysis) have been developed to calculate the charge density and the magnetism of materials
when using DFT investigations.5'? As a result, a Bader analysis was performed on the Pt/Ni bimetallic bulk

surfaces to determine the magnetic properties of these surfaces.

Despite the large amount of literature published on enhanced electrocatalytic activity of Pt/Ni bimetals, 38 the
relationship between the electronic structure, the distribution of the metal atoms in the mixture, and the
equilibrium composition of the mixture are not yet fully understood. This relationship could be investigated by
investigating various thermodynamic properties, such as the entropy (S) and the enthalpy (H) of the equilibrium
compositions of the Pt/Ni bimetals. These thermodynamic properties are influenced by the size of the cell being
investigated. For example, the convergence of the free energies and entropies are slower with an increase in the
cell size, while the convergence of the calculated enthalpies of the disordered systems tends to occur rapidly with

an increase in the cell size.®

The entropy of convergence (Smax) Of varying simulation cell sizes could be determined using equation (5-1). This
entropy of convergence was used to determine the rate of convergence with varying simulation cell sizes and to
determine if the simulation cell size would converge. In equation (5-1), the number of atoms in the simulation cell

is N, the Boltzmann constant is kg ?° and the Ni mole fraction in the bimetal is indicated by x.1°

N!

[xN]![(l.—x)N]! (5-1)

1
Smax (X,N) = ﬁ kB In
Entropy described by a Boltzmann-like probability is called the full-disordered entropy. The ideal full-disorder

entropy (Sicear), for when the simulation cell size approaches an infinite size, could be calculated using equation

(5-2),% where the variables are the same as in equation (5-1).

Sigeal(@) = 1M Spp C6N) = — kg[x Inx+(1-x) In (1-x)] (5-2)
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In order to identify the most stable Pt/Ni ratio in the bimetal, the enthalpy of mixing (AHmix) was calculated using
equation (5-3).2! In equation (5-3) the total energy of the various bimetallic bulk structures are represented by
E(Pt;xNiy), while the energies of the Pt and Ni atoms are represented by E(Pt) and E(Ni).

AH,. = E(Pt,Ni)-(1-x)E(Pt)-xE(Ni) (5-3)

The total energy of the various bimetallic bulk structures was calculated using equation (5-4). The probability of
the occurrence of an inequivalent configuration (m) is represented by Pm, while the full spectrum configuration in
the various bimetallic bulk structures contains M inequivalent configurations.?:-23 The energy of the inequivalent

configuration (m) is given by En.

M
E(Pt, Ni,) = meEm (5-4)
m=1

The probability of occurrence of an inequivalent configuration (m) follows the Boltzmann distribution, shown in
equation (5-5), where the degeneracy of the inequivalent configuration is shown as Q,, and the other variables are

the same as in the previous equation.?*%

P = %e(—Em/kBT) (5-5)

The configurational partition function (Z), which describes the statistical properties of a system in the
thermodynamic equilibrium, is shown in equation (5-6). The variables in this function are the same as those in

previous equations.?*%

VA = Z 0,,eEm/ksT) (5-6)

5.2. Computational method

Both Pt and Ni metals adopts the face-centred cubic (fcc) crystal structure along the [111] direction, which belongs
to the Fm3m space group (No. 225).24 2% The Pt and Ni unit cells contains four atoms.?® Ni is a ferromagnetic
material with a Curie temperature of Tc = 624 K, while Pt is a closed shell paramagnetic metal.?” The lattice
coordinates for the Pt and Ni unit cells (four atoms) were obtained from the Inorganic Crystal Structure Database
(ICSD).®8

Unique (inequivalent) bimetallic bulk structures were obtained from the SOD (site-occupancy disorder)
program,? which generated all the possible configurations for Pt.Niy.x bimetallic bulk structures, where x = 0,
0.25, 0.50, 0.75 or 1. The SOD program also eliminated similar configurations.®® In the setup of SOD, the

simulation cell sizes used were 1x1x1 and 2x2x1. The 1x1x1 simulation cell is small and may not be as accurate
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as larger simulation cells. However, a 2x2x2 simulation cell size is computationally expensive and increases
computational time due to the number of inequivalent configurations generated by SOD and, therefore, could not
be considered. The cubic symmetry of the unit cell was doubled in the a and b directions to form a 2x2x1
simulation cell size, which was used to increase the accuracy of the data sampling while still limiting the
calculation cost. Notably, the cubic symmetry of the unit cell was broken by using a 2x2x1 simulation cell size,

but this symmetry breaks only occurred in the c-direction which did not hinder the results.

The inequivalent configurations were optimised with the General Utility Lattice Program (GULP).% 32 The Sutton
and Chen® interatomic potential (IP) was used to calculate the structures and energies for the inequivalent
configurations generated for the 1x1x1 and 2x2x1 simulation cells for the bimetallic bulk structures, as well as
the pure Pt and Ni. Additionally, the 1x1x1 simulation cells for the bimetallic bulk structures, as well as the pure
Pt and Ni, bulk structures were optimised by using Density functional theory (DFT) calculations, as implemented
in the Vienna ab initio simulation program (VASP).3+%" The lattice parameters, internal coordinates, cell shape

and atomic spin momentum were allowed to change during the geometry optimisations.

For the DFT calculations, the generalised-gradient approximation (GGA) functional developed by Perdew, Burke,
and Ernzernhof (PBE)% *° corrected with the semiempirical D3 approach of Grimme with the Becke-Johnson
(BJ) damping*®-#2 was used. The projected augmented-wave (PAW)* method, as implemented by Kresse and
Joubert,* was used to describe the interaction between the core and valence electrons, which is defined in the
5d6s levels for Pt and 3d4s levels for Ni. A fixed kinetic energy cut-off at 400 eV,* which was large enough to
avoid Pulay stress. Spin-polarisation was added to the pure metal and bimetallic bulk structures, where the initial
spin momenta were set to parallel for the Ni atoms. A I'-centred Monkhorst-Pack grid*® of 11x11x11 k-points was
used to carry out the integrations in the reciprocal space of the metal bulk structures. convergence of the Brillouin-
zone integrations was improved by determining the electronic partial occupancies using the Methfessel-Paxton*’
order. A smearing width of 0.2 eV were set for all of the calculations. Accurate total energies was obtained in
static simulations by using the tetrahedron method with Bldchl corrections.® As previously mentioned, the

magnetic moments and the atomic charges were analysed using the Bader charge analysis.®12
5.3. Results and discussions

The calculated lattice parameter for the bulk structures of Pt and of Ni was a = 3.924 A and 3.473 A, respectively.
These lattice parameters are firmly aligned with the experimental value of Pt (3.923 A)2 and Ni (3.528 A).2
Hence, the performance of the DFT model used in this chapter of the study for determining the lattice parameters
of the pure metal bulk structures, are acceptable. This performance of the DFT model enabled confidence in the

predictions and the results obtained throughout the rest of this chapter.

In the case of the bimetallic bulk structures obtained from the SOD, it is important to note that the 2x2x1
configuration generated 805 inequivalent configurations, while only five inequivalent configurations were

obtained with a 1x1x1 simulation cell size.

The 2x2x1 simulation cell size, containing 16 atoms, resulted in a full-disorder configurational entropy, which

was an improvement with respect to the smaller 1x1x1 simulation cell. Therefore, these results suggest a slow
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rate of convergence with respect to the size of the simulation cell which are in an agreement with previous
reports.*® Even though the maximum entropies were not fully converged, they are useful in evaluating the measure
of disorder in bimetallic bulk structures at equilibrium conditions.

The maximum entropy values for different simulation cell sizes relative to the Ni contents are shown in
Figure 5.1.
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Figure 5.1. A schematic representation of the process to obtain full convergence (Smax) for each of the Pt/Ni

concentrations with varying degrees of simulation cell sizes.

According to the entropy convergence shown in Figure 5.1, the largest full-disorder entropies were reached where
the concentrations of Pt and Ni atoms were equal, starting at Smax = O for the pure metals. The calculated high-
temperature entropies for the smaller 1x1x1 simulation cell, containing four atoms, were below the full-disorder
values by ~ 33 % and ~ 36 % at x = 0.25 and 0.50, respectively.

The next step was to determine how the enthalpy was influenced by the Pt and Ni fractions in the simulation cell.
The enthalpy of mixing (AHnmix), calculated with DFT and IP, for the 1x1x1 simulation cell, as a function of the
Ni mole fraction x is shown in Figure 5.2. The accuracy of the IP and DFT calculations were compared using the

enthalpy of mixing (AHmix) to determine which bimetallic mixture is thermodynamically most stable at 300 K.
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Figure 5.2. The mixing enthalpies (AHmix) per atom of Pt; xNix and as a function of the Ni mole fraction (x) for

the 1x1x1 simulation cell size.

The Pt;xNix bimetallic bulk structure formation is an exothermic process as indicated by the negative enthalpy of
mixing values for the partially disordered bimetal for any Ni fraction. The IP results suggest a slight asymmetry
shape, while the DFT suggests a symmetric shape for the enthalpy of mixing as Ni is incorporated into the Pt
lattice. The incorporation of Pt into Ni lattice is exothermic, indicated by the AHmix values which was 0.005 eV
per atom and 0.078 eV per atom obtained with DFT and IP, respectively. Although larger enthalpies of mixing
was predicted by the IP method than the DFT approach, especially for x = 0.5, similar behaviour for the
thermochemistry was described for the Pt—Ni bimetallic bulk structure. Specifically, both predicted that the
PtosNios would be the equilibrium composition. Similar results has been observed for ordered and disordered

special quasi-random structured Pt,—«Nix bimetallic bulk structures.*°

After the most probable and thermodynamically stable configuration of the bimetallic bulk structure was
identified, the electronic and the magnetic properties of this configuration were calculated and compared to that

of the pure Pt and Ni bulk structures.

In Figure 5.3, the difference in energy and the probability distributions of the 153 inequivalent configurations (m)
for PtosNigs, obtained with a simulation cell size of 2x2x1, are plotted against one another. It is important to note
that the 153 configurations at different energies are represented by vertical lines, but these lines have been grouped
together to create the histogram plot shown in Figure 5.3. Ambient conditions are represented by 300 K for the

probability distribution for the partially disordered PtosNigs configurations.
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Figure 5.3. The fully and partial disordered probability distribution of the energies (E) calculated for the
configurations with a PtosNigs configuration in the 2x2x1 simulation cell at 300 K. (The short

vertical lines at the top of the graph represent the energy values in the configurational spectrum.)

The results for the PtosNios configurations in Figure 5.3 clearly indicate a difference of 0.7 eV per atom between
the low- and high-end energy configurations. The bimetallic bulk structure (bimetal) is fully disordered at high
temperatures which leads to a normal probability distribution. However, at 300 K, there were configurations that

had a high probability of occurrence but with decreasing energy.

Overall, Figure 5.3 indicates that 153 equivalent configurations were obtained at 300 K. However, only three
configurations, which accounts for 3.7 %, 47.6 % and 47.3 % as obtained from SOD result file, of the probability
of occurrence are probable to occur out of the total probability spectrum. These three configurations will be
referred to as A, B and C. The results strongly suggest that Pt; «Nix bimetal prefer to form ordered rather than a
random distribution of atoms at 300 K, however, this preference is reduced at higher temperatures. The
favourability of the highly ordered bimetal at 300 K strongly suggests that at lower temperatures, the bond energy
associated with the Pt—Pt and Ni— Ni bonds outweighs the entropy costs. The opposite is true at high
temperatures where a relatively normal probability distribution, centred on the maximum entropy structure,
indicates that entropy contributions dominate.> A schematic representation of the configurations A, B and C are

shown in Figure 5.4.

Figure 5.4. A schematic representation of the A, B and C configurations of the bimetallic bulk structure with the

PtosNios configurations. The red plane represents the [110] plane.
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This schematic representation provides evidence of a preferential ordering pattern, while no segregation of the Pt
and Ni atoms into two separate phases was observed. Configuration A consisted of alternating Pt and Ni atoms,
which were perpendicular to the [110] direction. The layers observed comprised of a layer of Pt, followed by a
mixed layer of Pt/Ni and then followed by a layer of Ni. The mixed atoms in the mixed layer consisted of
4Pt|2Ni|4Pt, whereas, in the following mixed layer the sequence became 4Ni|2Pt|4Ni. For configuration B, three
different alternating atomic planes perpendicular to the [110] direction, which are represented as a layer of Pt,
followed by a mixed layer of Pt/Ni and terminated by a single layer of Ni, were observed. Configuration C also
exhibits the ordering pattern in the [110] direction, where every other mixed layer was replaced by a plane
containing only one type of atom, leading to alternating double layers of Pt and Ni metals. The atomic orderings
observed for configurations A, B and C along the [110] direction are equivalent to the surface segregation patterns
predicted computationally®® and later confirmed experimentally,5%: 52525 which showed a strong effect on the
catalytic properties of the bimetal. As a result of the probabilities of the A, B and C configurations, it was decided
to continue the investigation with the B and C configurations, since these configurations had an almost 50 %

probability of occurring.

Subsequently, the electronic structures and magnetic properties of the highest probability configurations, B and
C, of the PtysNigs bimetallic bulk structure were modelled and compared to the parent metals. In Figure 5.5, the
partial density of states (pDOS) for the d-electrons of the pure Pt and Ni metals and configurations B and C are

shown.

Pt B (PtysNigs) C(Pt;Nips)  Ni

alf

PDOS (a.u.)

Figure 5.5. The partial density of states (pDOS) in terms of the d-electrons for the Pt, Ni and the Pty sNig s metals.
The B and C configuration was used for the bimetallic bulk structures. The « and $ symbolise the

majority and minority spin channels, respectively.

It was observed in Figure 5.5 that Ni has an asymmetric pDOS, especially around the Fermi level, due to its
incomplete 3d° level. The valence band in the majority channel of the spins in Ni spans from — 5.0 eV to— 0.5 eV,
while occupied levels in the g channel are shifted approximately 1 eV towards the Fermi level. In contrast, Pt
metal is non-magnetic and exhibits a symmetrical pDOS in both spin channels due to the equal population of
electrons with a- and - spins within the full 5d*° level. The occupied d-levels of Pt appear between — 7.5 eV and
the Fermi level (Eg), with prominent bands at — 3.0 eV and 0.0 eV.
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The DFT results suggest that the electronic structures of the B and C configurations are similar. Looking at the
pDOS it is clear that the bimetallic configuration exhibits electron magnetism inherited from the Pt and Ni atoms.
This asymmetric shape of the pDOS can be understood as an electronic delocalisation due to the strong interaction

between the d-electrons of the two metals.

The electronic properties of the Pty sNigs bimetallic bulk structure were further analysed by comparing the band
structure and the pDOS of configuration B, as shown in Figure 5.6. The Brillouin zone path suggested by
Setyawan et al was followed.% A lack of a band gap for any of the spin channels and their asymmetry was observed
for the band structure which is in agreement with the pDOS. The minority spin channel is larger than in the
majority spin channel which suggests that the contribution of the g electrons to the metallic properties of the
bimetal is larger. The o spin contribution to the band structure for the Pt states are mostly below and above the Ni
bands down to — 7.40 eV and up to the Fermi level, while the Ni states is between —0.50 eV and —2.90 eV for
Ni. Similar features is showed in the f spin channel but is displaced towards the Fermi level by approximately
1.00 eV. Interestingly, the band structure of configuration B clearly indicates the origin of the hybridisation
between the d-states of both atoms as the Pt d-levels have a larger contribution than the Ni ones at the lines

connecting the high-symmetry points W-K, U-W and U-X of the first Brillouin zone in both spin channels.

