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Abstract

In response to the urgent need for a global transition towards e -
cient and renewable energy technologies, this thesis enhances under-
standing and contributes to the development of materials used for
energy generation, conversion, and storage. The aim of this the-
sis is to computationally unravel the interface processes and struc-
ture{property{performance relationships of {) palladium (Pd) hy-
dride as an electrocatalyst for the hydrogen evolution reaction (HER);
(i) copper zinc tin selenide (CZTSe) tetrapod semiconductor as a
photovoltaic (PV) absorber; and {ii ) dual-phase bismuth-tin (Bi-Sn)

as an anode for magnesium-ions batteries (MIBs).

Various PdH,/Pd interface model systems are rst studied and com-
pared in calculated surface Pourbaix diagrams, using rst-principles
calculations based on density functional theory (DFT) inChapter 3
The results show that around the equilibrium electrode potential and
pH for the HER, Pd starts to be covered by hydrogen adatoms. Low-
ering the electrode potential increases the hydrogen population on the
Pd surface and in subsurface layers. These ndings provide insights
into the stability and formation of hydrogen-containing Pd surfaces,
which creates highly active sites for hydrogen evolution. Subsequently,
the structure{activity relations for the HER on Pd surfaces are elu-
cidated in Chapter 4 DFT results reveal an activity trend following
Pd(111) > Pd(110) > Pd(100) and that the formation of subsurface
hydride layers causes morphological changes and strain, which a ect
the HER activity and the nature of active sites. To extensively in-
vestigate the structural changes of Pd induced by hydride formation,
molecular dynamics (MD) simulations are performed to elucidate the

Vi



atomic-scale mechanisms of restructuring processes on Pd surfaces in
Chapter 5 MD results show that surface alterations are related to the
creation and propagation of structural defects, as well as phase trans-
formations that take place upon formation of hydrides. These ndings
provide novel insights into the H-induced Pd surface reconstruction
under reaction conditions, and are thus important for the design of
next-generation highly active and selective Pd-based electrocatalysts.

Next, the electronic and optical properties of the four identi ed do-
mains within the tetrapod-shaped CZTSe nanocrystal (NC) are ex-
plored using DFT calculations inChapter & The results reveal that
multiple domains within a single NC have independent and distinct
electronic properties. Interestingly, the 3D periodic structure of only
two domains exhibits a band gap. Moreover, the computationally
predicted type-ll band alignment between these two semiconductor
domains facilitates electron-hole pair separation and enhances solar
power conversion e ciency. These insights into the structure{property
relationships in CZTSe NCs will guide the design of next-generation
CZTSe-based solar cells and optoelectronic arrays.

Finally, a dual-phase engineering strategy to develop a Bi-Sn dual
anode for MIBs is presented irChapter 7. DFT calculations are em-
ployed to explain the mechanisms behind the experimentally improved
performance of dual-phase Bi-Sn electrodes. It is computationally
shown that the formation of the MgBi,//Sn interfaces is energeti-
cally more favourable compared to the most stable exposed surfaces of
the individual Mg3Bi, and Sn phases. Furthermore, Mg insertion into
Sn is facilitated when MgBi, is present. The computational ndings
point towards easier magnesiation/demagnesiation for the dual-phase
Bi-Sn electrodes over pure Bi or pure Sn. The use of dual-phase en-
gineering is a major step forward in the development of anodes for
MIBs.

vii



Acknowledgements

The completion of my PhD thesis would not have been possible with-
out the support, guidance, and encouragement of numerous individu-
als and institutions. It is a pleasure to convey my gratitude to all of
them.

First and foremost, | would like to express my sincere appreciation to
my PhD supervisor, Prof. Matthias Vandichel, for his patience, kind
support, invaluable guidance, stimulating discussions, and constant
encouragement throughout the course of my PhD degree. His exper-
tise and insights have been invaluable for the successful completion of
this thesis.

| am also profoundly grateful to the members of my dissertation com-
mittee, Prof. Henrik Gmenbeck and Prof. Bar Mosevitzky Lis, for
their constructive feedback and valuable suggestions, which greatly
enhanced the quality of this thesis. Additionally, | am grateful to
Prof. Micheal D. Scanlon for chairing my PhD viva and ensuring the
process was conducted smoothly.

My sincere thanks also go to Dr. Sousa Javan Nikkhah and Prof.
Ryan Lacdao Arevalo for their mentorship and support. Their guid-
ance has been instrumental in my development as a researcher, and
their advice and feedback have signi cantly shaped my research work.

Special thanks to my collaborators, whose contributions and insightful
discussions have been essential to my research: Prof. Arturo Susarrey-
Arce and Cristian Rosero-Arias at the University of Twente; Prof.
Matous Mrovec and Minaam Qamar at Ruhr-Universitat Bochum;
Prof. Aliaksandr S. Bandarenka, Dr. Elena L. Gubanova, Thorsten

viii



O. Schmidt, and Christian Schott at the Technical University of Mu-
nich; Prof. Kevin M. Ryan, Prof. Hugh Geaney, Dr. Huan Ren, and
Dr. Muhammad Rashad at the University of Limerick; Prof. Ser-
hiy Cherevko and Dr. Valentin Briega-Martos at Forschungszentrum
Julich GmbH; Prof. Marie-Ingrid Richard, Prof. Feceric Maillard,
Dr. Corentin Chatelier, and Dr. Cement Atlan at Universie Greno-
ble Alpes.

| would like to acknowledge the support from the European Union's
Horizon 2020 research and innovation program under Grant Agree-
ment HERMES No. 952184. | also wish to acknowledge funding from
the Irish Research Council for the Government of Ireland Postgrad-
uate Scholarship, Project ID. GOIPG/2021/867, and support from
the Science Foundation Ireland-funded Research Centre for Pharma-
ceuticals, SSPC. Additionally, 1 would like to thank the Irish Centre
for High-End Computing (ICHEC) for the provision of computational
facilities and support.

| owe special thanks to the Department of Chemical Sciences and
Bernal Institute at the University of Limerick for providing the nec-
essary facilities and resources to complete my research. The adminis-
trative sta deserves special mention for their continuous assistance.

| would also like to thank the people at the Bernal Institute for their
guidance and friendship.

| would like to thank my colleagues, both current and former, in
the Materials and Catalysis Modelling (MACATAMO) group: Lipin,
Ryan, Sousa, Kabira, Umer, Hooman, Keshav, Pedram, Krishna, In-
drajit, Surya, Jiri, Amin, and Ciara, for the stimulating discussions
and all the fun we have had in the last few years. Your friendship and
support have made this journey much more enjoyable.

| express my heartfelt love to my Thai friends everywhere: Chan, La,
Joy, N' Lewis, P' Yui, N' Pond, N' Paratee, N' Aom, Bunrat, Poss, P’
E, P' Eve, P' May, and P' Hun. Although we are miles apart, your



kindness, understanding, and encouragement have meant a lot to me.
Thank you for always being there for me.