WA

'

1 1 1
8 XWK I LUVLKUX I XWK [ LUWLKUX
k-point PDOS (a.u.) k-point

Figure 5.6. The density of states and band structure for configuration B of the bimetallic bulk structure with the

PtosNio s configuration. a and S stand for the majority and minority channel of the spins, respectively.

From Figure 5.5 and Figure 5.6, it is apparent that the occupation of the d-electrons in configurations B and C
were influenced by the addition of Pt and Ni. However, the influence of the occupation of the d-electrons in the
bimetallic bulk structures is unknown. Therefore, the magnetic properties of the bimetallic bulk structure were
investigated by determining the atomic charges (q) and atomic spin moments (ms) of the pure Pt and Ni, as well

as of the B and C configurations. The g and ms for the Pt, Ni and bimetallic bulk structures are given in Table 5.1
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Table 5.1. Atomic charges (q) and atomic spin momenta (ms) for the pure Pt and Ni metals, as well as for
configurations B and C of the bimetallic bulk structures with the Pty sNios composition, as calculated

using a Bader analysis.®

Bulk structures Configuration Atom q ms

(e per atom™) (U5 per atom™)

Pt - Pt 0.000 —-0.002

Ni - Ni 0.000 0.630

PtosNios B Pt —0.230 0.330

Ni 0.230 0.740

c Pt —0.230 0.350

Ni 0.230 0.760

The results confirmed that the atoms are neutrally charged for the two pure metals. The Pt atom is not magnetic,
and the Ni had a spin momentum of 0.630 s per atom™!, which compares well with the experimental value of
0.62 g per atom™'.* The results indicated that Pt became magnetic upon insertion of the Ni atoms in the bimetallic
bulk structure as it gained electrons in its 6s level.5” The atomic quantities are very similar for PtosNio s, albeit that
the Pt magnetic moment was marginally lower in configuration B than in C. The total spin magnetisation of
saturation (Ms) was 1.070 ug per atom and 1.110 pg per atom for configurations B and C, while the Ni atoms lost

~ 30% of their atomic spin moments to Pt.
5.4. Conclusions

The objectives for this chapter were to find a more scientifically repeatable method to simulate bimetallic mixtures

and to obtain the optimal ratio of Pt and Ni in these bimetallic mixtures.

The site occupancy disorder (SOD) program*® was used to obtain symmetrically inequivalent configurations for

1x1x1 and 2x2x1 simulation cell sizes. SOD is a scientifically repeatable method to simulate bimetallic mixtures.

Moreover, from the mixing thermodynamic calculations, the PtosNios bimetallic configuration was identified to
be the optimal ratio of Pt and Ni. The calculated results also showed that the PtosNios mixture was highly ordered
up to at least 300 K and did not experience segregation of the atomic species. At 300 K, there were two
configurations, B and C, which had the highest probability to occur. The B and C configurations both showed

metallic properties.

Additionally, the magnetic and electronic properties of the two configurations were investigated. It was shown
that electrons were transferred to the Pt from the Ni, and Pt became magnetic with the addition of Ni. In 82.3.6 in
Chapter 2, it was discussed that the reactivity of an electrocatalyst is influenced by the magnetic properties of the
metal surface since the catalytic activity is strongly affected by a magnetic field.? For this reason, the conclusion
could be made that the PtysNios bimetallic configuration would be a better catalyst than Pt alone. The catalytic

activity of various Pty sNigs bimetallic surfaces was investigated in Chapter 6.
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PART 3

Epilogue — Application of bimetallic (111) surfaces
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Adsorption onto transition metal surfaces is promoted by the energetically available d-orbitals, and this is the
reason why hydrogen readily adsorbs onto these surfaces.:® However, the reaction of hydrogen with transition
metal surfaces, which have been wildly studied both experimentally and computationally, is different for each
transition metal surface.> #1° The reactivity of a transition metal surface can be determined from the change (shift)
in the d-band centre (eq), before and after adsorption.® ** Numerous studies have shown that the electronic
structures of Pt% 2 8 and Ni* 3 213 surfaces could be studied by adsorption of an adsorbate, such as hydrogen or
an H,O molecule.

In Chapter 5, the PtysNigs bimetal mixture was identified to be the bimetallic bulk structure with the optimal
Pt/Ni ratio. Additionally, the atomic arrangements with the highest probability to exist, namely the B and C
configuration (see Chapter 5) were identified. Furthermore, magnetic and electronic properties of these
configurations were investigated. These magnetic properties may indicate that the obtained PtosNios bimetal has
great potential as an alternative electrocatalyst for both the OER and the ORR.* %> However, the reactivity of the

Pty sNios bimetal as a potential alternative electrode material for OER and ORR is unknown.

In Chapter 6, the PtosNigs bimetal bulk structure was cleaved into five different surface terminations (0.0, 0.5,
1.0. 1.5, and 2.0) for which the reactivity was investigated. The reactivity was investigated by the adsorption of a
single hydrogen atom or an H,O molecule on the five PtosNios (111) bimetallic surfaces. The hollow point
adsorption sites (fcc and hcp) were used to investigate the hydrogen adsorption, while the atop site was used to
investigate the H,O molecule adsorption.
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6 Hydrogen and water adsorption onto PtosNios surface

In this chapter, spin-polarised density functional theory calculations were employed to investigate the surface
properties of five surface terminations cleaved from the thermodynamically stable PtysNios bimetallic unit cell.
Furthermore, the five PtysNigs (111) surface terminations, 0.0, 0.5, 1.0, 1.5 and 2.0, were characterised and the
surface stability was compared to the pure Pt (111) and Ni (111) surfaces. The results showed that the 15(111)
and o5 (111) surface terminations were energetically the most favourable surfaces. On the other hand, the 20 (111)
surface termination was energetically the least favourable surface but was energetically more favourable than
pure Ni. In the second part of the chapter, a single hydrogen atom was added to the PtysNig s bimetallic surfaces,
and the adsorption energy was calculated. The adsorption results confirmed that at a low hydrogen surface
coverage, these surfaces were more stable than the pure metal surfaces. This part concluded that a PtysNigs
bimetallic surface may be a viable electrocatalyst for the oxygen evolution reaction and the oxygen reduction
reaction. In the third part of this chapter, the adsorption of a single water (H.O) molecule was investigated on
the five PtosNigs (111) surface terminations. The H,O molecule was adsorbed onto the atop site in the most stable
orientation, namely, parallel to the surface (a flat geometry). The d-band centre revealed that the bonding of the
H20 molecule on the ¢5(111) surface termination was stronger than on the pure Pt surface, but weaker than on
the pure Ni surface. The bond elongation of the OH bonds and an increase in the HOH bond angle were observed
in the H,O molecule adsorbed on the ¢5(111) surface. This bond elongation is an indication of bond breakage
occurring on the metal surface. Ultimately, the results showed that the ¢5(111) surface termination could
potentially be used as an electrocatalyst for the water-splitting reaction, but experimental data is needed to

confirm these results.
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6.1. Introduction

The surface energy, work function and d-band centre of a surface slab provide information on surface phenomena,
such as the stability of the surface, hydrogen binding energy (HBE) and adsorption energy to the surface.’* These

surface phenomena could be used to successfully explain the reactivity of metal surfaces.®

Hydrogen binding and adsorption energy have a linear correlation since the energy gained by the metal surface
from the adsorbate can be correlated with the strength with which the adsorbate is bound to the surface. During
the bonding of the adsorbate to the surface, electrons move between the adsorbate and the surface. This movement
of electrons leads to a change in energy. To study the movement of the electrons between the adsorbate and the
surface, Mulliken charges could be investigated. Hence, the charge-transfer between the surface and the adsorbate
is influenced by the orbital occupation of the metal surface.5 7 The metal surface’s orbital occupation determines
the spin-structure of the metal surface,® 7 which describes the magnetic properties of a metal. &7 The magnetic

properties of the metal determine the reactivity of a metal surface. "8

In Chapter 5, the magnetic property of the PtysNios bulk structure was calculated. This calculation showed that
the magnetic property of Pt changes due to the increasing insertion of Ni atoms in the bimetal.® This conclusion
was reached after observing the atomic charges, the atomic spin momenta, the projected density of states (pDOS)
and the band structure of PtosNigs.> Therefore, due to the observed magnetic properties of the PtosNigs metal

surface, it could have potential as an alternative electrocatalyst for both the OER and the ORR.1%: 11 34

In this chapter, the electronic properties of various (111) PtosNios® surfaces and the adsorption of hydrogen or a

single H,O molecule on the Pty sNigs surfaces were investigated.
6.2. Computational method

DFT calculations were implemented in the CASTEP*? code, which is a module from Materials Studio software.
The generalised-gradient approximation (GGA) functional developed by Perdew, Burke, and Ernzernhof (PBE)**
was used. Since elemental hydrogen is a simple atom with a single electron, a complex description of the
intermolecular reactions was not required and therefore, dispersion correction was not added. The geometry was
optimised using the two-point steepest descent (TPSD)® algorithm, which provides better performance and
cheaper computational cost.*® The interaction between the core and valence electrons, defined as those in level
5d6s for Pt, 3d4s for Ni and 1s for H and 4s4p for H,O, was described with the Ultrasoft pseudopotentials (USP)*®
method. This method allows calculations to be performed with the lowest possible cut-off energy for the plane-
wave basis set, based on the Koelling—Hamon?7 relativistic treatment. A Monkhorst-Pack grid*® of 11x11x11 k-
points was used to carry out the integrations in the reciprocal space of the primitive unit cells and 5x5x1 for the
(111) surfaces. To improve the convergence of the Brillouin-zone integrations, the electronic partial occupancies
were determined using the Gaussian smearing with the width for all calculations set at 0.2 eV. The kinetic energy
cut-off was fixed at 400 eV for the plane-wave basis set expansion of the Kohn-Sham (KS) valence states, which
was large enough to avoid the Pulay stress.® The internal coordinates, lattice parameters and cell shape of the

PtosNios bulk were set to relax (change) in all directions during geometry optimisation. The energy of the
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unrelaxed bulk was calculated with a single point calculation using the same settings as that used with the

geometry optimisation.

For the adsorption study, a single hydrogen atom or a single water (H,O) molecule was added to the Pt (111),
Ni (111) and PtysNios (111) bimetallic (4x4) — 4L surfaces. As described before, the (4x4) — 4L surface has 16
adsorption sites, which resulted in a 0.0625 monolayer (ML) coverage when one hydrogen atom or H,O molecule
was adsorbed onto the surface. In the case of water adsorption, a self-consistent electronic dispersion correction

(Hirshfeld partitioning)?® was added, which was excluded for the hydrogen adsorption.

The atomic charges of the isolated H,O molecule and the H,O molecule adsorbed onto the surfaces were calculated
using the Mulliken atomic charges.?">* In contrast, the atomic charges were not calculated for the hydrogen atom
since it is a simple atom. The optimisation settings for the Pt (111), the Ni (111) and all the PtysNigs slabs were
the same as the bulk, except for the Monkhorst-Pack grid,*® namely the 5x5x1 k-point grid.® The energy of the

unrelaxed slabs was calculated with a single point calculation at the same settings than the geometry optimisation.

In Chapter 5, a thermodynamically stable PtysNigs unit cell was identified for a (2x2x1) supercell
(Figure 6.1 (a)), which is composed of eight Pt atoms and eight Ni atoms distributed in the Wyckoff 4a positions.®
25 In Figure 6.1 (), the lattice parameters of the cell is a = 7.546 A, b = 7.546 A and ¢ = 3.776 A which belong

to the Pmmn space group (No. 59) and is base centred orthorhombic, along the [110] direction.®

Figure 6.1. PtosNigs bulk represented by a) supercell (2x2x1) and b) supercell (2x2x2); Pt in green, Ni in
pink/purple.

To restore the cubic symmetry, the (2x2x1) Pty sNigs bulk structure was duplicated in the c-direction and is shown
in Figure 6.1 (b). As a result, the cubic symmetric bulk (2x2x2) consists of 32 atoms of which 16 of the atoms
were Ni atoms and the other 16 were Pt atoms. Now that the cubic symmetry was restored to the PtosNigs bulk,

five surface terminations using the low-index (111) were cleaved.

6.2.1. Building the Pty sNigs surfaces

Five surface terminations were cleaved along the (111) Miller plane from the (2x2x2) PtosNios bulk structure by
varying the cleave position of the fractional top positions at 0.0, 0.5, 1.0, 1.5 and 2.0, as shown in Figure 6.2.
(Note: To ease the reading of this chapter, the surface terminations will be referred to as 90 (111), 05 (111), 10 (111),
15(111) and 20(111).)
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Figure 6.2. A schematic representation of the PtysNios bulk cleaving process by changing the fractional cleave
depth.

This cleaving method allowed the creation of (111) surfaces, where each surface layer consisted of different
atomic arrangements, as shown in Figure 6.3. The surface area was increased to a (4x4) supercell, which led to a
slab containing 64 atoms, distributed over four layers where the bottom two layers of each slab were constrained
in their fractional positions. A vacuum gap of 12 A was added between vertically repeating slabs, which is similar
to the Pt (111) and Ni (111) slabs created in Chapter 3.

2.0

Figure 6.3. A schematic representation of Pty sNigs bulk cleaved into (111) surface terminations by changing the
fractional cleave depth, to 0.0, 0.5, 1.0, 1.5 and 2.0. The adsorption sites which will be investigated
is indicated by the semi-transparent shapes, where T, B, H and F indicates the atop, bridge, hcp and
fcc adsorption sites.

1.5
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The cleaving of the PtysNios bulk structure (Figure 6.2) resulted in some similarity between the surfaces which
is a result of the duplication of the c-direction used to obtain the cubic system. Since the surface terminations
share similar physical appearances, the difference in the electronic properties was measured in terms of the surface

energy, the work function, adsorption energy and the d-band energy.

The unrelaxed surface (yy) energy was calculated by performing an energy (single point) calculation. Thereafter,
the bottom two layers of the slab were constrained (frozen) and a full geometric optimisation was performed so

that the relaxed surface could be obtained for the calculation of the relaxed surface (y;) energy.

In this chapter, an isolated H,O molecule and an isolated H> molecule were geometrically optimised, using the
same settings as those discussed in Chapter 3 and §6.2. The geometric optimisation was carried out in a cell
which had the following lattice parameters, a = 8.507 A, b = 8.507 A and ¢ = 18.946 A. The lattice parameter of

the cell was spacious enough so that intermolecular interactions could be avoided.

6.2.2. Hydrogen adsorption on Pt sNigs surfaces

There are four possible adsorption sites for the hydrogen atom, namely, the top, bridge, face centred cubic (fcc)

and hexagonal close packed (hcp) sites, as shown in Figure 6.4.

Figure 6.4. A schematic representation of a hydrogen molecule adsorbed onto the atop (T), bridge (B), hcp (H)

hollow and fcc (F) hollow sites for the five surface terminations.

According to DFT studies, the hollow sites, fcc and hcp, were found to be the most reactive sites for the parent
metals, Pt and Ni.2®?® Therefore, in this study, a single hydrogen atom which corresponds to 0.625 ML, was
adsorbed onto the PtosNigs(111) surfaces at the reactive fcc and hep adsorption sites. It is important to note that
the bridge site and the top site were not studied. Also, that the sizes of the surfaces investigated in Chapter 3 were
smaller, i.e. (3x3) — 4L, and therefore the surface coverage in Chapter 3 corresponded to 0.11 ML. It is important

to mention that the adsorption energy (Eags) is dependent on the surface coverage.?
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6.2.3. Water adsorption on Pty sNigs surfaces

A single H,O molecule prefers adsorption onto the top site with a flat geometry.3% 3! Therefore, an H,O molecule
was added with a flat geometry (parallel to the surface) on the atop adsorption site for the various PtysNios
surfaces, shown in Figure 6.5. The atop adsorption site is energetically the most favourable site for the pure
Pt (111)% and Ni (111) surfaces.3>34

Figure 6.5. A schematic representation of an H,O molecule adsorbed onto the top sites at a) ¢sPt*, b) osNi*, ¢)
1s5Pt*and d) 1sNi* surface.