A sincere thank you to my former supervisors, advisors, and teachers
for their crucial early support and guidance. Your encouragement was
a cornerstone of my academic journey and has greatly contributed to
my personal development. | am forever grateful for your signi cant
role in my life.

Finally, | would like to express my deepest gratitude to my parents, my
sister, and my family for their unwavering love, support, and encour-
agement. Their belief in me has been a constant source of strength
and motivation throughout this journey.

Thank you all.

Apinya Ngoipala



List of Publications

Associated Publications:

1. T.0. Schmidt? A. Ngoipala ,* R.L. Arevalo, S.A. Watzele, R.
Lipin, R.M. Kluge, S. Hou, R.W. Haid, A. Senyshyn, E.L. Gubanova,
A.S. Bandarenka, M. Vandichel, \Elucidation of Structure{Activity
Relations in Proton Electroreduction at Pd Surfaces: Theoretical and
Experimental Study" Small 2022, 18(30), 2202410%shared rst au-
thorship, both authors contributed equally

2. A. Ngoipala , R. Lipin, R.L. Arevalo, M. Vandichel, \Compu-
tational Unravelling of Cathodic Hydride Formation on Palladium
Surfaces" International Journal of Hydrogen Energy2024, 53, 829-
839.

3. A. Ngoipala , H. Ren, K.M. Ryan, M. Vandichel, \Structure-
Property Correlations in CZTSe Domains within Tetrapod-Shaped
Semiconductor Nanocrystals as Photovoltaic Absorbers" Advanced
Science2024, 2402154.

4. A. Ngoipala ,* C. Schott? V. Briega-Martos? M. Qamar? M.
Mrovec, S. Javan Nikkhah, T.0O. Schmidt, L. Deville, A. Capogrosso,
L. Moumaneix, T. Kallio, A. Viola, F. Maillard, R. Drautz, A.S.
Bandarenka, S. Cherevko, M. Vandichel, E.L. Gubanova, \Hydride-
Induced Reconstruction of Pd Electrode Surfaces: A Combined Com-
putational and Experimental Study", *shared rst authorship, these
authors contributed equallyUnder Review).

Xi



5. M. Rashad? A. Ngoipala ,* M. Vandichel, H. Geaney, \Enhancing
Magnesium-lon Storage in a Bi-Sn Anode through Dual-Phase En-
gineering", “shared rst authorship, both authors contributed equally
(Under Review).

Other Publications:

1. S. Ghosh, R. Lipin,A. Ngoipala , N. Ruser, D.M. Venturi, A.
Rana, M. Vandichel, S. Biswas, \Hf-Based MOF for Rapid and Selec-
tive Sensing of a Nerve Agent Simulant and an Aminophenol: Insights
from Experiments and Theory" Inorganic Chemistry2023, 62(36),
14632-14646.

2. R. Lipin, A. Ngoipala , R.L. Arevalo, M. Vandichel, \Computa-
tional Surface Pourbaix Diagrams to Unravel Cathodic Hydride For-
mation on Defective Palladium Surfaces" International Journal of Hy-
drogen Energy2024, 61, 460-472.

3. C. Atlan, C. Chatelier, A. Ngoipala , ..., M. Vandichel, M.-
I. Richard, F. Maillard, \Probing Strain in Palladium Nanocrystals
during Electrochemically-induced Phase Transitions" (Manuscript in
Preparation).

4. M. Qamar/ A. Ngoipala ,* M. Vandichel, R. Drautz, M. Mrovec,
\Atomic Cluster Expansion for Palladium-Hydrogen System" ?shared
rst authorship, both authors contributed equallyManuscript in Prepa-
ration).

5. C. Rosero-Arias,A. Ngoipala , ..., M. Vandichel, A. Susarrey-

Arce, \Lanthanide Marker Diagnoses the Crystal Environment in 3D
Architected Alkali-Earth Perovskite" (Manuscript in Preparation).

Xii



Contents

List of Tables Xvii
List of Figures XXi
1 Introduction 1
1.1 Material Interfaces . . . . . . . . .. ... 2
1.1.1 Thermodynamic Properties . ... ... ... ....... 5
1.1.2 ElectronEnergies . . . . .. ... . ... ... . ... 7
1.2 Renewable Energy Systems. . . . . ... ... ... .. ... ... 10
1.2.1 Green Hydrogen Production . . . ... ... ........ 10
1.2.1.1 Hydrogen Evolution Reaction (HER) . . . . . . . 12
1.2.1.2 Palladium (Pd) as Electrocatalyst for HER . .. 17
1.2.1.3 Interfacesin PdHydride . . . .. ... ...... 20
1.2.2 Solar Photovoltaics (PV) . . . . . . ... ... ... .... 22
1.2.21 PrincipleofPV .. .. ... ... .. ....... 24
1.2.2.2 Copper Zinc Tin Selenide (CZTSe) as PV Absorber 27
1.2.2.3 Heterojunction Interfaces . . .. ... ... ... 29
123 Batteries. . . . . . . . 31
1.2.3.1 Principle of Magnesium-lon Batteries (MIBs) . . 33
1.2.3.2 Bismuth (Bi) and Tin (Sn) as Anodes for MIBs . 35
1.2.3.3 Dual-Phase Bi-Sn Interfaces . . . . . .. ... .. 40
1.3 ThesisOutline. . . . .. ... ... .. .. .. .. ..., 45

Xiii



CONTENTS

2 Theoretical Background a7

2.1 Density functional theory (DFT) . . . ... .. ... ... .... 47
2.1.1 The Hohenberg-Kohn Theorems . . . . .. ... ... ... 49
2.1.2 The Kohn-Sham Equation . . . . ... ... ........ 49
2.1.3 Exchange-Correlation Energy Functional . . . ... .. .. 51
2.1.4 Pseudopotential . . . .. ... .. ... ... ... ..., 57
2.1.5 Bloch's Theorem . ... ... ... ... .......... 60
2.1.6 Self-Consistent Field Calculation . . .. ... ....... 63
2.1.7 Hellmann-Feynman Theorem . ... ... ... ...... 64
2.1.8 Geometry Optimization . . . ... ... .......... 66
2.1.9 Uncertainties in DFT Calculations . . .. .. .. ... .. 68

2.2 Molecular Dynamics (MD) . . . . .. .. ... ... ........ 70
221 Fundamentals . . ... ... ... ... .. ... .. ..., 70
2.2.2 Simulation Procedures . . . . .. ... ... ... ... .. 76

3 Cathodic Hydride Formation on Pd Surfaces 85

3.1 Abstract . . . . . .. 86

3.2 Introduction . . . . . .. . ... 87

3.3 Computational Details . . . .. ... .. ... ... ........ 89

3.4 Resultsand Discussion . . . .. .. .. ... ... 0. 92
3.4.1 Hydrogen Adsorption and Absorption . . . . . ... .. .. 92
3.4.2 Electronic Properties . . . . . . ... ... ... ... 100
3.4.3 Surface Stability . .. ... ... ... ... .. . . ... 106
3.4.4 Surface Pourbaix Diagram . . . . ... ... ... ..... 108

3.5 Conclusion . . . . . .. 113

4 Structure{Activity Relations for Hydrogen Evolution on Pd Sur-

faces 115
4.1 Abstract . . . . . . .. e 116
4.2 Introduction . . . . . . . .. ... 117
4.3 Experimental Section . . . . . .. ... L Lo 119
4.4 Computational Details . . . .. .. ... ... ... ........ 123
45 Results and Discussion . . . . . ... oo 126

Xiv



CONTENTS

4.5.1 Hydrogen Absorption Behavior, Surface Mobility of Pd,

Reaction Mechanism, and Kinetics . . ... ... .. ... 126
4.5.2 In Situ Active Site Investigation of as-Prepared Pd Surfaces 133
4.5.3 The Strain E ect on the HER Activity . . . . .. .. ... 136
4.5.4 Design Principle of Pd Nanoparticles for Optimized HER
Performance . . . . . . . . . .. ... 152
46 Conclusion. . . . . .. . . . 154
Hydride-Induced Reconstruction of Pd Surfaces 157
51 Abstract . . . . . . . . 158
5.2 Introduction . . . . . .. ... 159
5.3 Experimental Section . . . . ... ... ... 0oL 160
5.4 Computational Details . . . .. .. ... .. ... ......... 165
55 Results and Discussion . . . . . . .. ... 167
5.5.1 Activity Degradation of Pd(hkl) Surfaces During the Hy-
drogen Evolution Reaction . . . . .. ... ... ...... 167
5.5.2 In Situ Investigation of Morphological Changes at Pd(hkl)
Surfaces . . . ... 168
5.5.3 Investigation of Pd Dissolution from Pd(hkl) Surfaces and
Pd nanoparticles . . . ... ... ... ... .. .. ... 173
5.5.4 Atomistic Mechanisms Underlying the H-Induced Pd Sur-
face Reconstruction . . . . . ... .. ... ... ..., 175
56 Conclusion. . . .. .. ... ... 192

Structure{Property Correlations in CZTSe Nanocrystal Domains

as Photovoltaic Absorbers 193

6.1 Abstract . . . . . . . . ... e 194

6.2 Introduction . . . . . . ... ... e 194

6.3 Computational Details . . . . .. ... ... ... .. ....... 196

6.4 Resultsand Discussion . . . .. ... .. .. ... .. .. ..., 199
6.4.1 Structural and Electronic Properties . . . . ... ... .. 199
6.4.2 Domain Interface Interaction. . . . . ... ... ... ... 205
6.4.3 Band Alignment and Optical Properties . . ... ... .. 209

6.5 Conclusion. . . .. .. .. .. ... 215

XV



CONTENTS

7 Enhancing Magnesium-lon Storage in a Bi-Sn Anode through

Dual-Phase Engineering

217

7.1 Abstract . . . . . ... 218
7.2 Introduction . . . . . .. ... e 219
7.3 Experimental Section . . . . . ... ... ... o oL 222
7.4 Computational Details . . . . . ... ... ... ... ....... 223
7.5 Resultsand Discussion . . . .. ... ... ... ... 230
7.6 Conclusion. . . . . . . . ... 251

8 Conclusions and Future Directions

Appendix A: Supplementary Information for Chapter 3
Appendix B: Supplementary Information for Chapter 4
Appendix C: Supplementary Information for Chapter 5
Appendix D: Supplementary Information for Chapter 6
Appendix E: Supplementary Information for Chapter 7
List of Presentations

About the Author

References

XVi

263

271

291

315

329

337

341

343



List of Tables

3.1

4.1

6.1

7.1

7.2

7.3

7.4

7.5

7.6

Al

The adsorption energy of Hfor 0.25 ML, 0.25 ML, and 0.13 ML
surface coverages on Pd(111), (100), and (110) surfaces, respectively 95

The adsorption energy of Hfor 1/4 ML, 1/8 ML, 1/4, and 1/6
ML surface coverages on the pristine Pd(111), Pd(110), Pd(100)
and Pd(211) surfaces, respectively . . . . ... .. ... ... ... 142

The experimental and calculated lattice parameters using HSE06
functional of four domains in CZTSeNC . . ... ... ... ... 202

Di erent active planes (hkl) for Sn, Bi, MgSn, and MgBi, de-

tected from XRD characterizations . . . .. ... ... ... ... 226
Calculated surface (interface) energy of di erent surfaces for Sn,

Bi, Mg,Sn, MgBi,, and interface systems . . ... .. ... ... 227
The cell length changes of the pristine surfaces to form the dual-
phase structures . . . . . . . . ... ... 228
Cell parameters of all structures considered in this work and the
corresponding k-points used for their geometry optimizations . . . 228
Calculated unit cell parameters for the considered materials with

their space group are compared with the experimental values . . . 241
Calculated Mg vacancy formation energy in the bulk Mgsn, bulk
MgsBi,, and MgzBi,(012)//Mg »,Sn(220) interface models . . . . . 248

The adsorption energies of Hfor di erent numbers of atomic layers
on (111) surface . . . . . . . . . 264

XVil



LIST OF TABLES

A.2

A3

A4

A5

A.6

A7

B.1

B.2
B.3

B.4

Cl

C.2

C.3

The adsorption energies of Hfor di erent vacuum spacing on (111)
surface . . ... 265
Comparison of the adsorption energies of Fof the Pd(111) surface
models used in this present work with the ones used in the previous
study . . . . 265
Comparison of the adsorption energies of Fof the Pd(100) surface
models used in this present work with the ones used in the previous
study . . . . 266
Comparison of the adsorption energies of Fof the Pd(110) surface
models used in this present work with the ones used in the previous
study . . .. e 266
Comparison between the calculated adsorption energies of hydro-
gen on Pd(111), (100), and (110) surfaces, with and without spin-
polarization . . . . . . . ... 267
Comparison between the calculated adsorption energies of hydro-
gen on Pd(111), (100), and (110) surfaces, with and without the