The stability of water adsorbed on surfaces is determined by two fundamental forces, namely the interaction that
occurs between the H,O molecule and the contacting metal layer (M—H,0).*° Since the adsorption of only one
H20 molecule was investigated in this chapter, the only interaction which was studied in this chapter is between
the metal surface and the H,O molecule. The adsorption energy (E.qs) of the H,O molecule on the metal surface

was calculated by using (6-1).
Eads = [E‘;‘féab" T HzO(ads)] - [Egﬂ%x + EHzO,isol] (6-1)

The energy of the optimised slab is represented by EXI2* while the energy of the optimised slab with the adsorbed
H,O molecule on the surface is represented by (E&i + H2Oqas)), and the total energy of the isolated H,O molecule
is represented by EH,0 isoi. The atomic charges of the isolated H.O molecule, the pure metal surfaces and the H,O

molecule on the surfaces, were calculated using the Mulliken atomic charges.?'-2*
6.3. Results and discussions

The characterisation of the relaxed and constrained PtosNios bimetallic surfaces with various arrangements is
discussed in 86.3.1. Thereafter in §86.3.2, the adsorption of a single hydrogen and a H,O molecule onto these
surfaces was investigated.

6.3.1. Pristine (111) surface properties.

The lattice parameters were a=11.342 A, b=11.342 A and c¢=18.945 A for the pure Pt(111) slab, and
a=10.037 A, b=10.037 A and ¢ = 18.146 A for the pure Ni (111) slab. The difference in the lattice parameters
indicated that the Pt (111) slab was slightly larger in size, 1.305 A (a,b) and 0.591 A (c), than that of the Ni (111)
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slab, which is due to the size difference between Pt and Ni atoms. In the case of the PtosNios bulk structure, the
lattice parameters were a = 7.690 A, b = 7.690 A and ¢ = 7.513 A, after optimisation. Furthermore, the PtosNigs
bulk structure belongs to the P4,/mmc space group (N0.131). The lattice parameters for the PtosNigs (111) surface
slabs were a=10.751 A, b=10.751 A and ¢ =18.725 A, after optimisation. The lattice parameters of the
PtosNios (111) bimetallic surface slabs, for each of the terminations, were comparable (+ 93%) to that of the pure
metal slabs. Moreover, the surface area at one side of the PtosNios (111) slab, of 115.583 A2 for all the surface

terminations was used.

The nearest neighbours of atoms in these structures will have an immediate influence on the properties of the
surface.®>-% Hence, it is plausible to investigate all of the surface terminations even if they are similar in order to
see if deeper layers may have an influence on surface properties.

The surface energies were calculated for the pure Pt, pure Ni and each of the PtosNigs(111) surfaces before
optimisation (y.), and after optimisation (y;) which are shown in Table 6.1. Also, the relaxation percentage (%) is

the amount of change between the surface energies (y, and y;) for the surfaces.

Table 6.1. Surface energies calculated before optimisation (yy), after optimisation (y;) and the percentage
relaxation (%) for (111) surfaces of the pure Pt, pure Ni and each of the Pty sNig s surface terminations.

(Structures with identical top layers and varying bottom layers are indicated with matching colours)

Surface Yu Yr Relaxation
(J%/m2) (J%/m2) (%)
Pt 1.3429 1.3428 0.008
Ni 1.6336 1.6327 0.064
0.0 1.3682 1.3684 —0.017
0.5 1.3681 1.3679 0.016
1.0 1.3684 1.3687 -0.021
1.5 1.3685 1.3684 0.008
2.0 1.3682 1.3688 —0.043

The surface energies obtained for the pure Pt (111) and pure Ni (111) surfaces corresponded well to the literature
values for a (3x3) surface slab. The theoretical values for Pt (111) were 1.49 J2/m? 3 and 2.004 J%/m??, while the
experimental value was 2.48 J2/m?.2 These values for Ni(111) were 2.380 Jm? 2 and 2.450 J*/m?,4%
“lexperimentally. The value obtained using the theoretical method was 1.920 J2/m2.4% 43 The difference between
the calculated values in this chapter and the literature values may be due to the different slab thickness and surface
sizes that were used.

According to the literature, the slab thickness influences the surface energy, which is mostly stable for (111) slabs
from seven or more layers. This influence of the surface thickness on the stability of the surface had been
confirmed in the added Supplementary Information (S2) for a Pt/Ni bimetallic surfaces at the end of this thesis.®
The results in the Supplementary Information (S2) are not discussed here, since the results did not directly

influence the outcome of this chapter.
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The average interatomic spacing between the Ni — Ni, Pt — Pt, and the Pt — Ni, is shown in Table 6.2 for the pure
Pt (111), pure Ni (111) and each of the PtosNigs (111) bimetallic surfaces.

Table 6.2. The average interatomic spacing (d, in A) after slab optimisation of the relative interatomic spacing
for Pt, Ni, PtosNios bulk and the constrained o0(111), o5 (111), 10(111), 15(111), and 20(111)

surfaces. The spacing was obtained before (Apui) and after relaxation (Arelax)-

Ni-Ni Pt - Pt Pt-Ni
d Abuik Arelax o d Apuik  Avrelax (y d Apuik Avrelax o
0 0 0
A) A) A) A A @A A) A) A)

Pt (111) N/A N/A N/A  N/A 2836 2836 2836 0.00 NA N/A N/A  N/A
Ni (111) 2509 2.509 2509 0.00 N/A NA NA NA NA N/A N/A  N/A
PtosNios 2.702  2.681 2615 6.60 2705 2675 2742 6.70 2731 2.699 2668 3.10
00(111) 2.625 -0.056 -0.077 210 2.738 0.015 0.033 1.80 2.697 0.029 -0.034 6.30
05(111) 2625 -0.056 -0.076 200 2743 0.020 0.039 190 2691 -0.023 -0.039 1.60
10(111) 2625 -0.056 -0.077 210 2744 0.021 0.039 180 2691 -0.023 -0.039 1.60
15(111) 2.625 -0.05 -0.077 210 2744 0.021 0039 180 2691 -0023 -0.039 1.60
20(111) 2.625 -0.056 -0.077 210 2.743 0.020 0.039 190 2.691 -0.023 -0.039 1.60

From Table 6.3, it is clear that the difference between the Apyik and the Arelax is sSmall for all of the surfaces ~1.60 %
to 6.60 %, for all the atoms. In terms of the interatomic spacing, the most stable surface is obtained where

differences between the Apyik and the Arelax Values are the smallest.

The results obtained from Table 6.2 indicates that the change in the bond lengths occurred to accommodate a
more stable structure. Therefore, the pure metal surfaces were stable with minor movement in the metal surface
before and after geometric optimisation. The interatomic spacing between the Ni — Ni, Pt — Pt and Pt — Ni atoms
in the bimetallic bulk was 2.702 A, 2.705 A and 2.731 A. The interatomic spacing value (d) for the Ni — Ni, Pt — Pt
and Pt — Ni hardly changed (~0 A or 0.001 A) for all the surface terminations. The only exception was the 0.0
surface termination which had a 0.076 A (Ni — Ni), 0.033 A (Pt — Pt) and 0.037 A (Pt — Ni) difference with regards
to the bulk structure.

The magnitude that the interatomic spacing (Table 6.2) had on the surface stability was compared to the surface
energies (Table 6.1). For the pure Pt (111) and Ni (111) surfaces, it is clear that the small interatomic changes
between the Pt — Pt and the Ni — Ni resulted in a stable surface, as indicated by the surface energies. The surface
energies of the oo (111) termination indicated that the surface was semi-stable, as observed with an energy
difference of 0.017 % between the relaxed and unrelaxed states. This means that the atoms in the surface
rearranged to obtain a more stable surface energy. The change in the interatomic distance between the Apuk and
Arelax Was 6.30 %. Since the 15 (111) termination had a similar surface to the o0 (111), we discussed this surface.
The changes that occurred in the interatomic spacing before and after relaxation were less than 2.00 %. However,
the relaxation percentage indicates that, due to atomic arrangements in the surface, a 0.008 % change in the surface
energy occurred before and after relaxation. Hence, the 15 (111) surface was stable with only minimal changes
occurring in the surface to improve the stability. Comparing these two surface terminations, it is clear that although

these surfaces were similar, the stability between these surfaces was not similar, with more atomic arrangement
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was required for the oo (111) termination. The most probable reason for the stability difference is the influence of

the nearest neighbours of the bottom two layers, which varied.

Looking at the interatomic spacing for the o5 (111) surface, small changes occurred. The relaxation percentage
(%) was 0.016 %, indicating the surface energy lowered during optimisation, stabilising the surface. Moving on
to the 20 (111) surface, a relaxation percentage of 0.043 % was obtained. The interatomic spacing difference in
this surface was 0.1 % more in the Ni — Ni spacing and 0.1 % less in the Pt—Pt spacing, as observed for the o5 (111)
surface. However, the relaxation percentage was 0.027 % more than that obtained in the o5 (111) surface. This
relaxation percentage means that the o (111) surface is less stable than that of the o5 (111) surface. Furthermore,
the 10 (111) surface was less stable than the o0 (111), 05 (111) and 15 (111) surfaces, which needed to be stabilised

more than these surface terminations but less than the 5 (111) surface termination.

Overall, the 15 (111) surface termination was the most stable surface termination, which required less movement
of the atoms in the surface to accommodate more stable surfaces. In conclusion, according to the surface energies
(Table 6.2) and the interatomic spacing (Table 6.3), all the surface terminations were stable with small amounts
of changes, as compared to the bulk. Consequently, the stable o5 (111) and 15 (111) surface termination were used

to investigate the H,O adsorption.

The Mulliken? charge analysis was carried out to identify any changes in the various PtosNigs(111) bimetal

surface charge as compared to the surface charge of parent metal surfaces, as shown in Table 6.4.

Table 6.3. Charge analysis for the atoms in the pure Pt (111) and Ni (111) surfaces and various Pty sNig s surfaces.

With respect to the average charge (g/e’) of either the Pt or Ni atoms in the mixed metal surfaces.

Surfaces Ni Pt
(afe) (ale)
Pure surfaces 0.000 0.000
0.0 0.083 -0.083
0.5 0.084 —0.083
1.0 0.084 —-0.083
15 0.083 —-0.083
2.0 0.084 —-0.083

The total surface charge for the pure Pt (111) and pure Ni (111) surfaces was zero, as well as the charge average
with respect to the atoms in the surface for both metals. In the case of the mixed metal surfaces, the total surface
charge was zero. However, the charge average for the mixed metal surfaces, with respect to either the Pt or Ni
atoms, was not zero. The Pt atoms became more negative and the Ni atoms became more positive. The changes
observed were due to a shifting of the electrons towards the Pt. Pt became magnetic upon insertion of Ni atoms,
which was also observed for the Pty sNio s unit cell, shown in Chapter 5.° Moreover, due to the magnetic properties
of the PtosNios surface (in Table 6.4) bonding was observed.? The work function and the d-band centre of the
pure Pt (111), pure Ni (111), o5 (111) and 15 (111) surfaces was determined (Table 6.4) and compared to literature

data.
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Table 6.4. Work function (®) and d-band centre (gq) results of pure Pt (111), Ni (111), 15 (111) and o5 (111)

surfaces.
[0) €4

Name

(eV) (eV)

5.168 —2.453
Pt(111) 5.690° —2.520*

5.702! —2.440%

. 3.055 - 1.477

Ni(111)

5.110% —1.560*
05 (111) 4.684 —-1.772
15 (111) 4773 —1.765

The calculated work function and d-band centre values, obtained for the pure Pt (111) and pure Ni (111) surfaces,

correlated well with the literature data. Notably, the addition of a secondary metal changes the electronic

properties of metal surfaces, indicated with a shift in the d-band centre value, altering the surface reactivity.*’ This

can be seen from the d-band centre results of the pure o5 (111) and 15 (111) surface terminations, namely,

—1.772 eV and — 1.765 eV.

6.3.2. Hydrogen adsorption results

It has been shown that the preferred site for hydrogen adsorption onto Pt (111) or Ni (111) surfaces is the hollow

point sites, fcc or hcp.?® 2 The absorbance energy for hydrogen on the pure metals was calculated as — 0.460 eV
(-0.517eV), —0.511 eV (—0.535eV) and —0.391 eV (- 0.531 eV) for Pt (Ni) metal, on the fcc, hcp and atop
adsorption sites, respectively. The adsorption of hydrogen on the five (111) bimetallic surfaces was performed

onto the fcc adsorption site with a surface coverage of 0.0625 ML, as shown in Figure 6.6.

Eads (CV)

-0.6

Figure 6.6. Hydrogen adsorption energy (Eags) onto the five (4x4) — 4L surface terminations for fcc adsorption

site, where the surface coverage is 0.0625 ML.
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The most stable surface termination was that of the ¢5(111) surface which had an absorbance energy of
—0.551 eV, making it more stable than either of the pure metals for the fcc site. In addition, the absorption of
hydrogen onto the fcc site was favourable for the bimetals for all the surface terminations. The ensemble site or
adsorption site was the same for the o5 (111), 10 (111) and 2 (111) surfaces, which resulted in different adsorption
energy values which suggest the tuneability of the adsorption sites. Furthermore, the best adsorption was obtained
for the adsorption sites where the number of Pt atoms in the ensemble was PtiNi,. Whereas weaker adsorption

was obtained with a higher Pt content, indicating a linear tuneability due to the Pt content in the ensemble.

In the case of the hcp site, the adsorption was performed onto all the surface terminations with a surface coverage
of 0.0625 ML, as shown in Figure 6.7.

Eads (eV)

-0.6

Figure 6.7. Hydrogen adsorption energy (Eags) onto the five (4x4) — 4L surface terminations for hcp adsorption

site, where the surface coverage is 0.0625 ML.

For this threefold hollow site, the surface termination which yielded the most stable adsorption was that of the
1.0 (111) surface termination with an adsorption energy of — 0.546 eV. Hence, the 1 (111) surface termination was
more stable than that of the o5 (111) surface termination for the hcp site but less stable than that of the ¢5(111)
surface termination for the fcc adsorption site. Overall, the ¢5(111) surface termination was the most stable
surface, observed in terms of the surface energies and also for the hydrogen adsorption. The results suggest that
the surface is tuneable for hydrogen adsorption where a stronger adsorption is obtained for adsorption sites with

an ensemble of Pt;Nio.

In conclusion, the most stable surface termination obtained was that of the o5 (111) surface with the fcc threefold
hollow point adsorption site which also showed that the adsorption site is tuneable by adjusting the number of Ni
atoms in the adsorption site. A full hydrogen surface coverage, 1.00 ML, for the fcc adsorption site was
investigated, as shown in Figure 6.8. According to the adsorption energies in Figure 6.8, the ad sorption energy
decreases with an increase in the surface coverage, which is generally observed?® and shown for the o5(111)

surface termination.
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-0.471 eV -0.488 eV

Figure 6.8. Hydrogen adsorption energy calculated on the o5(111) surface with increasing surface coverage for

the fcc adsorption site.

The adsorption energy was plotted against the surface coverage for the o5 (111) surface termination, Pt (111)%":28
surface and a Ni (111) surface, and is shown in Figure 6.9.

_0.30 {7 PtosNigs (111)

—te— Pt (111)
-0.32—=—Ni (111)
-0.34 4
-0.364

-0.38
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-0.44 -
-0.461
-0.48
-0.50
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-0.544
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Hydrogen coverage (0/ML)

Figure 6.9. Comparison of the hydrogen adsorption energy with increasing surface coverage for the Pt (111)

Ni (111) and o5 (111) surface termination, for the fcc adsorption site.