Grimme-D3(BJ) van der Waals correction . . . .. ... .. ... 267
Settings used for cyclic voltammogram (CV) and activity measure-
MENIS . . . . . . e e 271
Settings of the GIXRD measurement . . . .. ... ........ 272
The most important settings used for each individual STM mea-
Surement . . . . ... e e e 272
The calculated lattice constant of a bulk fcc Pd using various dis-
persion correction methods . . . . . ... .. ... ... ... 273
EC-STM measurement parameters for all images obtained related

to the respective Pd singlecrystal . . . . ... .. ... ...... 291

Parameters for conducted CVs of the basal Pd single crystal recorded
within the EC-STM cell for the investigations of morphological sur-
facechanges . . . . . . . . ... 291
Comparison of results on structural and dislocation analysis of the
reoptimized structures after 8 ns MD equilibration at 300 K for the
PdH/Pd(111), PdH/Pd(110), and PdH/Pd(100) surfaces, using

the ACE-PBE-D3 and ACE-PBE potentials . . . . . ... .. .. 314

XVili



LIST OF TABLES

D.1 The optimized cell parameters of the most stable con gurations
for Domain3(112) surface, Domain4(l0) surface, and their xed-
volume optimized interface structure . . . .. ... .. ... ...

XiX



LIST OF TABLES

XX



List of Figures

1.1 Interface types such as grain boundary and phase boundary ... 3
1.2 Thermodynamic properties of interfaces that can be calculated

from rst-principles calculations . . . . .. ... ... ... .... 6
1.3 Electronic description of molecular and solid systems . . . .. .. 8
1.4 Schematic diagram of a vision for hydrogen production from re-

newable resources in a hydrogen economy society . . .. .. ... 11
1.5 Sustainable pathways for hydrogen production from renewable en-

ergy, suchas solarenergy. . . . . .. .. ... .. ... ... 12
1.6 Schematic diagram of an electrolyzer . . . . ... ... ... ... 13

1.7 Volcano plot of exchange current density as a function of DFT-
calculated Gibbs free energy of adsorbed atomic hydrogen on pure

metals . . . . . . ... 17
1.8 Schematic illustration of the hydrogen sorption process and hy-

dride formation in the Pd surface . . . . ... ... .. .. .. .. 18
1.9 Pressure-composition-temperature curves of bulk PdH on desorp-

tON Process . . . . . . . . o 19
1.10 Schematic illustration of interface boundaries. . . . . .. .. ... 21
1.11 Global renewable electricity capacity additions by technology and

segment . ... .. e 23
1.12 Description of the PV eectinasolarcell . ... ......... 25
1.13 PV solar module structural layers . . . . . .. .. ... ... ... 26
1.14 Unit cell structures of the kesterite, stannite, and primitive mixed

CuAu-like phases in the CZTSe system . . . . . .. .. ... ... 28
1.15 Three types of heterojunction band alignment . . . . .. ... .. 30

XXi



LIST OF FIGURES

1.16 Type-Il heterojunction system corresponds to staggered gap align-

ment suitable for the spatial charge separation . . . . . ... ... 31
1.17 Number of publications associated with MIBs from 2004 to June
2024 . . e 33
1.18 Schematic diagram of typical electrochemical reaction process of
MIBs . . . . . e 35
1.19 Schematic structure of MgBi,; local environments of the Mg sites;
MgsBio with Ve and Ve . . . . o o o o o 0 o oo o 37
1.20 The allotropic transformationinSn . . . . ... ... ... .... 39

1.21 Schematic illustration of electrochemical reaction mechanisms of
Bi-Sn alloy nanoparticles, formation process of Bi/Sn nanocrystals,
and increased grain boundaries on atomic scale after rst cycle and
enhanced M@" transport . . . .. ... .. ... ... ...... 41

1.22 Schematic illustrations of the phase evolutions and the changes of
atomic arrangements in phase boundaries of the biphase eutectic-
like Bi-Sn Imduringcycles . . ... ... ... ... ....... 42

1.23 Stable structures for Sn, Mg insertion in pure Sn, biphase Sn{Bi,
Mg insertion at the rst layer of Sn in Sn{Bi, biphase Sn{MgBi5,,
and Mg insertion at the second layer of Sn in Sn{M@i, . . . .. 44

2.1 Relation between real potential and pseudopotential; between real
wavefunction and pseudo wavefunction, as a function of the dis-

tance between the particles . . . . . . .. ... ... ... L. 58
2.2 Relationship between the eigenvalue and wavevector . . . . . . . . 62
2.3 SCFcalculationin DFT . . . .. .. .. .. ... .. ....... 64
2.4 Optimization process inDFT . . .. ... ... ... ....... 67

2.5 The Lennard-Jones pairwise potential as a function of the distance
between two interacting particles . . . . ... .. ... ... ... 73
2.6 A universe of particles with a uniform distribution, and the two
spheres with radiir and r + dr encompassing parts of the particles 76
2.7 Schematic of PBC intwo dimensions . . . .. ... ........ 79
2.8 The L-J potential truncated atr. =250 . ... ......... 80

XXii



LIST OF FIGURES

2.9

3.1
3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

4.1

4.2

4.3

Time dependence of the total energy of a system during an MD
simulation and time dependence of the instantaneous temperature
of thissystem . . . . . .. . ... . ... 82

The top and side views of Pd(111), (100), and (110) surfaces . . . 91
The distinct adsorption sites indicated in black balls with di erent
coordination number for H, representing with how many Pd the
hydrogen interacts for Pd(111), (100), and (110) surfaces . . . . . 94
Calculated di erential surface adsorption energy and subsurface
absorption energy of H for Pd(111), (100), and (110) surfaces as
afunctionofcoverage. . . . . . . . .. .. .. .. o 96
Calculated adsorption energy per H atom for possible H adsorp-
tion/absorption con gurations of fully covered Pd(111) surface

with 1.00 ML subsurface . . . . . ... ... ... .. ....... 100
Partial density of states projected on the d-band of Pd and s-band

of Hat a H coverage of 0.25 ML for Pd (111) and (100) surfaces;

0.13 ML for (110) surface . . . . . . . . . . . ... 102
Local density of states (LDOS) of the Pd and H atoms for H ad-
sorbed on Pd(111), (100), and (110) surfaces . . . . ... ... .. 103
Charge density di erence upon the adsorption of Hat the maxi-

mum coverage uptake for Pd(111), (100), and (110) surfaces . .. 106
Surface formation energy as a function of Htoverage for Pd(111),

(100), and (110) surfaces . . . . . . . . . . .. 108

Energy-potential diagrams and Pourbaix diagrams for hydrogen
adsorption and absorption on Pd(111), (100), and (110) surfaces . 113

The top and side views of the Pd(111), Pd(110), Pd(100), and
Pd(211) surfaces . . . .. .. ... ... 126
The rst scans of the CVs of the annealed Pd(111), Pd(110), and
Pd(100) single crystals; Tafel plots of the HER activity on these
three surfaces; grazing-incidence XRD patterns of single crystalline

Pd(111) before and afterHER . . . . . . . . ... ... ... ... 128
Impedance data of three di erent Pd single crystal surfaces, rep-
resented as Nyquistplots . . . . . .. ... .. ... ........ 131

XXili



LIST OF FIGURES

4.4 n-EC-STM measurements of freshly annealed Pd(111) and Pd(100)

for the HER turned \On"and\O" . . .. ... .. ... .... 135
4.5 The formation energies and change in the volume of a bulk PgH

asafunctionofx . ... ... ... ... .. ... .. . ... 137
4.6 Computational Pourbaix diagram for bulk PdH, . . . . . . .. .. 138

4.7 Calculated surface energies as a function of the number of PdH
sublayers for the Pd(111), Pd(110), Pd(100), and Pd(211) surfaces 140
4.8 Top view of Pd(111), Pd(110), Pd(100), and Pd(211) surfaces with
their high-symmetry adsorption sites . . . . .. .. .. ... ... 141
4.9 Hydrogen di usion path in the Pd(111) surface and energy pro le
of the considered di usion path of the H atom
4.10 Free energy diagram for HER at low Hcoverage on the Pd(111),
Pd(110), Pd(100), and Pd(211) surfaces with zero to four PdH
sublayers . . ... 145
4.11 Hydrogen adsorption free-energy change at low ldoverage and
compressive areal strain as a function of the number of PdH sub-
layers for Pd(111), Pd(110), Pd(100), and Pd(211) surfaces . . . . 148
4.12 n-EC-STM measurement of Pd(111)and Pd(100). after cyclic
voltammetry for HER turned \On"and\O" . ... ... .. .. 151
4.13 Schematic of a Pd nanoparticle with optimized surface morphology 153

5.1 Characteristic CVs of Pd single crystals and HER activity degra-
dation

5.2 EC-STM images highlighting morphological changes after cycling
the Hypp /double-layer potential region . . . . . . .. .. ... .. 170

5.3 Roughness analysis of Pd basal single crystals after potential cy-
cling in the Hypp /double-layer region . . . . . . .. ... .. ... 172

5.4 On-line dissolution experiments for Pd(hkl) surfaces and Pd nanopar-

ticles . . . . .. 175
5.5 Optimized initial structures of PdH/Pd(111), PdH/Pd(110), and
PdH/Pd(100) shown in dierentviews . .. ... ... ...... 176

XXIV



LIST OF FIGURES

5.6 Calculated surface formation energy as a function of time during
MD simulations at 300 K of PdH/Pd(111), PdH/Pd(110), and
PAH/PA(100) . . . . . . . . . e 177

5.7 Reoptimized structures after 8 ns MD equilibration at 300 K of
PdH/Pd(111), PdH/Pd(110), and PdH/Pd(100) shown in di erent

VIBWS . . o e e e e e e e e 179
5.8 Surface analysis of the equilibrated structures obtained from MD
simulations . . . ... ... ... 180

5.9 Reoptimized structures after 8 ns MD equilibration at 300 K of
PdH/Pd(111), PdH/Pd(110), and PdH/Pd(100) shown in top view,
where di erent adsorption sites for H are illustrated . . . . . . .. 182

5.10 H coverage on each Pd layer in the reoptimized structures after 8
ns MD equilibration at 300 K using the ACE-PBE-D3 potential
for PdH/Pd(111), PdH/Pd(110), and PdH/Pd(100) . . . . . . .. 184

5.11 Mean square displacements of H during the last 3 ns of MD simula-
tions with the ACE-PBE-D3 potential for PdH/Pd(111), PdH/Pd(110),
PdH/Pd(100), and bulk PdH.5 systems; comparison of the average

di usion coe cient of Hin these systems . . . . . .. .. ... .. 186
5.12 Strain and dislocation analysis of the equilibrated structures ob-
tained from MD simulations . . . . .. ... ... ... ... 188

5.13 Visualization of the local structure and dislocations of the PdH/Pd(111)
surface after 8 ns MD equilibration at 300 K using the ACE-PBE-
D3 potential; the H atoms coloured by their Pd nearest neighbours 189
5.14 Visualization of the local structure and dislocations of the PdH/Pd(110)
surface after 8 ns MD equilibration at 300 K using the ACE-PBE-
D3 potential; the H atoms coloured by their Pd nearest neighbours 190
5.15 Visualization of the local structure and dislocations of the PdH/Pd(100)
surface after 8 ns MD equilibration at 300 K using the ACE-PBE-
D3 potential; the H atoms coloured by their Pd nearest neighbours 191

6.1 Schematic structure model of a C&Zn Sn Se (CZTSe) tetrapod
nanocrystal (NC); the exploded view of the schematic model of the
CZTSe NC; the overview of four di erent domains in the CZTSe NC200

XXV



LIST OF FIGURES

6.2 The optimized structures of the unit cells of four domains in tetrapod-
shaped CZTSe NCs obtained by HSEO6 functional . . . . . .. .. 201
6.3 Calculated band structures and partial density of states using HSEO6
functional of the four di erent domains in tetrapod CZTSe NCs . 204
6.4 Optimized structure of Domain3(112)/Domain4(10 interface at
the PBE level of theory and its in-plane averaged electrostatic po-
tential; isosurfaces of charge density di erence of Domain3(112)/
Domain4(110 interface and in-plane averaged charge density dif-
ference of this interface in thez direction . . . . . ... ... ... 208
6.5 Band alignment diagram of the Domain 3/Domain 4 heterojunc-
tion from bulk band structure calculations at the HSEO06 level of
theory; calculated optical absorption spectra of bulk Domain 3 and
4 in CZTSe NC at the HSEOG6 level of theory . . . . . . ... ... 211

7.1 Optimized structures of the unit cells of Sn, Bi, MgSn, and MgBi,224

7.2 Optimized structures of MgSn 20202 supercell and MgBi, 30302
supercell . . . . . .. 225

7.3 Dierent surfaces of Sn, Bi, MgSn, and MgBi, detected from
XRD characterizations . . . ... ... ... ... ... ..... 227

7.4 Dierentinterface con gurations of the dual-phase MgBi»(012)//Sn(101)

and MgsBi»(012)//IMg ,Sn(220) . . . . . . . . . ... ... 229
7.5 Optimized structures of the dual-phase M@i,(012)//Sn(101) and
MgsBio(012)//IMg ,SN(220) . . . . . . . .. 230

7.6 Low and high magni cation SEM images of Bbg, Snygo, Bigg:5SMsa:s,
and BisgSnsg anodes showing the morphology of deposited parti-
cles; sketch showing the preparation of Bi-Sn dual-phase anodes;
XRD proles of dierentanodes . . . .. ... ........... 231
7.7 TEM images of Bgg:sSrss.s dual-phase anode . . . . . ... .. .. 232
7.8 Electrochemical characterization of Bpg, Shigo, Bigs5Snsss, and
BisoShsp electrodes . . . . ... o 235