From the results obtained an increase in the adsorption energy of the Pt (111) and the o5 (111) surface termination
resulted in an increase in the surface coverage, while, the opposite is true with regards to the Ni (111) surface. A
more negative adsorption energy value shows that adsorption was more favoured on the Pty sNigs surface than on
the Pt (111) surface. Also, the favourability was not affected by the surface coverage since PtosNig s was still more
favourable than Pt (111), no matter the surface coverage. Notably, Ni (111) was more favourable than the
PtosNios (111) surface, which was expected, since hydrogen is known to bond strongly to Ni (111). Nevertheless,
the adsorption energy between the PtosNigs (111) surface and the Ni (111) surface was relatively close at a full

surface coverage. In the case of the o5 (111) surface, the increase in the surface coverage, after a 0.40 ML coverage,
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caused the adsorption energy to become stable with a difference of only 0.008 eV between the 0.44 ML and

1.00 ML surface coverage.

The results obtained from the hydrogen adsorption onto five different surface terminations (0.0, 0.5, 1.0, 1.5 and
2.0) concluded that the adsorption site is tuneable by adjusting the site to have a Pt;Ni, ensemble. The adsorption
strength was weaker when the number of Pt atoms increased in the adsorption site, which also confirms that the
ensemble effect can be used to increase the adsorption strength of bimetallic surfaces. The stable configurations
of the clean surface terminations and the hydrogen adsorbed terminations were identified. The most stable surface
termination was that of the 5 (111) surface termination, which was also the most stable surface termination after

hydrogen adsorption on the fcc adsorption site.

Overall, the adsorption energy on the o5(111) surface termination was more stable than those of the pure metal
surfaces at a low surface coverage. An increase in the surface coverage also yielded adsorption energies which

were smaller than those observed for the Pt (111) surfaces.

In conclusion, the surface of the Pty sNig s bimetallic surface was more stable than those of the parent metals for a
simple adsorption such as hydrogen. This bimetal may be an improved electrocatalyst for either the OER or the
ORR.

6.3.3. Properties of isolated water

To determine the adsorption influence of the single H,O molecule on the metal surface, the properties of the
surfaces and isolated adsorbate were determined. The properties of a single isolated water molecule, used in this

study, was examined and compared to literature data (Table 6.5).

Table 6.5. Calculated geometries and Mulliken charges of the isolated H,O molecule as compared to theoretical®®

and experimental*® values.

This study Theoretical Experimental
[*] [Ref]* [Ref]*

0.978 (a)

OH bond length (A) 0.973 0.957
0.977 (b)

HOH bond angle (°) 104.20 104.85 104.52

H(a) (¢") 0.520 - -

H(b) (e) 0.520 - -

O (¢) -1.050 - -

From Table 6.5, it can be seen that the OH bond lengths and the HOH bond angle used in this study, is in excellent
agreement with theoretical® and experimental data.*® In addition, the Mulliken charges were calculated for the
two hydrogens and the oxygen. The calculation of the Mulliken charges was done so that charge changes can be
observed during the adsorption section of this chapter. The OH bond lengths and bond angle are depicted in
Figure 6.10 (a). In the water molecule, the OH bond lengths are referred to as OH (a) and OH (b).
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(b

Figure 6.10. Visual representation of a) isolated H,O molecule, b) the single water molecule bonded to the metal

surface through the metal to hydrogen (MH) and c) metal to metal (MM) bond lengths.

In §6.3.4, a single H,O molecule was added to the stable fcc and hcp hollow sites for the (4x4) — 4L metal surface

which resulted in a surface coverage of 0.0625 ML.

6.3.4. H,O adsorption

Two important fundamental forces determine the stability of water adsorbed on surfaces, namely the water—
surface interaction (M—H,O) which occurs in the water-metal interface layer and the hydrogen bonding between
the water molecules.®® However, in this study, the only interaction was between the metal surface and the H,O
molecule since only a single H,O molecule was investigated. Physisorption or chemisorption could occur between
the adsorbed H,O molecule and the metal surface. In the case of physisorption, no new chemical bonds are formed,
and the bonds within the molecule stay the same as in the isolated molecule. However, in chemisorption, the
adsorbate forms covalent or ionic bonds with the surface. As a result, the bond lengths and angles within the

molecule will also change.
6.3.4.1. Pt (111) and Ni (111) surfaces

From literature it was observed that a single H,O molecule prefer adsorption in a flat geometry onto the top sites
of the metal surface.®® 3! As a result, a single H,O molecule was added to the top site of the pure Pt (111) and
Ni (111) surfaces. The bond lengths and bond angle of the adsorbed single H,O molecule (Table 6.6) were
compared to that of the single isolated water molecule (Table 6.5). As a result of the water adsorption, elongation
of the OH (a), OH (b) bond lengths and an increase in the HOH bond angle, were observed. Thus, indicating a

weakening of the OH bond and a possible bond breaking between the hydrogens and oxygen.

Furthermore, the calculated work function and the d-band energy values for the pure Pt (111) and Ni (111)
surfaces, correlate well with literature values (Table 6.6).% 3 %446 The adsorption of an H,O molecule resulted in
a reduction of the work function value from 5.168 eV to 4.803 eV for the pure Pt (111) surface and 3.055 eV to
2.699 eV for the pure Ni (111) surface. This reduction in the work function is an indication that electron transfer

occurred from the H,O molecule to the surface.*°
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Table 6.6. The work function (®), d-band centre (g4), bond length and bond angles results obtained from H,0
adsorption onto the Pt (111) and Ni (111) surfaces.

Angle M*-O O-H (a) OH®p) @ & Eads

) (A) A) A) (eV) (eV) (eV)
Pt(111) 105328  2.400 0.982 0.983 4.803 —2.464 ~0.330
Ni(111)  105.624  2.497 0.984 0.985 2.699 —1.477 ~0.475

Moreover, the surface reactivity of transition metals is determined by the position of the d-band centre, which
indicates changes in the electronic structure.® *° The d-band energy , represents the average energy in the d-band,
with reference to the Fermi level where Er = 0.%° The d-band energy is a good indicator of strong or weak bonding
of an adsorbate.® In this case, strong binding was observed from Ni (111), shown by the d-band energy of
—1.477 eV which was closer to the Fermi level than either the Pt (111) or the PtosNios (111) surfaces.

The adsorption energy (Eads) gives an indication of the strength with which the H,O molecule binds to the metal
surface (Table 6.6). According to the calculated adsorption energy, the H,O molecule adsorbed the strongest onto
the Ni (111) surface (Eadss = — 0.475 eV), whereas weaker binding occured on the Pt (111) surface as indicated
with an adsorption energy of — 0.330 eV. In addition, bond cleavage of the adsorbate on the metal surface can be
indicated with the adsorption energy. As a result, a higher chance of bond cleavage occurs on the Ni (111) metal

surface as shown by the hydrogen bonding energies (HBE) of the metal.*4 5!

To further determine the electron transfer between the pure metal surfaces and the adsorbent, the Mulliken charges
were calculated for the pure Pt (111), pure Ni (111) and for the H,O molecule, as shown in Table 6.7 and

visualised in Figure 6.11.

Table 6.7. Mulliken charge of water adsorbed onto the Pt (111) and Ni (111) surfaces. The calculated charges
are for the, M* and H,O bonds.

H @) o H (b) Electron donation
Surface M*(e’)
(€) (€) (€) (€)
H.0 molecule - 0.520 —1.050 0.520
Pt (111) —0.040 0.440 —-0.790 0.440 -0.710
Ni (111) 0.000 0.440 —0.840 0.450 0.140

The Mulliken charges per atom obtained for the Pt (111) surface, were — 0.100 (e°) for the top and bottom layers
and + 0.100 for the two middle layers. In the case of the Ni (111) metal surface, the charges for the top and bottom
layer were — 0.050 (e") per atom, while the charges obtained for the two middle two layers were + 0.050 (e”) per
atom. Overall, the calculated Mulliken charges (Table 6.7 and Figure 6.11) confirmed that electron transfer

occurred between the surface and the water molecule.
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Figure 6.11. Iso-density contours of the different electron densities for the water adsorbed metal surfaces. The

loss of electrons is indicated in blue, while the red indicates electron enrichment.

From Table 6.7, the shift in the charges of the isolated water molecule occurred after binding to the metal surfaces,
which caused a reduction in the work function. Focusing on the Pt (111) metal, it is clear that the H,O molecule
donated — 0.71 electrons to the Pt* site (Table 6.7). The increasing electron charge from the Pt* site donated 0.140

electrons to its nearest neighbours as seen in Figure 6.11. The same trend is seen for the Ni (111) metal.

The next step was to adsorb the H,O molecule onto the o5 and the 15 surfaces on either a Pt* or a Ni* site, as shown
in the computational methods in section §6.2.

6.3.4.2. 15 (111) and o5(111) surfaces.

The OH (a), OH (b), HOH and MO* bond lengths and bond angles are shown in Table 6.8.

Table 6.8. Work function (®), d-band centre (gq), bond length and bond angles results obtained from H,O
adsorption onto the Pt (111), Ni (111), 05 (111) and the 15 (111) surfaces, where the labels (B) and (C)
represents an alternative adsorption site of the water molecule on the ¢5(111) and 15 (111) metal
surface. (The H,O data is from Table 6.6 for the isolated H,O molecule).

Angle M*-O O-H (a) O-H (b) (0] €4 Eads

) (A) (A) (A) (eV) (eV) (eV)

H,O molecule  104.20 N/A 0.978 0.977 N/A N/A N/A
05Pt* 105.086 2.416 0.985 0.983 4.323 -1.781 -0.212
0sNi* 105.885 2.401 0.991 0.984 4.339 —1.754 -0.318
15Pt* 105.716 2.491 0.984 0.985 4.300 -1.769 -0.185
15Ni* 106.804 2.045 0.983 0.988 4,705 -1.773 -0.369
0sNi*(B) 105.885 2.401 0.991 0.984 4.227 —1.769 -0.139
15Pt*(B) 105.716 2.362 0.984 0.985 4.340 —-1.788 —-0.224
15Ni*(C) 106.804 2.204 0.983 0.988 4.417 -1.770 -0.279
05Pt*(C) 105.086 2.448 0.985 0.983 4.275 -1.782 -0.118

From the results, the bond elongated, and the bond angle increased in the water molecules upon adsorption. The
largest OH (b) bond elongation observed for the mixed surfaces was that of the 1 sNi* surface. In addition, an

adsorption energy of — 0.369 eV, indicates that the H,O molecule adsorbed strongly onto the 1sNi* surface. For
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the Pt* metal surfaces, elongation of the OH bond and HOH bond angle were observed but smaller than that on
the Ni* surfaces. Overall, the OH bond lengths, as well as the HOH angle, increased after adsorption onto this
metal surface which indicates that the water molecule dissociated from the 1sNi* metal surface. However, the
0.01 eV bond elongation is insignificant to conclude that cleavage of the bond has occurred. As a result, the

Mulliken charges will be investigated to determine changes in the electron densities.

For the o5 (111) metal surface, a reduction of the work function occurred from 4.384 eV to 4.323 eV, 4.339 eV,
4.227 eV and 4.275 eV, depending on the adsorption metal and the environment surrounding the adsorption site.
The largest work function reduction was observed for the ¢sNi*(B) with 0.457 eV. In the case of the 15 (111) metal
surfaces, a reduction of 4.773 eV to 4.300 eV, 4.705 eV, 4.340 eV and 4.417 eV, were observed for the various
adsorption sites. The largest reduction of the work function was observed for the 15Pt* site with a reduction of
0.473 eV. Therefore, the electron transfer between the H,O molecule and the bimetallic surfaces was the largest
for the o sNi*(B) and the 1 sPt* sites.

The Mulliken charges obtained per atom for s (111) metal surface and 15(111) metal surfaces, given in Table

6.9, varied throughout the slab.

Table 6.9. Mulliken charge of H,O adsorbed onto the Pt (111), Ni (111), 05(111) and the 15(111) surfaces. The
calculated charges are for the, M* and H,O bonds.

M* H (a) (0] H (b)
Surface

(e) (e) (e) (e)
H,O —1.050

- 0.520 0.520
molecule
Pt(111) —0.040 0.440 —0.790 0.440
Ni(111) 0.000 0.440 —0.840 0.450
05Pt* —0.090 0.430 —0.790 0.440
0sNi* 0.090 0.420 -0.810 0.450
15Pt* —0.060 0.420 —-0.770 0.420
15Ni* 0.150 0.440 —-0.770 0.410
05Ni*(B) 0.100 0.430 -0.810 0.430
15Pt*(B) —0.060 0.430 -0.790 0.430
15Ni*(C) 0.090 0.430 —0.780 0.420
05Pt*(C) —0.090 0.410 —0.780 0.430

This difference in the charges was not as constant throughout the bimetallic surface as those observed for the pure
Pt (111) and Ni (111) surfaces. The Mulliken charges and the electron density differences of the bimetallic
surfaces are shown in Figure 6.12. It was already discussed from the perspective of the work function that electron
transfer occurs between the metal surfaces and the H,O molecule. From the Mulliken charges, the size of the
electron charge between the surface and the H,O molecule can be studied in detail. The Mulliken charges of the
hydrogen (a, b) in the H,O molecule decreased because of the adsorption from an initial charge of 0.520 (e’). Also,

the charge of the oxygen decreased from the initial — 1.050 (e”) to — 0.780 (¢°), depending on the metal surface.
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These Mulliken charges in Table 6.9, show that electron transfer occurs between the hydrogens, oxygen and metal
atoms.

Enviornment pairs
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Figure 6.12 Iso-density contours of the difference electron densities for the adsorption of one H,O molecule on
the mixed metal surfaces.

Furthermore, from Figure 6.12, it is clear that electron transfer also occurred between the adsorption site and the

nearest neighbours. It is known that the reactivity of bimetals varies from that of pure metals due to the influence
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of the nearest and second nearest neighbours.> Since there are eight surfaces (four of each surface termination),
the metal surfaces were then grouped into four categories, [A-D]. These categories are dependent on the
environment surrounding the adsorption site. Category [A] is where the nearest neighbours to the adsorbed metal
are 1Pt|3Ni|Pt|Ni. The nearest neighbours to category [B] are 2Ni|4Pt, for category [C] the nearest neighbours are
1Pt|1Ni|1Pt|1Ni|2Pt and for category [D] are 4Ni|2Pt.

Furthermore, in Table 6.10, the bond lengths between the H,O molecule and the nearest neighbours were

calculated.

Table 6.10. Water monomer adsorption with a flat geometry onto s (111) and the 15(111) surfaces for the [A],
[B], [C] and [D] environments.