XXVI



LIST OF FIGURES

7.9 Rate capabilities of Bigg, BiessShsas, and BisgShsg electrodes for
Mg charging, corresponding voltage pro les of Bi:sSngz.5 and Bijgg
electrodes; comparison of present work with literature reports;
Nyquist plots measured after ® cycle . ... ........... 236

7.10 Galvanostatic charging-discharging curves of 8kSnsa.5 dual-phase
electrode; ex-situ XRD pro les of electrodes at di erent charge-
discharges states; scheme representing the structural evolutions of
the Bi-Sn dual-phase electrode at various charge-discharge states

correspondingto XRD proles . . . . . ... ... ... ... ... 238
7.11 TEM and STEM analysis of BéssSmsas dual-phase electrode in

magnesiated and de-magnesiated states . . . . . .. .. ... ... 240
7.12 Dierent con gurations of Mg insertioninBi . . . ... ... ... 242

7.13 Interstitial Mg insertion in relevant Sn lattice and Bi lattice with
their Mg insertion energy; schematic illustration of Mg di usion
pathways and potential energy pro les of all considered migration
paths for MgSn and MgBI,, with the calculated barriers in eV . 244
7.14 Optimized structures of a substituted Bi atom in Sn system and a
replaced Sn atomin Bisystem . . . . ... ... .. ........ 245
7.15 The dual-phase structures of Mg@Bi,(012)//Sn(101) and Mg3Bi,(012)
/IMg ,Sn(220) interfaces in di erent orientations with their inter-
face energy and work of adhesion; Mg insertion at the rst and
second layer of Sn in Mg3Bi2(012)//Sn(101) interface with their
defect formationenergy . . . . . . . ... oL 247
7.16 Di erent possible Mg vacancy sites considered in the bulk M8n,
bulk Mg3Bi,, and Mg;Bi»(012)//Mg ,Sn(220) interface models . . 249

A.1 Convergence tests for energy cut-o and k-pointmesh . . . . . .. 264
A.2 Possible H adsorption/absorption con gurations of Pd(111) surface 267

A.3 Relationship between d-band center and adsorption energy of hy-
drogen on Pd(111), (100), and (110) surfaces . . . . . .. ... .. 268

XXVil



LIST OF FIGURES

A4

A5

A.6

B.1

B.2

B.3

B.4

B.5

B.6
B.7

B.8

B.9

Partial density of states projected on the d-band of Pd and s-band

of H for Pd(111), (100), and (110) surfaces with H adsorption and
absorption on the surface and in the subsurface, respectively, at
the coverage of maximum Huptake . .. ... ... ....... 268
Calculated di erential Gibbs free energy of H adsorption and H
absorption on the Pd(111), (100), and (110) surfaces as a function

of H coverage, where the di erential H adsorption . . . ... .. 269
Surface energy as a function of Hcoverage for Pd(111), (100), and

(110) surfaces . . . . . . .. 270
CV measurements of di erent Pd single crystals . . . . .. .. .. 274

Exchange current densities as a function of hydrogen adsorption
free-energy change at low Hcoverage for di erent surfaces and

number of PdH sublayers . . . . . . ... ... .. oL 275
EC-STM measurements of Pd(111) and Pd(100) directly after an-
nealing . . . . . . . .. 276

CV measurements are captured on di erent days by the STM de-
vice using a Pt quasi reference electrode on freshly annealed Pd(111)277
n-EC-STM measurements showing an overview of close to the area

and of the area, of freshly annealed Pd(100) . .. ... ... ... 278
n-EC-STM measurement of freshly annealed Pd(100) . .. .. .. 279
Calculated relative energy of possible H absorption sites in the

subsurface of the Pd(111) surface . . .. .. ... ... ... ... 282

Free energy diagram for HER at low and high Hcoverages on the
Pd(111), Pd(110), Pd(100), and Pd(211) surfaces with zero to four

PdH sublayers . . . . . . . . . . . 283
Hydrogen adsorption free-energy change at low and high tdov-

erages and compressive areal strain as a function of the number of

PdH sublayers for Pd(111), Pd(110), Pd(100), and Pd(211) surfaces284

B.10 Hydrogen adsorption free-energy change at low Hoverage as a

function of the compressive areal strain for pure Pd(111), Pd(110),
Pd(100), and Pd(211) surfaces . . . . . . . . . . .. ... .. ... 285

B.11 EC-STM measurements of Pd(111) after CV (termed as Pd(11)) 286

XXVili



LIST OF FIGURES

B.12 n-EC-STM measurement of Pd(111) and Pd(100) after CV split in
concave and convex curved sections . . . ... ... L. 287
B.13 n-EC STM measurements of Pd(111) after CV until a stable shape
was reached (termed as Pd(113) . . . . . . . . . .. ... .. .. 288
B.14 n-EC STM measurements of Pd(100) directly after CV measure-
ments (termed as Pd(10Q) for HER\o"and \on". . . . . . .. 289
C.1 Optical microscopy images of Pd(111), Pd(110) and Pd(100) after
potential cycling . . . . . . .. ... 292
C.2 Summary of all recorded surface snapshots on (111) basal Pd single
crystals using EC-STM methods . . . . . ... .. ... ...... 293
C.3 Summary of all recorded surface snapshots on (110) basal Pd single
crystals using EC-STM methods . . . . . ... .. ... ...... 294
C.4 Summary of all recorded surface snapshots on (100) basal Pd single
crystals using EC-STM methods . . . . . ... ... ........ 295
C.5 Typical TEM images and corresponding particle size distributions
of the 4 nm commercial and 14 nm home-made catalysts . . . . . 298
C.6 Dissolution pro les for Pd/C materials with an average patrticle
sizeofdnmand14nm. .. .. ... ... ... 299
C.7 Average radial distribution functions between Pd and H atoms for
the PdH/Pd(111), PdH/Pd(110), PdH/Pd(100), and bulk PdH ¢:5
systems obtained from MD simulations using ACE-PBE-D3 and
ACE-PBE potentials . . . . .. ... ... ... ... ...... 300
C.8 Visualization of the local structure and dislocations of the reopti-
mized PdH/Pd(111) surface after 8 ns MD equilibration at 300 K
using the ACE-PBE-D3 potential . . . . ... ... ........ 304
C.9 Visualization of the local structure and dislocations of the reopti-
mized PdH/Pd(110) surface after 8 ns MD equilibration at 300 K

using the ACE-PBE-D3 potential . . . ... ... ......... 305
C.10 Surface analysis of the equilibrated structures obtained from MD
simulations using the ACE-PBE potential . . ... ... ... .. 308