[A] [B] [C] [D]

05(111) 15(112) 05(111) 15(1112) 05(111) 15(111) 05(111) 15(111)

Ni* Ni*(C) Ni*(B) Ni* Pt*(C) Pt* Pt* Pt*(B)
Pt(a) 2.888 2.838 Ni 2.883 2.984 Pt 2935 2.974 Ni 2.989 3.008
Ni(b) 3.337 3.168 Ni  3.301 3.206 Ni 3.374 3.300 Ni  3.500 3.356
Ni(c) 3.336 3.144 Ni  3.275 3.206 Ni  3.511 3.209 Ni 3.489 3.137
Ni(d) 3.145 2.787 Pt 3.019 2.724 Pt 3.143 2.916 Ni  3.141 3.137
Ni(e) 3.517 3.311 Pt 3.447 3.327 Pt 3.649 3.468 Ni 3.927 3.687
Ni(f) 3.739 3.403 Pt 3.687 3.456 Ni 3.822 3.814 Pt 3.944 3.867
Pt(g) 3.719 3.500 Pt 3.797 3.525 Pt 3.690 3.854 Pt 3.813 3.924
Ni(h) 3.489 3.701 Pt 3.671 3.469 Pt 3.679 3.820 Ni  3.652 3.779
Pt(i) 3.910 3.282 Ni  3.449 3.410 Pt 3.637 3.593 Ni 3.604 3.540
Ni(j) 3.490 3.273 Ni  3.439 3.339 Ni  3.711 3.497 Ni  3.757 3.477

The calculated metal-hydrogen bond lengths (MH), between the hydrogen and the nearest neighbour, are
represented in Figure 6.12 (b) and indicated as either (a-d). Also, the bond length between the nearest neighbour
(e-j) and the bonded oxygen (MO) was calculated and shown in Figure 6.12 (c). It was already shown that bond
elongation occurred between the OH and the HOH angle upon adsorption. The results from Table 6.10 show

whether the cleaved water molecule (oxygen or hydrogen) moves towards one of the nearest neighbours.

6.4. Conclusion

In the first part of this chapter, various (111) surface terminations (0.0, 0.5, 1.0, 1.5 and 2.0) were built from the
most stable configuration in Chapter 5. According to the surface energies of these surface terminations, the
05(111) surface termination was identified to be the most stable surface, followed by the o5(111) surface

termination. However, there was not a large difference in surface energies between the surface terminations.

In the second part of this chapter, a single hydrogen atom was added to the five surface terminations where the
H>O molecule laid flat on the metal surfaces. The most stable surface, in terms of the adsorption energy for the

fcc adsorption site, was that of the o5(111) surface termination. Moreover, the 10 (111) surface termination
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(— 0.546 eV) was more stable than that of the o5 (111) surface termination (— 0.495 eV) but only in regard to the
hcp adsorption site. Overall, the stability and reactivity of the PtosNigs (111) surface bimetal is comparable to
both the Pt (111) and the Ni (111) surfaces and could be a possible alternative bimetal for the OER or the ORR.

Electron transfer was also observed between the H,O molecule and the nearest neighbours in the metal surfaces.
The adsorption resulted in a reduction of the work function from 5.168 eV to 4.803 eV for the Pt (111) and from
3.055 eV to 2.699 eV for the Ni (111) surface. Furthermore, electron transfer was also observed for the o5 (111)
and 15 (111) surfaces. Overall, the most stable adsorption was on the 1 sNi* surface with an adsorption energy of
—0.369 eV.

Cleavage of the H,O molecule occurred on the metal surfaces, which was a result of the increase in the HOH bond
angle whereas the increase in the OH bond length is insignificant to indicate bond cleavage. . This HOH
elongation is an indication of the weakening of the H-O-H bonds and the reduced bonding electrons in the water,
which is consistent with other studies.*® The largest HOH angle increase, 104.200 ° to 106.804 °, was observed
for the 15Ni* and the 1sNi*(C) surfaces. The largest bond elongation for the OH (a) bond was observed for the
0sNi* and ¢sNi*(B) with an elongation of 0.013 A. Meanwhile the largest bond elongation of 0.011 A along the
OH (b) bond was observed for the 1 sNi* and the 1 sNi*(C) surfaces. Overall, cleavage and adsorption of the water
molecule were the most apparent on the most stable 1sNi* surface. Notably, the results can vary with the
adsorption of multiple water molecules due to interactions between the molecules, but this was beyond the scope

of the study.

In conclusion, the 1 sNi* surface termination could be a potential electrocatalyst material for either the OER or the
ORR since cleavage of the water molecule occurs on the surface. Furthermore, future work will involve the
investigation of the other intermediates involved in the OER (HOO* and HO*) of the PtosNios (111) bimetallic

surface, which is discussed in the next chapter.
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Conclusion and recommendations

This chapter is the 4" and final part of this thesis and consists of the conclusion and the recommendations for
future studies.
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7.1. Conclusion

As stated in Chapter 1, the aim of this study was three-fold, namely:

e to use density functional theory (DFT) calculations to identify the most stable ratio of Pt and Ni in a Pt/Ni
bimetallic bulk structure;

e toinvestigate the stability and reactivity of Pt/Ni bimetallic surfaces constructed from the most stable Pt/Ni
bimetallic bulk structure; and

e to evaluate the performance of the most outstanding Pt/Ni bimetallic surface as a viable electrocatalyst for

both the oxygen evolution reaction (OER) 2 and the oxygen reduction reaction (ORR). 4

However, before the aim of this study could be addressed an understanding of the field of research, namely
electrochemistry, as well as related computational models was needed.>!* Obtaining an understanding of
necessary background was accomplished by conducting a comprehensive literature study, which was summarised
in Chapter 2. Using the knowledge gained in the comprehensive literature study, a computational model, based
on the Cambridge serial total energy package (CASTEP)* module, for surface and electronic investigations of
metal surfaces, and surface reaction investigations on these metal surfaces, was developed and validated in
Chapter 3.

The development and validation of the computational model were done by calculating the structure and electronic
properties of the bulk structures and pure Pt and pure Ni metal (111) surface slabs, and comparing the results to
literature values.'* *6-1° These properties that were used in the validation included, lattice parameters,” 22! surface
energy (y),%? work function (®),?? d-band centre (g4),** 17 density of states (DOS), adsorption energies (Eags) 124
and the binding energy (HBE).2 The validated computational model was applied to calculations performed
throughout the rest of this thesis. This computational model was supplemented by a DFT model using the Vienna
Ab initio Software Package (VASP)?3% or the general utility lattice program (GULP),%": 28 depending on the size
of the bulk structures.

7.1.1. Identification of the most stable ratio of Pt and Ni in a Pt/Ni bimetallic bulk structure using DFT calculations

In this study, the application of two techniques to construct Pt/Ni bimetal structures was investigated, namely, a

random manual technique and an automated systematic technique.

In Chapter 4, the random manual technique was applied to construct Pt/Ni bimetallic surface slabs, namely,
Pto.25Nig.7s (111), PtosNios (111) and Pt 7sNio.2s (111) by random substitution of Pt atoms with Ni atoms in a pre-
optimised Pt (111) slab. Although this technique did not enable the determination of the most stable bimetallic
surface mixture, the results did indicate that by varying the adsorption sites, a more stable atomic arrangement of
the surface was possible. It gave some insight into the ligand and ensemble effects in bimetallic surface mixtures.
Moreover, the adsorption ability of the surface could be fine-tuned by varying the environment surrounding the

adsorption site by using the ligand and the ensemble effects.

Furthermore, the results obtained from the random manual technique indicated that a more systematic technique

was needed to construct Pt/Ni bimetallic structures. The requirements for this systematic technique was that it
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should be repeatable and all possible unique configurations of a specific ratio of Pt to Ni in the Pt/Ni bimetallic
mixtures must be included. An automated program, namely the site-occupancy disorder (SOD)? program, was
identified to systematically construct the Pt/Ni bimetallic bulk structure mixtures that complied with the

requirements given above.

In Chapter 5, the Pt/Ni bimetallic bulk structures were constructed with the SOD.? From mixing thermodynamic
calculations, the PtosNios bimetallic ratio was identified to be the most stable ratio of Pt and Ni in a Pt/Ni
bimetallic bulk structure.®® The calculated results also showed that the PtosNios bimetallic bulk structure was
highly ordered up to at least 300 K and did not experience segregation of the atomic species. At 300 K, two
configurations of the PtysNigs bimetallic bulk structure with the highest probability to exist were identified. The
band structures of both configurations showed that these bimetallic bulk structures have metallic properties.3 3!
Additionally, the magnetic and electronic properties of the two configurations were investigated.3* 3! It was shown

that electrons ware transferred to the Pt from the Ni and Pt became magnetic with the addition of Ni.

7.1.2. Investigating the stability and reactivity of Pt/Ni bimetallic surfaces constructed from the most stable Pt/Ni

bimetallic bulk structure

In Chapter 6, various (111) surface slabs with terminations at a depth of 0.0, 0.5, 1.0, 1.5 and 2.0 into the bulk
structure were built from the most stable configuration in Chapter 5. The surface energies of these (111) surface
slabs with different terminations were calculated, and the surface slab with the 15 (111) surface termination was
identified to be the surface slab with the most stable surface.®? A single hydrogen atom was added to the slab
surfaces with different surface terminations and the adsorption energies were calculated.®? It should be noted that
there was a small difference in the surface energies between all of the surface terminations and the surface slabs.
From the adsorption energy results for the fcc adsorption site, the o5 (111) surface termination delivered the most

stable surface in terms of hydrogen adsorption.

Overall, the results obtained for the hydrogen adsorption on the slab surfaces indicated that the stability and

reactivity of these surfaces are comparable to that of either the parent metals or other bimetallic surface studies.3*
44

7.1.3. Evaluation of the performance of the most outstanding Pt/Ni bimetallic surface as a viable electrocatalyst
for both the OER and ORR

The surface reactivity was investigated to determine if the most stable slab surface, identified in the previous
section, is a viable alternative electrocatalyst for both the OER and ORR. This evaluation was done through an

examination of the performance of the surfaces towards water adsorptions.

In Chapter 6 a single H,O molecule was adsorbed onto the PtysNigs bimetallic surface slab. It was observed that
the OH bond in the HOH elongated after the H,O molecule was adsorbed on the metal surfaces. The elongation
is an indication of the weakening of the H-O-H bonds and the reduced bonding electrons in the water, which is
consistent with other studies.*® The largest bond elongation for the OH (a) bond was observed for the ¢sNi* and
0sNi*(B) (as shown in Table 6.8) with an elongation of 0.013 A, while the largest bond elongation of 0.011 A
along the OH (b) bond was observed for the 1 sNi* and the 1 sNi*(C) surfaces (as shown in Table 6.8). The largest
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HOH angle increase, 104.200 ° to 106.804 °, was observed for the 1 sNi* and the 1 sNi*(C) surfaces. Additionally,
electron transfer was also observed between the H,O molecule and the nearest neighbours in the metal surfaces,
as shown in Figure 6.12 in Chapter 6. Overall, the most stable adsorption was on the 1sNi* surface with an

adsorption energy of — 0.369 eV.

Due to the fact that the spontaneous cleavage of the H,O molecule was observed on the PtosNigs bimetallic
surfaces, which is desirable for the water-splitting reaction,’”*4 the conclusion is that the Pt/Ni bimetallic surfaces
are a viable alternative electrocatalysts for the water-splitting reaction. However, experimental data is needed to

confirm this conclusion.

7.2. Recommendations

It is recommended that the adsorption of other reaction intermediates, such as the OH a4s and HOO 445 Which occur
in the OER and ORR, be investigated to determine the suitability of these Pt/Ni bimetallic slabs for the OER and
ORR. In addition, investigations into the performance of other Miller plane surfaces and nanoparticles consisting
of PtosNigs will be beneficial in the development of Pt/Ni bimetallic materials as electrocatalysts for use in

electrolysers and fuel cells.
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Appendix A3

Table A3-1. Interatomic spacing, lattice parameter and energy per atom for various k-point meshes for Pt (111)
slab.
k-point Amount k-points E/atom AE Lattice parameters Interatomic spacing
(au) (V) (eV) A) &)
Ix1x1 1 —717.695 0.000 8.507 2.755
3x3x1 5 —717.895 -0.199 8.507 2.826
5x5x1 13 —717.881 0.014 8.507 2.823
TxTx1 25 —717.884 —0.003 8.507 2.820

Table A3-2. Interatomic spacing, lattice parameter and energy per atom for various k-point meshes for Ni (111)

slab.
k-point Amount k-points E/atom AE Lattice parameters Interatomic spacing
(a.u.) (eV) (eV) (R) &)
I1x1x1 —1354.10 0.000 7.528 2.450
3x3x1 —1354.17 —0.076 7.528 2.478
5x5x%1 13 —1354.17 —0.002 7.528 2.478
7xT7x1 25 —1354.17 0.000 7.528 2.480
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ﬁ 4 Appendix A4
o

Table A4-1. Calculated electronic properties for R-PtoxNioy bimetallic surface with varying adsorption sites.

@ dH-m HBE Eads £d
Surface AMae v (R) (ev) (ev) (ev)

R-Pto.25Nio 75 (H1) PLNi 4.181 1795  -2.740  —0.505 1455
R-Pto 2sNio.75 (H2) PtoNi 3.931 1.917 —2.741 —0.376 —1.450
R-Pto.2sNio.75 (H3) PtoNi 4583 1.782 —2.407 —0.529 —1.452
R-Pto 25Nio.75 (Ha) Pts 4,188 1.728 —2.777 —-0.441 —1.452
R-PtosNios (H1) PELN 4.152 2038  -2595  —0.350 _ 1673
R-PtosNios (H2) Pto:N 4.376 2.008 — 2.655 —0.533 —1.682
R-PtosNios (Hs) Pto:N 4774 2.062 —2.417 —0.067 —1.684
R-PtosNios (Ha) Pt; 4,359 2.018 —2.259 —0.479 —-1.681
R-Pto 7sNio.2s (H1) PLNi 4.969 1938 2578 1425 ~1.878
R-Pto.7sNio.25 (H2) PtoNi 4.615 1.906 — 2.665 —0.403 —1.903

R-Pto.7sNio 25 (H3) Pt;Ni 4501 1.765 —2.805 —1.643 —
R-Pto.7sNio.25 (Ha4) Pts 5.175 1.700 —2.793 —-0.414 -1.923
R-Pto.25Nio 75 (F1) Pts 4.085 183  -2722  -0.395 -1.458
R-Pto.25Nio.7s (F2) PtoNi 4,372 1.877 —2.788 —0.480 -1.449
R-Pto2sNio 75 (Fs) PLNi 4.344 1801 2771  -0.434 -1.450
R-Pto.25Nio.75 (Fa) PtoNi 4.286 1.708 — 2574 —0.306 -1.451
R-PtosNigs (F1) Pts 4.875 2.048 —2.355 —0.067 —1.678
R-PtosNios (F2) Pt;Ni 4,901 2.021 —2.417 -0.133 —1.675
R-PtosNios (Fs) PLNi 4.661 1942  -2694  —0.381 ~1.681
R-PtosNios (Fa) PtoNi 4.367 2.002 —-2.261 —0.308 —-1.678
R-Ptg.75Nio 25 (F1) Pt; 4,484 1.905 —2.691 —1.528 —1.999

R-Pto.75Nio.25 (F2) Pt,Ni * * * * *
R-Pto.75Nio 25 (F3) PtoNi 4.471 1.883 —2.380 —1.240 —2.005
R-Pto.75Nio.25 (Fa) PLNi 1.826 1700  —2.665  —0.404 ~1.908
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Table A4-2. Calculated electronic properties for R-PtosNios bimetallic surface with varying adsorption sites.