C.11 The H atoms coloured by their Pd nearest neighbours of the re-
optimized structures after 8 ns MD at 300 K using the ACE-PBE
potential for PdH/Pd(111), PdH/Pd(110), and PdH/Pd(100). . . 309

XXIX



LIST OF FIGURES

C.12 H coverage on each Pd layer in the reoptimized structures after 8
ns MD equilibration at 300 K using the ACE-PBE potential for
PdH/Pd(111), PdH/Pd(110), and PdH/Pd(100) . . . . . .. . .. 310
C.13 Mean square displacements of H during the last 3 ns of MD simula-
tions using the ACE-PBE potential of PdH/Pd(111), PdH/Pd(110),
PdH/Pd(100), and bulk PdHq5 systems; comparison of the di u-
sion coe cient of H between these systems . . . . . .. ... ... 311
C.14 Comparison of di usion coe cient of H in di erent directions ob-
tained from simulations with the ACE-PBE-D3 and ACE-PBE po-
tentials for PdH/Pd(111), PdH/Pd(110), PdH/Pd(100), and bulk

PdHgs systems . . . . . . .. 312
C.15 Strain and dislocation analysis of the equilibrated structures ob-

tained from MD simulations using the ACE-PBE potential . . . . 313
D.1 Dierent surface terminations of Domain3(112) and Domain4(10)

and their calculated surface energies . . . . . . . ... ... .... 318

D.2 Structures of the Se-terminated Domain3(112)/Se-terminated Do-
main4 (110) and the Cu/Zn/Sn-terminated Domain3(112)/Se-terminated

Domain4(110) interfaces . . . . . . . . . . ... ... .. ... 319
D.3 Di erent stacking con gurations of the Cu/Zn/Sn-terminated Do-
main3(112)/ Se-terminated Domain4(10) interface . . ... . .. 320

D.4 Calculated in-plane averaged electrostatic potential alongaxis of
Domain3(112) and Domain4(10) at the PBE and HSEOG6 level of

theory . . . . . . e 323
D.5 Band alignment of individual Domain 3 and 4 surfaces at PBE and
HSEOQOG level of theory . . . . . . . . . . .. ... . .. .. 324

D.6 Band alignment of bulk Domain 3 and 4 at the HSEO6 level of theory325
D.7 Optical absorption spectra of Domains 3 and 4; the corresponding

band structures of Domains 3 and 4 at the HSEOQG6 level of theory 327
E.1 Sketch diagram showing the basic operation principle of the ther-

mal evaporation method to deposit the Bi, Sn, and Bi-Sn onto a

substrate . . . . .. 329
E.2 Particle size distribution graphs of Bi and Sn electrodes . . . . . . 330

XXX



LIST OF FIGURES

E.3

E.4

E.5

E.6

E.7

E.8

E.9

EDS elemental mapping of BksShsss dual-phase electrode and
corresponding spectrum and weight percentage analysis of Sn and

Bi . 330
XRD proles of dierent Bi-Snanodes . . ... .......... 331
Integrated Fourier-transform of HRTEM image and bars corre-
spondingtothe Biand Snphases . . . .. ... .......... 331
CV pro les of BigssSmss:s dual-phase electrode . . . . . ... ... 332

Rate capability, cycle stability, and voltage pro le of Sy elec-
trode; Nyquist plots of Sngo, Biigo, and Bige:sSria:5 electrodes after

dierent numberofcycles .. ... .. ... ... ... ..., 332
Structural morphology of Bigg, Bige:sSrsa:s, BisgSnsg, and Shgg
electrodes after 200 cycles . . . . . . .. ... ... . ... 333

Galvanostatic charging-discharging pro le of Biy electrode; XRD

pro les of pristine Bi,go electrode, in magnesiated (discharged),

and de-magnesiated (charged) states; HRTEM image of magnesi-
ated Biygoo electrode, and corresponding FFT; HRTEM image of
electrode showing both Bi and MgBi, phases with insets showing
corresponding FFTs; STEM images of the electrode in magne-
siated states; HRTEM image of the electrode in de-magnesiated
state and corresponding FFT . . . . . .. ... ... ... .... 334

E.10 Integrated Fourier-transform of HRTEM images and bars corre-

sponding to the Bi and MgBi, phases . . . ... ... ... ... 335

E.11 Integrated Fourier-transform of HRTEM images and bars corre-

sponding to the Bi, Sn, MgBi, and Mg,Sn phases . . . . . . . .. 336

XXXI



LIST OF FIGURES

XXXii



Chapter 1

Introduction

In the 215t century, the global landscape is characterised by a burgeoning demand
for energy driven by rapid population growth, urbanisation, industrial expansion,
and the increasing ubiquity of digital technologies. The International Energy
Agency predicts that global energy demand will continue to rise (IEA 2023), ne-
cessitating a substantial increase in energy production to meet the needs of an
estimated 9.7 billion people by 2050 (Duro et al. 2020, Zhang et al. 2024). This
escalating demand has presented signi cant challenges and opportunities. Tradi-
tional reliance on fossil fuels (coal, oil, and natural gas) has long been the corner-
stone of energy supply, but it comes with severe environmental and geopolitical
costs (San-Akca et al. 2020, Hassan et al. 2021). Carbon emissions from fossil
fuels are the primary drivers of climate change and contribute to global warming,
sea level rise, and extreme weather events (Asghar et al. 2021, Hutchins et al.
2019).

Among these challenges, there is an urgent need to transition to more sus-
tainable energy systems. Renewable energy sources, such as solar, wind, hydro-
electric, and geothermal energy, are promising alternatives to fossil fuels. These
renewable sources are abundant, ubiquitous, and generate minimal to no green-
house gas emissions, thereby signi cantly reducing the carbon footprint of the
energy sector (Rahman et al. 2022). The shift towards renewable energy is not
only a strategic imperative to mitigate climate change but also a pathway for
achieving energy security, economic diversi cation, and technological innovation.
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Central to the renewable energy revolution is the availability and develop-
ment of key materials for energy conversion, storage, and transport, such as
hydrogen production, solar cells, and batteries. Advances in materials science,
engineering, and nanotechnology are paving the way for more e cient, durable,
and cost-e ective renewable energy solutions. Among these, interfaces, which
are the boundaries between di erent materials or phases within a material, have
garnered signi cant attention due to their pivotal role in determining the perfor-
mance and stability of energy devices. Concurrently, progress in computational
materials science is essential for elucidating interface processes, thereby enhancing
our comprehension and optimizing the performance of energy materials.