)] du-m HBE Eads &d
Surface H-Mads V) A) (eV) (eV) (eV)

Ni (111) H Ni 3.089 1.729 —2.900 —-0.561 —1.474

Pt (111) H Pt 5.002 1.800 —-2.785 -0.516 —-2.451

o R-PtosNios (H1) Pt;N 4.152 2.038 —2.595 —-0.350 -1.673
< R-Pto.sNios (H2) PN 4.376 2.008 —2.655 -0.533 -1.682
R-PtosNios (Hs) Pt:N 4.774 2.062 - 2417 - 0.067 -1.684
R-Pto.sNigs (Ha) Pts 4.359 2.018 —2.259 —-0.479 -1.681

Ni (111) F Ni 3.097 1.725 —-2.880 -0.539 -1.474

Pt (111) F Pt 5.025 1.800 -2.737 —-0.461 —2.461

o R-PtosNios (F1) Pts 4.875 2.048 —2.355 -0.067 -1.678
& R-PtosNios (F2) PtoNi 4.901 2.021 - 2417 -0.133 -1.675
R-PtosNios (Fs) PtoNi 4.661 1.942 —-2.694 —-0.381 —-1.681
R-PtosNios (Fa) Pt2Ni 4.367 2.002 —-2.261 —-0.308 -1.678
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The development of affordable bifunctional platinum alloys as electrode materials for the oxygen reduction
reaction {ORR) and oxygen evolution reaction (OER} remains one of the biggest challenges for the transition
towards renewable energy sources. Yet, there is very little information on the optimal ratio between
platinum and the transition metal used in the alloy and its impact on the electronic properties. Here, we
have employed spin-polarised density functional simulations with long-range dispersion corrections
[DFT-D3-(BJ)], to investigate the thermodynamics of mixing, as well as the electronic and magnetic
properties of the Pt;_,Ni, solid solution. The Ni incorporation is an exothermic process and the alloy
composition PtosNigs is the most thermodynamically stable. The PtysNigs solid solution is highly
ordered as it is composed mainly of two symmetrically inequivalent configurations of homogeneously

Received 27th March 2019 e ; ¥ . ; p
Accepted 21st May 2019 distributed atoms. We have obtained the atomic projections of the electronic density of states and band
structure, showing that the Pty sNig 5 alloy has metallic character. The suitable electronic properties of

DOk 10.1039/c913023201 the thermodynamically stable Pty sNigs solid solution shows promise as a sustainable catalyst for future
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rscli/rsc-advances regenerative fuel cells.

1 Introduction

Clean and renewable energy resources are needed to decrease
pollution and climate change, whilst also keeping up with
increasing energy demand. To this end, electrocatalysts are
crucial components of regenerative fuel cells.*® In these
devices, both the forward oxygen evolution reaction (OER),
producing the clean hydrogen energy vector through water
electrolysis, and the reverse oxygen reduction reaction (ORR),
generating energy via the recombination of oxygen and
hydrogen into water, take place following different mecha-
nisms. However, the future development of regenerative fuel
cells is hindered by the large over-potential exceeding the
1.23 eV required by the oxygen producing anode and slow
reaction kinetics, which reduces the efficiency of the process.*®
Pt-based electrocatalysts exhibit excellent activity for the ORR
reaction,”™* but poor performance for the OER reaction, while
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state of the art IrO, and RuO, OER electrocatalysts are only
moderately active towards the ORR reaction.” Electrocatalysts
which combine two of these precious metals, Pt, Ir and Ru,
show reasonable activity towards both the ORR and the OER
reactions, but their use is limited due to low abundance and
high cost."**® Therefore, the development of efficient bifunc-
tional electrocatalysts which can be used for both the ORR and
the OER reactions remains a challenge.

Previous work has reported the enhanced bifunctional
electrocatalytic activity of a Pt/Ni alloy.® However, the relation-
ship between the equilibrium composition of the mixture, the
distribution of the metal atoms and the electronic structure of
the alloy are not yet fully understood. Insights into all these
properties are, however, essential if we are to utilise these types
of bimetallic materials as fuel cell catalysts for the ORR and
OER reactions. In this paper, we have used density functional
theory (DFT) calculations to study the mixing thermodynamics
of the solid solution with Pt and Ni as end members, as well as
the electronic and thermodynamic properties for the equilib-
rium composition.

2 Computational details

We have used DFT calculations as implemented in the Vienna
ab initio simulation program (VASP)'"* to calculate the struc-
tures and energies of the Pt-Ni solid solution. The generalised-
gradient approximation (GGA) functional developed by Perdew,

This journal is © The Royal Society of Chemistry 2019
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Burke, and Ernzerhof (PBE),*** corrected with the semi-
empirical D3 approach of Grimme with the Becke-Johnson (BJ)
damping,”* was used for the simulations. The interaction
between the core and valence electrons, defined as those in the
3d4s levels for Ni and 5d6s for Pt, was described with the pro-
jected augmented-wave (PAW)* method in the implementation
of Kresse and Joubert.”” A I'-centred Monkhorst-Pack grid* of
11 x 11 x 11 k-points was used to carry out the integrations in
the reciprocal space of the primitive unit cells. The &-point grids
for larger supercells were chosen in such a way that a similar
spacing of points in the reciprocal space was maintained. To
improve the convergence of the Brillouin-zone integrations, the
electronic partial occupancies were determined using the
Methfessel-Paxton order 1 smearing, with a width for all
calculations set at 0.2 eV. However, the tetrahedron method
with Blochl corrections was used in static simulations to obtain
very accurate total energies as well as all the electronic and
magnetic properties. The kinetic energy cut-off was fixed at
400 eV for the plane-wave basis set expansion of the Kohn-
Sham (KS) valence states, which was large enough to avoid Pulay
stress. The atomic charges and magnetic moments were ana-
lysed using the Bader partitioning.”**

The crystal structure of both Pt and Ni metals is face-centred
cubic (fec), which belongs to the Fm3m space group (No.
225).%%% The primitive cubic unit cell of the pure metals
contains 4 atoms distributed in the Wyckoff 4a positions. Pt is
a closed shell paramagnetic metal, while Ni is a ferromagnetic
material with a Curie temperature of 7 = 624 K.*” For the pure
metals and solid solutions, all the calculations were spin-
polarised and the initial spin moments were set parallel for
the Ni atoms.

The internal coordinates, lattice parameters, atomic spin
moments and cell shape were all allowed to change during
geometty optimisations. Using this methodology, we have
calculated a lattice parameter a for the bulk unit cell of the pure
Pt and Ni end member phases of 3.924 and 3.473 A, in excellent
agreement with the experimental values of 3.923 * and 3.528
A respectively. Taking into account the performance of our
DFT setup for predicting the lattice parameters of the pure
metal phases, we are confident of our predictions for the solid
solution containing various Pt/Ni compositions.

In addition to the DFT calculations, atomistic simulations
based on interatomic potentials (IP) were also carried out using
the General Utility Lattice Program (GULP).**** The Sutton and
Chen interatomic potentials were used to calculate the energies
and structures of the pure Pt and Ni metals.* The interatomic
potentials for the alloy were obtained using the standard
geometric and arithmetic average rules.” The complementary
use of a less compute-intensive method allowed us to sample
larger simulation cells in our mixing studies.

We have used the site occupancy disorder (SOD) code* to
study a series of substitutions of Pt by Niin the 1 x 1 x 1and
2 x 2 x 1 supercells of the fcc unit cell, containing 4 and 16
sites, respectively. This program constructs the full configu-
rational spectrum for each composition of the supercell and
then uses the symmetry operators of the parent structure to
separate the symmetrically inequivalent configurations. Note

This journal is © The Royal Society of Chemistry 2019
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that the 2 x 2 x 1 supercell breaks the cubic symmetry of the
unit cell, which affects the atomic interactions with the
neighbouring cells in the ¢ direction with respect to the a and
b directions. However, the fully symmetric 2 x 2 x 2 super-
cell, has a prohibitively large computational cost when
considering all inequivalent substitutional configurations,
even when employing atomistic simulations.

3 Results and discussion
3.1 Configurational entropy of mixing

Firstly, we discuss the full-disorder or maximum configura-
tional entropy {Smax), which we have defined as the number of
ways the Pt and Ni atoms pack together in the solid solution for
a given composition in the high temperature limit. The
maximum configurational entropy for a finite simulation cell is
obtained from*

N

1 !
Smax(%, N) = v feg hlmz ®

where N is the number of formula units in the supercell, kg is
the Boltzmann constant and x is the Ni mole fraction in the
alloy. The ideal full-disorder entropy (Sigea))® as the cell size
approaches infinity is calculated as

Sigeat (x) = I}LHLSm“(x, N)=—ke[xInx+ (1 — x)ln(l — x)]. (2)

Fig. 1{a) displays the maximum entropy values for different
simulation cell sizes and Ni contents. As expected from eqn {2),
the largest full-disorder entropies are reached when both Pt and
Ni atoms have equal concentrations, starting at Sy, = 0 for the
pure metal phases. For the smallest 1 x 1 x 1 supercell, used
for our DFT calculations, the maximum entropy varies signifi-
cantly from the ideal value for any Ni mole fraction. For
example, the calculated high temperature entropies for the
simulation cell containing 4 f.u. are below the full-disorder
values by ~36 and ~33% at x = 0.25 and 0.50, respectively.
Given the cubic symmetry of the primitive unit cell, we chose to
double any two axes to form the 2 x 2 x 1 supercell used in the
atomistic simulations. The resulting full-disorder configura-
tional entropies improve significantly with respect to the cell
containing 4 f.u. Configurational entropies have a slow rate of
convergence with respect to the size of the simulation cell, in
agreement with previous reports. Although not fully
converged, the maximum entropies are still useful to evaluate
the level of disorder in solid solutions at equilibrium
conditions.

3.2 Enthalpy of mixing

To gain insight into the thermochemistry of Ni incorporation in
Pt, we have calculated the enthalpy of mixing (AHp;,) as®

AHi = E(Pt; oNi,) — (1 — x)E(Pt) — xE(Ni), 3)

where E(Pt; ,Ni,), E(Pt) and E{Ni) are the total energies of the
Pt; .Ni, mixed system and the pure Pt and Ni metals, respec-
tively. In particular, E{(Pt, ,Ni,) corresponds to the average®4s:

RSC Adv, 2019, 9, 16948-16954 | 16949
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Fig.1 (a) Maximum configurational entropy (Smax) for different number
of f.u. (N) and (b) mixing enthalpies (AH,) for the 1 x 1 x 1 supercell
both per formula unit of Pt;_,Ni, and as a function of the Ni mole
fraction (x). AH,x was calculated using DFT and IP-based simulations.

E= Xu: Pk, 4)

m=1

where P,, and E,, are the occurrence probability and the energy
of configuration m, respectively, in the full spectrum containing

100F 7 T e — 1
7] 300K
full disorde
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z
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»
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Fig.2 Partially and fully disordered probability distribution of the energies
(E) calculated for the configurations with Ni composition x = 0.50 in the 2
x 2 x 1 supercell. The short vertical lines represent the energy values in
the configurational spectrum. The partially disordered probability distri-
bution was calculated using a Boltzmann-modulation at 300 K.
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Fig. 3 Schematic representation of configurations (a) B and (b) C for
the 2 x 2 x 1 supercell of the solid solution with the PtosNigs
composition. The (110) plane is represented in red.

M inequivalent configurations. We recall that the configura-
tional probabilities follow the Boltzmann distribution

Om
By= el ®)

where Q,, is the degeneracy of the inequivalent configuration m
and Z is the configurational partition function

M
Z= Z Q,,,e‘ —Em /‘kBT}. (6)

m=1

At this point it is worth mentioning that the configurational
space of the 1 x 1 x 1 supercell contains only one symmetri-
cally inequivalent configuration for each of the 5 possible Ni
mole fractions. Thus, the corresponding energetics of the mix-
ing does not depend on temperature, as described in eqn (4).

Fig. 1(b) shows the DFT and IP enthalpy of mixing as
a function of the Ni mole fraction x for the 1 x 1 x 1 supercell.
The calculated AH,,;, values for the partially disordered alloy
are negative for any Ni concentration, indicating that the
formation of the Pt, ,Ni, solid solution is an exothermic
process. Our DFT (IP) simulations suggest that there is a small
asymmettry in the enthalpy of mixing of the disordered system
as Ni incorporation in Pt is 0.005 (0.078) eV per formula unit
(f.u.) more exothermic than Pt incorporation in Ni. Although the
1P method predicts larger enthalpies of mixing than the DFT
approach, especially for x = 0.5, they describe the same
behaviour for the thermochemistry of the Pt-Ni solid solution.
In particular, they both predict Pt, ;Ni, 5 to be the equilibrium
composition, which has also been observed in a computational
study into the ordered and disordered special quasi-random
structured Pt,_,Ni, solid solution.*”

3.3 Probability distribution

We now consider the relationship between the configurational
energy and the probability of the partially and fully disordered
system with Pty sNiy s composition. In Fig. 2, we have plotted the
probability distributions of the 153 inequivalent configurations
for the 2 x 2 x 1 supercell at Ni mole fraction x = 0.50. Our
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panels) and configurations B and C of the solid solution with the PtqsNips composition (middle panels). « and B stand for the majority and

minority channel of the spins, respectively.

atomistic simulations clearly indicate that there is a 0.7 eV
f.u.”" difference between the low- and high-end energy config-
urations for the Pt, sNiy 5 composition. At high temperatures,
where the solid solution is fully disordered, we have found that
the degeneracy weighting leads to a normal probability distri-
bution where those configurations with intermediate energies
of ~0.45 eV f.u.” ' are favoured. However, upon equilibration at

lower temperatures the lowest-energy configurations have
a high weighting while the probabilities decrease with the
energy of the configurations. For example, we have predicted
the probability distribution for the partially disordered solid
solution with Pty sNi, s composition at 300 K to represent the
ambient conditions. Fig. 2 shows that when considering
temperature effects, the probability of occurrence vanishes for

//)‘

V".

k-point

PDOS (a.u.)

/6l LUW LKIUX
k-point

Fig.5 Electronic density of states and band structure for configuration B of the solid solution with the Pty sNig s composition. o and § stand for

the majority and minority channel of the spins, respectively.
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Table 1 Atomic charges (g) and atomic spin moments (m} for the
pure Pt and Ni metals as well as for configurations B and C of the solid
solution with the PtysNigs composition. Atomic properties were
calculated by means of a Bader analysis

Phase Configuration Atom ¢ (e per atom) g (up per atom)
Pt = = 0.00 0.00
Ni — — 0.00 0.63
PtosNips B Pt —0.23 0.33
Ni 0.23 0.74
c Pt -0.23 0.35
Ni 0.23 0.76

150 configurations. The remaining three configurations, to
which we will refer as “4”, “B” and “C” account for 3.7, 47.6 and
47.3%, respectively, of the total probability at 300 K. The ground
state configurations B and C strongly suggest that Pt; ,Ni,
bimetallic alloys prefer to form an ordered rather than
a random distribution of atoms at 300 K, a preference that is
reduced at higher temperatures. This effect is not surprising, as
previous simulations of the Ca; ,Mn,CO; system have also
shown that full disorder is unlikely at equilibrium conditions,
suggesting a significant deviation from a random distribution
of cations.” We do not consider configuration 4 for further
analysis because of its low probability, which makes it very
unlikely to occur in real samples.

3.4 Ground state configurations

Fig. 3 shows the schematic representation of the lowest energy
configurations B and C identified for the 2 x 2 x 1 supercell.
Although the Pt and Ni atoms do not segregate in two separate
phases, our atomistic simulations provide evidence of a prefer-
ential ordering pattern. For configuration B, we have found
three different alternating atomic planes perpendicular to the
[110] direction which are represented as a layer of Pt, followed
by a mixed layer of Pt/Ni and terminated by a single layer of Ni.
Configuration C also exhibits the ordering pattern in the [110]
direction, where every other mixed layer is replaced by a plane
containing only one type of atom, leading to alternating double
layers of Pt and Ni metals. The atomic orderings that we have
found for configurations B and C along the [110] direction are
equivalent to the surface segregation patterns predicted
computationally”® and later confirmed experimentally,**
which were shown to have a strong effect on the catalytic
properties of the alloy.

3.5 Density of states

We subsequently modelled the electronic structures and
magnetic properties of the highest probability configurations B
and C of the Pty sNig s solid solution and compared them to
those of the parent metals. Fig. 4 depicts the projected density
of states (PDOS) for the d-electrons of the pure metals Pt and Ni
and configurations B and C. As expected, we have found that Pt
metal is non-magnetic and has a very symmetric PDOS in both
channels of the spins due to the equal population of electrons
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with o~ and B-spins within the full 5d"° level. The occupied
d levels of Pt appear between —7.5 eV and the Fermi level {set to
0.0 eV), with prominent bands at —3.0 and 0.0 eV. In contrast,
Ni has an asymmetric PDOS, especially around the Fermi level,
due to its incomplete 3d° level. The valence band in the majority
channel of the spins in Ni spans from —5.0 to —0.5 eV, while
states in the B channel are shifted approximately 1 eV towards
the Fermi level. The Ni levels with the largest PDOS are located
at the valence band maximum for the « channel and at the
conduction band maximum for the B channel. Despite the
slightly different Pt and Ni metal arrangement, our DFT simu-
lations suggest that the electronic structures of configurations B
and C are very similar. The itinerant electron magnetism
between the Pt and Ni atoms induces an asymmetry in the
PDOS, which can be understood as an electronic delocalisation
due to the strong interaction between the d electrons of the two
metals. Furthermore, the Pt and Ni bands are strongly hybri-
dised, particularly around the Fermi level and at —2.0 eV for the
two channels of the spins of configurations B and C. The top
and bottom edges of the d valence bands for the Pt and Ni
atoms run within similar energy values in the solid solution and
in the pure phases. We have found that the PDOS of the
conduction bands are negligible for the pure metals Ptand Ni as
well as configurations B and C of Pt, sNij s, apart from the bands
crossing the Fermi level.

3.6 Electronic band structure

To further analyse the electronic properties of the solid solution
with the PtosNiy s composition, we have also plotted in Fig. 5
the band structure of configuration B alongside its PDOS. We
have chosen the path suggested by Setyawan et al.>* to connect
the high symmetry points of the first Brillouin zone. We have
confirmed the lack of band gap for any of the spin channels and
their asymmetry, in agreement with the PDOS. The number of
bands crossing the Fermi level {Eg) in the minority spin channel
is larger than in the majority spin channel, suggesting a larger
contribution of the B electrons to the metallic properties of the
alloy. The « spin contribution to the band structure is spread
between —0.5 and —2.9 eV for Ni, while the Pt states are mostly
below and above the Ni bands down to —7.40 eV and up to the
Fermi level, respectively. The B spin channel shows similar
features to the opposite channel but are all displaced towards
the Fermi level by approximately 1.0 eV. Interestingly, the band
structure of configuration B clearly indicates the origin of the
hybridisation between the d states of both atoms as the Pt
d levels have a larger contribution than the Ni ones at the lines
connecting the high-symmetry points W-K, U-W and U-X of the
first Brillouin zone in both spin channels.

3.7 Atomic charges and spin moments

Table 1 summarises the atomic charges {g) and atomic spin
moments (m;) for the pure metallic phases as well as the two
major configurations of the solid solution with the equilibrium
composition. For the two metals, we have confirmed that the
atoms are charge-neutral. The Pt atom is not magnetic and the
Ni has 0.630 ug per atom, comparing well with the experimental
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value.® We have found that Pt becomes magnetic upon inser-
tion of the Ni atoms in the solid solution as it gains electrons in
its 6s level.*® The atomic quantities are very similar for Pt, sNig s,
albeit that the Pt magnetic moment is marginally lower in
configuration B than in C. The total spin magnetisation of
saturation (Mg) is 1.07 and 1.11 pp f.u. * for configurations B
and C, while the Ni atoms lose ~30% of their atomic spin
moments to Pt.

4 Conclusions

In this study, we have reported the mixing thermodynamics
along with the geometrical, electronic and magnetic structures
for the Pt; ,Ni, solid solution. We have modelled all symmet-
rically inequivalent configurations for five Ni concentrations by
using the 1 x 1 x 1 supercell, and for the equilibrium compo-
sition in the 2 x 2 x 1 supercell. The equilibrium Ni mole
fraction x determined for the Pt; ,Ni, system shows that Pt and
Ni have a1 : 1 ratio in the solid solution, in agreement with the
available experimental data. The solid solution with the
Pt, sNi, s composition is highly ordered and up to at least 300 K
does not experience segregation of the atomic species, as the
only two major symmetrically inequivalent configurations each
have approximately a 50% probability of occurring. The Pt and
Ni atoms in the two major configurations B and C tend to form
similar ordered patterns in the [110] direction. The projected
density of states for the Ni metal is asymmetric due to its
magnetic nature, while the non-magnetic Pt is symmetric. We
have found that both configurations have metallic properties.
The d levels of the two atoms cross the Fermi level, but the Pt
contribution is only larger in those lines connecting the high-
symmetry points W-K, U-W and U-X of the first Brillouin
zone. The Pt atoms gain negative charge following the forma-
tion of the solid solution, thereby allowing them to become
magnetic. The calculated lattice parameters, atomic charges
and spin moments are in excellent agreement with experiments
for the pure phases. Future work will involve the simulation of
the electrocatalytic activity on the major Pt, sNi, 5 surfaces for
the two most stable configurations.
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Table A5-1. Adsorption energy (in eV) of the constrained and relaxed surfaces with 0.125 ML.

. Eads
ML Surface Site V)
Relaxed surfaces
0.125 0.0 —0.398
0.125 0.5 —0.509
0.125 1.0 —0.453
0.125 15 Pt top —-0.392
0.125 2.0 Ni/Pt top —0.502
Constrained surfaces

0.125 0.0 —0.394
0.125 0.5 —-0.509
0.125 1.0 —0.452
0.125 15 Pt top —0.400
0.125 2.0 *Ni/Pt top —0.500
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Table A5-2. Adsorption energy (in eV) of the constrained and unconstrained surfaces with 0.0625 ML.

Eads (fcc) Eaas (hep) Eads (atop)
ML Surface (eV) V) V)
Relaxed surfaces
0.0625 Pt —0.460 —0.513 —0.394
0.0625 Ni —0.512 —0.529 —0.531
0.0625 0.0 —0.487 -0.375 —-0.353
0.0625 0.5 —0.550 —0.483 -0.472
0.0625 1.0 —-0.513 —0.537 -0.591
0.0625 15 —0.489 -0.376 -0.343
0.0625 2.0 —0.545 —0.480 —0.463
Constrained surfaces
0.0625 Pt —0.460 -0.511 -0.391
0.0625 Ni —0.517 —0.535 —0.531
0.0625 0.0 —0.484 -0.375 —0.348
0.0625 0.5 —0.551 -0.483 —0.551
0.0625 1.0 —0.517 —0.546 —0.586
0.0625 15 —0.495 —-0.380 —0.349
0.0625 2.0 —0.540 —0.444 —0.461
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S]l Supplementary 1:
Influence of Miller index, constrains and slab thickness on

optimisation energy of Pt and Ni surface slabs

This chapter is a supplementary chapter which provides additional results which were obtained but not needed
to complete this thesis. The Pt (111) and Ni (111) surface slabs was investigated where the slab thickness,
constrained layers and the Miller indices were varied. In the first section of this supplementary the slab thickness
was increased by one layer from the starting slab thickness of four to an ending slab thickness of fourteen. The
optimisation energy and the interatomic distances between the metal atoms was calculated and investigated for
the (111) and the (210) surfaces. In order to determine if the optimisation time could be shortened by using
constrained layers, the layers were constrained and compared with the unconstrained layers. The constrained
layers consisted of fixing the fractional positions of the atoms during optimisation. These constrained layers were
steadily increased until half of the layers in the surface slabs were constrained. On the other hand, the

unconstrained surface slabs were where the entire slab was allowed to relax.

As a result, it was determined that the activity of a slab surface is influenced by the miller indexes and therefore,
the most common low-miller index (111) was calculated and compared to a high-miller index plane (210) with
varying degrees of slab thickness. Overall, it was possible to gain insight into the influence that layers of a slab

have on the stability of the slab, in terms of the interatomic spacing between the atoms in the slab.
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S1.1. Introduction

In order to create better and more affordable catalysts an understanding of the physical properties of the metal
surface of an electrode is needed.® Through understanding the surface properties of metals prediction of the
reactivity of the surface including the effect of alloying, the effect of structure and the effect of co-adsorbed

species or doping is possible.

Techniques such as the density functional theory (DFT) or other quantum-chemical calculations enable
researchers to obtain an insight into numerous atomic-scale processes. Through the usage of DFT, it is possible
to study the physical properties of surfaces to describe the energetics of adsorption and dissociation reactions,
study the role of electronics and geometric effects, surface relaxation and un-relaxation separately.? Moreover,
DFT is used in surface science to investigate the catalytic properties of metals®® which are influenced by the
chemical composition and the surface atomic arrangement. The atomic arrangement is dependent on the
crystallographic axes (hkl), direction and planes of a crystal which is known as the Miller plane or Miller index.*
The Miller indexes are categorised into either low index and high index Miller indices, where the high index
Miller indices have open structures which show high stability and catalytic activity® 1° that is not observed in the
flat and close packed low index Miller plane surfaces.!* However, the surface area of high index surfaces is small
and costly, making them difficult to be used as a catalyst, even though they show promise for the PGM catalyst
field.

S1.2. Computational method

The DFT calculations that were used was implemented in CASTEP2 which is part of the Material studio 20163
program, to calculate the structures and energies of the pure Pt and Ni metals. The generalised gradient
approximation (GGA) function developed and revised by Perdrew, Burke, and Erzernhof (RPBE)** with no dipole
corrections and no spin polarisation was implemented. The geometry was optimised using the two-point steepest
descent (TPSD)* algorithm, which is recommended when working with lattice parameters of solid-solid
interfaces. The interaction between the core and valence electrons, defined as those in level 5d6s for Pt and 3d4s
for Ni, was described with the Ultrasoft pseudopotentials (USP)*® method which allows calculations to be
performed with the lowest possible cut-off energy for the plane-wave basis set, based on the Koelling-Hamon?’
relativistic treatment. The plane-wave energy cut-off for the wave function basis was set to 350 eV for both metals.
The broadening of the electronic width was set to a smearing value of 0.1 eV. The SCF convergence tolerance per
atom, the convergence threshold for the maximum energy change and convergence threshold for the maximum
force was left as the default values of 2.0 x10¢eV, 2.0 x10°eV/atom and 0.05 eV/A. k-point sampling was
performed to obtain the optimum Monkhorst-Pack grid®® for the integrations in the reciprocal space of the unit
cells, ensuring similar spacing of points in the reciprocal space, which can be maintained throughout the study.
Calculations were carried out using Monkhorst-pack grids of 1x1x1 k-points for the bulk structures and 4x4x1%°

for the Pt and Ni surface slabs.

The Pt and Ni metals adopts a face centred cubic (fcc) crystal structure, along the [111] direction which belongs

to the Fm3m space group (No. 225).2 2L The primitive cubic unit cell of these two metals contains four atoms
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distributed in the Wyckoff 4a positions. The internal coordinates, lattice parameters, atomic spin momentum and
cell shape were all allowed to change during geometry optimisations. Using this methodology, a lattice parameter
(a) for the bulk unit cell of the pure Pt and Ni were calculated. The calculated lattice parameter was 4.014 A for
Pt and 3.579 A for Ni, which is in excellent agreement with the experimental values of 3.923 A% and 3.528 A 2

respectively.

Surface scientist have shown that high Miller index Pt (210) surfaces possesses high catalytic activity for the
electro-reduction of CO,.?2 These high Miller indexed surfaces, such as the Pt (210) surface, usually exhibit
enhanced stability and activity due to their open structures and high density of atomic steps.?®2* It is important to
note that the (210) surface index was only used for comparison since high Miller index for Pt metal is not easily
obtained through chemical synthesis. ?

The surface slabs for the (111) and (210) Miller indices were cleaved from the optimised bulk structure as shown
in Figure S1.1.

(@) (b)
Figure S1.1. Comparison of a) low Miller-index (111) and b) high Miller-index (210) surfaces

From Figure S1.1 it could be observed that the surface obtained with the (111) Miller index is flat, while the
surface with the (210) Miller index is a stepped surface. High Miller indexed surfaces have been shown to have
high reactivity, which is due to the stepped surface.'! Each of the Pt (111), Ni (111), Pt (210) and Ni (210) surface
slabs was distributed over 4-, 5-, 6-, 7-, 8-, 10-, 12 and 14 layers, with a vacuum gap of 20A.°

S1.3. Results and discussion

The results were divided into three parts, namely, the comparison of high (210) and low (111) Miller indices, the
comparison between the optimisation energy and optimisation time and the influence of the number of layers in
surface slabs on the stability of the slabs.

S1.3.1. Comparison of optimisation energies for unconstrained surface slabs with different Miller indices

In Figure S1.2 and Figure S1.3, the optimisation energy of the unconstrained (210) surface slabs is compared to

the optimisation energy of the unconstrained (111) surface slabs.
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Figure S1.2. The comparison between the unconstrained Ni (111) (®) and Ni (210) (™) surface slabs.

The comparison between the optimisation energy and the layer thickness for the Ni (111) and Ni (210) surface
slabs indicated that the Ni (111) is more favourable, Figure S1.2. The trend observed for both of these Miller
indexed surface slabs indicated that the optimisation energy decreases with increase in layer thickness. A
noteworthy observation while optimising the Ni (210) surface slabs was that the optimisation was more difficult
than for the Ni (111) surface slabs.
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Figure S1.3.  The comparison between the unconstrained Pt (111) (®) and Pt (210) (m) surface slabs.

The comparison of the optimisation energy and the layer thickness between the Pt (210) and Pt (111) surface slabs
(Figure S1.3) indicates that the optimisation energy of the Pt (111) surface slabs is more favourable.. There is a
meagre difference, 0.19 eV, in the optimisation energy between the high Miller index and the low Miller index
surfaces. According to these calculations, although the high index (210) surface slabs may be more active, the

(111) surface slabs yields the lowest optimisation energy.
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S1.3.2. Comparison of optimisation energies for constrained and unconstrained surface slabs

In the constrained slabs, the bottom two layers are fixed at their fractional positions while the rest of the layers in

the slab is left unconstrained as shown in Figure S1.4.

Unconstrained layers —

—_—

— Unconstrained layers

4 layers
Constrained layers

(b)

Figure S1.4. A comparison between the a) unconstrained slab (14N) and the b) constrained slab (14C).

In Figure S1.5 and Figure S1.6, the energy of the constrained (C) slabs is compared to the optimisation energy

of unconstrained (N) slabs for the (111) surface slabs.

Relative energy per atom (eV/atom)

Figure S1.5. The energy of constrained (C) and unconstrained (N) Ni (111) surface slabs plotted against layer
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Figure S1.6. The energy of constrained (C) and unconstrained (N) Pt (111) surface slabs plotted against the
optimisation energy.

In Figure S1.5, the optimisation energy for the constrained and unconstrained Ni (111) surface slabs were plotted
against the number of layers in the slab. An increase in the number of layers results in a decrease in the relative
optimisation energy per atom for the Ni (111) surfaces. There are a few exceptions observed, such as that of the
five layered Ni (111) surface slab is higher in energy than the four layered Ni (111) surface slab, the seven layered
Ni (111) surface slab is lower in energy than the eight layered Ni (111) surface slab and the ten layered constrained
Ni (111) surface slab is higher in energy than the unconstrained ten layered Ni (111) surface slab. The suggestion
here is that the trend may be a caused by the magnetic properties of the Ni metal, since Ni is ferromagnetic with
a Curie temperature of Tc = 624 K.% Overall, the difference in optimisation energy between the constrained and

unconstrained surface slabs is small.

In Figure S1.6, the optimisation energy for the constrained and unconstrained Pt (111) surface slabs were plotted
against the number of layers for the surface slab which resulted in an exponential trend. The optimisation energy
decreased with an increase in the thickness of the surface slab. Furthermore, there is no noteworthy difference
between the optimisation energy of the constrained and unconstrained Pt (111) surface slabs. In both the Ni (111)
and Pt (111) slabs, the computation time for both the constrained and the unconstrained slabs was less than an
hour. This led to the conclusion that the constraining layers does not have an adverse effect on the computing
time. It should however be mentioned that only two out of fourteen layers was constrained and an increase in die
the number of layers constrained should be investigated to draw a final conclusion about the influence of

constrained layers on optimisation energy and calculation time.

To conclude, the stability of the slabs and how the slab thickness affects the stability cannot be described by
looking at the optimisation energy. Therefore, the next part determines the stability of the slabs by comparing the
interatomic spacing between the layers with increasing slab thickness. Only the interatomic spacing for the

unconstrained slabs will be discussed in this part.
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S1.3.3. Influence of increasing slab thickness on interatomic distances for unconstrained slabs

The interatomic spacing between the Ni and Pt primitive unit cells were calculated using Materials Studio and
compared with the interatomic spacing values obtained from the MedeA software package.?® The interatomic
spacing between the atoms in the Ni primitive unit cell, was calculated as 2.509 A, shown in Figure S1.7, which
corresponds to the literature value of 2.492 A 27

Figure S1.7. Ni bulk structure with a Ni-Ni bond length value of 2.509 A.

The bond distance (Ni—Ni) between the layers for each of the Ni (111) surface slabs, with incrementing slab
thickness, is shown in Figure S1.8. In the above-mentioned Figure S1.5, the lowest optimisation energy was

Laver 7
2594 Layer 6
2.47 /Z\ P

observed for the fourteen layered Ni (111) surface slab.

. 2.50A Layer 5
| 253 A 524 2.46 AlLaye
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255 Al 2.51 A
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Figure S1.8. Interatomic spacing between the layers of unconstrained Ni (111) surface slabs with varying slab
thickness.

In the fourteen layered Ni (111) surface slab, the middle layers of the slab were similar to the interatomic spacing
of the bulk structure which indicates a stable slab. Hence, the top and bottom layers of the fourteen layered

Ni (111) surface slab is not stable while the middle layers (two to twelve) were stable. Using this approach, all of
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the Ni (111) surface slabs are stable since the interatomic spacing between the layers were close in value to that

of the bulk structure.

The interatomic spacing between the atoms in the Pt primitive unit cell was calculated as 2.839 A and is shown

in Figure S1.9 which corresponds with the literature value of 2.827 A28

Figure S1.9. Pt bulk structure with a Pt—Pt bond length value of 2.836 A.

The interatomic spacing between the Pt (111) surface slabs with incremented slab thickness is shown in
Figure S1.10.
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Figure S1.1. The interatomic spacing between the layers of various unconstrained Pt (111) surface slabs with

varying slab thickness.

The interatomic spacing for the slabs was comparable with that of the bulk metal with a percentage of 97 % to
99 %. The top and bottom layers of the slabs were less stable since the interatomic spacing between the layers
were larger than the bulk material, while the middle layers was stable and close in value to the bulk material
(2.826 A) for all of the slabs. Hence, with increasing thickness, the interatomic spacing were close to that of the
bulk systems especially in the middle layers of the thick slabs. Therefore, the thicker Pt (111) metal slabs resulted

in more stable surfaces than the thinner surfaces.
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S1.4. Summary

Results obtained for the optimisation energies indicate that the optimisation energy decreased with the increase in
the slab thickness. The increase in the slab thickness also resulted in an increase in the optimisation time. In
addition, the difference in the optimisation energy and optimisation time between the constrained and the
unconstrained slabs were minimal. On the other hand, a difference was observed between the interatomic spacing
of the various slab thicknesses which indicates that the midsections of these slabs are relatively close to that of
the bulk systems. Overall, the most stable slab thickness was that of the fourteen layered slab which also resulted
in an optimal optimisation time and energy. Furthermore, it is not necessary to use the constrained slab for further
calculations since both the constrained and the unconstrained slabs are similar in optimisation energy. However,

it would be best to use the constrained slab and constrain the bottom 7 layers.
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Supplementary 2:
Sz Surface properties of bimetallic fourteen layered (111) surface
slabs

This chapter consisted of creating various concentrations of the Pt/Ni (111) bimetallic surfaces. In these surfaces
seven random layers in the parent metal were replaced with a secondary metal while constraining the bottom
seven layers of the parent metal was constrained. In this chapter the optimisation energy, optimisation time and

the interatomic spacing between the atomic layers was investigated.

The results obtained showed that the Pt/Ni concentration of the bimetallic surfaces influenced the optimisation
energy, optimisation time and the interatomic distance. However, the computation method used in Chapter 5 was
superior to the computation method used in this supplementary and as a result the results obtained in this

supplementary was deemed obsolete.
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S2.1. Introduction

The three types of surface alloys that exist are showed in Figure S2.1. Each of these types of surface alloys

contains effects which is caused by the physical and chemical properties of the metals.*

Figure S2.1. Alloyed surface arrangements are divided into a) overlayer (strain and ligand effects), b) surface

alloy (strain, ligand effects and bifunctionalities) and a c¢) Near surface alloy (ligand effects).

The first observable effect is the strain effect. This strain effect is observed in the overlayer and the surface alloy
arrangements. The strain effect occurs when the metals are different with regard to the lattice constraints of the
surface slab. The strain that occurs in these surface arrangements modifies the chemisorption properties of the
alloys which make them different from the chemisorption properties of the pure metals.>®> The reactivity of the
pure metal surface can be manipulated through the addition of a secondary metal which induce the strain effect
and changes the ability of the surface to form bonds with an adsorbate.® The second effect is the ligand effect
which is observed for all three these arrangements (Figure S2.1) and occurs due to the difference in the electronic
structure of the components. Lastly, bifunctionalities are only observed in surface alloys and occurs when one
metal appropriately binds to one key intermediate while the second metal does the same with the other, optimising

the catalytic activity.!

In this investigation, the atomic arrangements of the pure metals will be changed by substituting a primary metal
layer with a secondary metal layer and measuring the effects that this has on the metal properties. The secondary
metal is substituted as a layer and therefore the surface alloy arrangement will not be studied. The overlayer and
the near surface alloy arrangements will be used in this investigation for surface arrangements consisting of Pt

and Ni which have been studied extensively on smaller slabs.”*2
S2.2. Computational method

Density functional theory (DFT) calculations, as implemented in CASTEP*® which is part of the Material studio
2016 program, was used to calculate the structures and energies of the pure Pt and Ni metals. The generalised-
gradient approximation (GGA) function developed and revised by Perdrew, Burke, and Erzernhof (RPBE)*® with
no dipole corrections and no spin polarisation was used. The geometry was optimised using the two-point steepest
descent (TPSD) algorithm which is recommended when working with lattice parameters of solid-solid
interfaces. The interaction between the core and valence electrons, defined as those in level 5d6s for Pt and 3d4s
for Ni, was described with the Ultrasoft pseudopotentials (USP)Y" method which allows calculations to be
performed with the lowest possible cut-off energy for the plane-wave basis set, based on the Koelling-Hamon?8

relativistic treatment. The plane-wave energy cut-off for the wave function basis was set to 350 eV for both of
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these metals. The broadening of the electronic width was set to a smearing value of 0.1 eV. The SCF convergence
tolerance per atom, the convergence threshold for the maximum energy change and convergence threshold for the
maximum force was left as the default values of 2.0 x10° eV, 2.0 x10°5 eV/atom and 0.05 eV/A. k-point sampling
was performed to obtain the optimum Monkhorst-Pack grid®® for the integrations in the reciprocal space of the
unit cells, ensuring similar spacing of points in the reciprocal space, which can be maintained throughout the
study. Calculations were carried out using Monkhorst-pack grids of 1x1x1 k-points for the bulk structure and

4x4x12 for the Pt and Ni surface slabs.

The Pt and Ni metals adopts a face centred cubic (fcc) crystal structure, along the [111] direction which belongs

to the Fm3m space group (No. 225).2- 22 The primitive unit cell of these two metals contains four atoms
distributed in the Wyckoff 4a positions. The internal coordinates, lattice parameters, atomic spin moments and
cell shape were all allowed to change during geometry optimisations. Using this methodology, we have calculated
a lattice parameter (a) for the bulk unit cell of the pure Pt and Ni end member phases of 4.014 A and 3.579 A, in
excellent agreement with the experimental values of 3.923 A% and 3.528 A, respectively. Each of the Pt and Ni

(111) parent metal surfaces was distributed over 14 layers, with a vacuum gap of 20 A2

S2.2.1. Creating fourteen layered alloys with various metal arrangements

In this study, the fractional positions of the bottom seven layers of the parent metal were constrained (C) while
the top seven layers of the parent metal was left unconstrained (N) as shown in Figure S2.2. The unconstrained
layers of the parent metal were substituted with a secondary metal to obtain various fourteen layered slabs with

different arrangements, shown in Figure S2.3 and Figure S2.4.

— Unconstrained parent
layers

— Constrained parent
layers

Figure S2.2. Fourteen layered surface slab where C is the number of layers constrained in the (111) surface slab.

The constrained layers of the parent metal were not substituted and remains as the same as the parent metal. The
parent metal is either a Ni or a Pt slab where the substitute’s secondary metal is either Pt or Ni, depending on the

parent metal.
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M(111)A M(111)B M(111)C M(111)D M(111)E

Figure S2.3. The grid used to categorise the (111) bimetallic surface slabs where A and B represents either Pt or

Ni metal.

In Figure S2.3, there are five different alloy arrangements of a slab consisting of 168 atoms where the ratio of the
two metals A and B are as follows; Slab A, B and D consist of A13,Bss atoms, Slab C consists of A144B24 and Slab
E consists of AipsBeo atoms. Hence, the ratios of the primary and secondary metals are the same for the A, B and
D slabs which have different arrangements of these metals which enables the study of the effects induced by the

secondary metal, steric or ligand effects, and the stability of the alloyed metal.

@
Oni
B2 Cc2

Figure S2.4. The various combinations (A2-E2) used in the bimetallic Ni/Pt, where the bottom 7 layers (red) are

constrained. Constrained layers consist of the parent metal.

The various alloy arrangements discussed in Figure S2.3 are shown in Figure S2.4, where Ni is the parent metal
while Pt is the secondary metal which was substituted into the slab. The arrangements where Pt is the parent metal
is denoted as either Pt/Ni or A-E, while if Ni was the parent metal the arrangements are denoted as Ni/Pt or A2 —
E2.

S2.3. Results

To obtain the best combination of the Pt/Ni and Ni/Pt alloys, the optimisation energies of the alloys, the surface

energies and the adsorption energies were examined.

S2.3.1. Comparison of optimisation energies for the various bimetallic slab configurations

The relative optimisation energy and the optimisation time for the various arrangements of the alloys is shown in
Figure S2.5.
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Figure S2.5. Ni/Pt (111) and Pt/Ni (111) alloyed slabs plotted against the optimisation energy and optimisation
time.

For the Ni/Pt (111) alloy, where Ni is the parent metal, the most stable arrangement is the C2 arrangement which
took 33 hours to optimise. In the C arrangement, the top two layers consists of Ni metal followed by two layers
of Pt and then the last three unconstrained layers consists of Ni metal. On the other hand, in the Pt/Ni (111) alloy
arrangements, the most stable arrangement is that of the E arrangement. In the E arrangement of the Pt/Ni alloy,
the top and bottom layer consists of the parent metal (Pt) while the middle five layers are the substituted Ni metal.
In conclusion, the alloys where the parent metal consists of Ni is the most stable in comparison where the parent
metal is Pt. Although, the metal arrangements are opposites from one another, the results in the stability are largely

different which is possible due to the type of parent.

In the next section, the interatomic spacing between the metals was studied for the different metal arrangements
to obtain any insight into the high stability for some of these metals. The parent metal and the substituted metal
ratios are the same for the A, B and D slab arrangements but with differences in the atomic arrangements. The
difference in the optimisation energy between these arrangements are minimum, with — 1218,752 eV for slab A,
—1218,806 eV for slab B and — 1218,733 eV for slab D. In addition, the metal thickness of the Pt layers is different
for each of these slab arrangements but the top and the bottom layers of these slabs consists of Ni. The A
configuration metal is eight layers of Ni and nine layers of Ni for the B and D configurations. Also, the A
configuration follows an alternating sequence of 1 layer for the metallic layers while in the B configuration this
alternating thickness is two layers per metal with the top layer being a single layer of Pt. In the D configuration,
the middle layer is three layers of Pt with two layers of Ni on the top and bottom. Therefore, the configurations

that have the most stable optimisation energy for the Ni/Pt bimetal are configuration B, A then D.

Overall, even though the thickness of the layers varies, the difference between the optimisation energies are
minimum between slabs with the same ratio of metallic atoms. This is also observed for the other bimetals used
in this study.
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The next section compares the interatomic spacing of each alloy arrangements against one another. This is a means

to test whether the Ni/Pt alloys are more stable in terms of physical properties.

S2.3.2. Comparison of the interatomic spacing between the most stable bimetallic slabs

In Figure S2.6, the alloy arrangements of the A slab is shown, which has a ratio of A132B3ss where A is the parent

metal and B, the substituted metal.

2.55 A 265 A
256 A7 2.63A
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Figure S2.6. Interatomic spacing comparison between the a) A2 and b) A slabs

It was already shown in the previous figure that the alloys where the parent metal is Ni (A2) is more stable. The
interatomic spacing of the A2 surface slab is close to the calculated (literature) interatomic spacing vales for the
pure Ni bulk structure, which is 2.509 (2.492 A)2. Whereas the interatomic spacing observed in a Pt bulk structure
is 2.836 (2.827 A).2* Therefore, the interatomic spacing of the A2 alloy is closer to that of the interatomic spacing
observed in the Ni bulk structure and the reason why the Ni parent (A2) surface slab is more stable than that of
the Pt parent (A) surface slab. Overall, the interatomic spacing between the layers of the A slab is stable with
small margin of difference between the unconstrained layers in the slab (0,024 A for Ni/Pt and 0,018 A for Pt/Ni).
Even though both Pt and Ni are transition metals with the same structure, the difference in the optimisation energy
between the Ni/Pt and Pt/Ni alloys is — 363.918 eV, which is due to the influence of the amount of Ni metal to the
magnetic nature of the alloy. To test this theory, the surface energy and magnetic moment is needed, which was
discussed in Chapter 5.2 Overall, the stability of the slab was dependant on the interatomic spacing where stable
surfaces was determined where the interatomic spacing was close in value to the bulk structure. In Figure S2.7,
the alloy arrangements of the A slab are shown which has a ratio of Ai10sBeo Where A is the parent metal and B,

the substituted metal.
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Figure S2.7. Interatomic spacing comparison between the a) E2 and b) E slab
S2.4. Summary

The stability of the bimetallic slabs was dependent on the interatomic distance between the layers. If the
interatomic distances in the slabs are close to the bond distances obtained from the pure bulk metal structures,
then the surface slab is stable. However, if the interatomic distance between the layers varied largely to that of the
bulk structure metals, then the surface slab was less stable. Overall, the most stable surface slabs were found to
be the Ni/Pt slabs with Ni/Pt (111)C (-1264,343eV) < Ni/Pt(111)B (- 1218,806 eV) < Ni/Pt (111)A
(—1218,752 eV). In addition, the metallic atom ratios play a role in the stability of the bimetallic slabs. The A and
B slabs consisted of the metallic ratios of Nii3:Ptss, while the C slab consists of the metallic ratio of Nijs4Ptoa.

Therefore, the slab with a larger ratio of Ni to Pt was the best to use.

In conclusion, the results obtained in this supplementary chapter was deemed insignificant since the computational
method used in Chapter 5 was deemed superior.
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