1.1 Material Interfaces

In his Nobel Lecture on December 8, 2000, Prof. Herbert Kroemer coined the
famous phrase that \the interface is the device" (Kroemer 2000, Kroemer 2001).
He referred to the astonishing success in the design and application of devices
based on semiconductor heterostructures, which form the basis of all modern
electronics. Now, with the advent of modern and powerful energy devices con-
structed from intricate and versatile correlated materials, that statement is more
relevant than ever.

In materials science, an interface is commonly de ned as the boundary be-
tween two di erent materials, phases, or between adjoin crystal grains of di er-
ent orientations (Wang and Chung 2013). According to the di erence of phys-
ical state, an interface can be categorized as gas{liquid, liquid-liquid, gas-solid,
solid{liquid, or solid-solid. Material interfaces are critical in determining the
physical, chemical, and mechanical properties of composite materials and layered
structures. The interfaces can exist at various scales, from the atomic to the
macroscopic level. At the atomic level, an interface is characterized by the ar-
rangement and interaction of atoms at the boundary between two distinct phases,
resulting in properties that di er signi cantly from those of the bulk materials
it separates. Therefore, investigating interfaces presents greater challenges com-
pared to other aspects of material properties.
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Figure 1.1: Interface types such as grain boundary and phase boundary.
Reprinted with permission from (Wang and Chung 2013).

Interface can be classi ed into several types, including grain boundary, phase
boundary, and heterointerface. The grain boundary separates two crystals (grains)
of the same phase which di er in crystallographic orientation (Lefek et al. 2017),
as shown inFigure 1.1 . This boundary is a region of atomic disorder and can
signi cantly a ect the mechanical properties of a material. In contrast, the phase
boundary occurs between two di erent phases of matteg.g, gas-solid boundary
(seeFigure 1.1 ). This term also applies to the boundary between two distinct
phases of the same material which dier in lattice structure and composition
(Enomoto 2012), such as the interface between the metal)(and metal hydride
( ) phases. This boundary is crucial in determining the microstructure and con-
sequently the properties of the materials. It is worth noting that in amorphous
materials, the concepts of grain and phase boundaries are less clearly de ned
due to the lack of long-range order in their atomic structure. Unlike crystalline
materials, which have well-de ned grain boundaries, amorphous phases have a
random atomic structure. This absence of grain boundaries results in more uni-
form properties throughout the material. Regarding phase boundaries, amor-
phous materials can still interact with di erent phases. In composite materials
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or systems with both crystalline and amorphous regions, phase boundaries may
exist between the amorphous phase and the crystalline phase (Kim et al. 2024).
The heterointerface, on the other hand, refers to the boundary between di erent
materials, such as metal/metal (Kwon et al. 2019), metal/semiconductor (Yuan
et al. 2021), and semiconductor/semiconductor (Agarwal 2008) interfaces. These
interfaces are essential in electronic and optoelectronic applications, where the
alignment of energy bands at the interface can a ect the performance of the de-
vices (Wang, Ji and Shin 2022, Li et al. 2015). Moreover, the surface represents a
particularly simple type of interface, where it is in contact with the surrounding
environment, such as the atmosphere, electrolyte solution, or in an ideal scenario,
a vacuum.

The properties of interfaces are in uenced by several factors, including the
chemical composition, atomic structure, and the presence of defects or impuri-
ties. The chemical composition at the interface can di er from that of the bulk
material due to segregation or di usion processes. This can lead to the for-
mation of interfacial phases with unique properties. Advanced characterization
techniques are essential for studying material interfaces. These techniques include
transmission electron microscopy (TEM) (de Graaf et al. 2020), scanning electron
microscopy (SEM) (Ren et al. 2023), atom probe tomography (APT) (Bai et al.
2024), electron energy loss spectroscopy (EELS) (Colliex et al. 2016), and grazing
incidence X-ray scattering (GIXS) (Ree 2014)xtc., which provide high-resolution
images and compositional information at the atomic scale, allowing us to analyze
the structure, its composition, and defects at interfaces. Computational methods,
such as density functional theory (DFT) (Sholl and Steckel 2022) and molecular
dynamics (MD) simulations (Frenkel and Smit 2023), complement experimental
techniques by providing insights into the atomic-scale interactions and energetics
at interfaces. Here, we introduce the signi cant properties for interface design
accessible through computational approaches, categorizing them into two main
aspects: thermodynamic properties and electron energies.
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1.1.1 Thermodynamic Properties

Thermodynamic (meta-)stability serves as the most fundamental criterion for as-
sessing the applicability of a system, particularly in the context of surface and
interface formation. This concept is crucial for understanding the energy dynam-
ics involved in creating surfaces from bulk materialsFigure 1.2 schematically
illustrates this process, where the surface free energy represents the energy penalty
incurred when the chemical bonds in a bulk material are cleaved to form a sur-
face at a speci c Miller index (, k, | plane). The surface free energy {urace) IS
expressed as (Butler et al. 2019):
1 X
surface = Gsurface  Gbuik ni i ; (1.1)

where A is the surface areaGy,k is the Gibbs free energy of the reference bulk
material, and Ggyace IS the Gibbs free energy of the slab, which must converge
with the thickness of the slab along the non-periodiz direction. Gy and
Gsurface are typically approximated by their respective computed internal energies,
i.e., the total energies provided by DFT Epux and Esyrace), thereby neglecting
entropic e ects (both con gurational and vibrational), the pV term, and the
zero-point energy.

For o -stoichiometric surfaces (surfaces whose stoichiometry does not match
that of the bulk), the nal surface energy is in uenced by the environment, deter-
mined by the chemical potential ; for specied, resulting in an o -stoichiometry
of n;. n; is negative if species is removed from the surface, and positive
if added. Selecting appropriate reference values for is crucial for identifying
regions within the chemical space where specic surface terminations are more
stable than others, eventually a ecting the particle morphologies of solids.

The energy dynamics of the interface between two materials, A and B, to form
an A/B interface can be quanti ed by the interface energy, de ned as (Butler et al.
2019):

1
interface — oA (Ginterface (N)  NaGpui,a Ng Gpuks ) ; (1.2)
interface
where Ginterface» Ghuka » and Gpuks represent the Gibbs free energies (approxi-
mated as the total energies in DFT calculations) of the interface system, bulk
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A, and bulk B, respectively. N; is the number of formula units ofi in the in-
terface system. An o -stoichiometric interface can be addressed mathematically
in a manner similar to an o -stoichiometric surface by incorporating the chem-
ical potentials of added or removed species (as Eguation 1.1 ). In contrast

t0  surface; Which is always positive, inerface Can be either positive or negative.
This suggests that an A/B heterogeneous interface may be thermodynamically
more stable than the respective bulk materials in isolation. The value Ofyertace

is determined by the chemical bonding between the interfacing materials, thus
in uencing the adhesion properties.

Figure 1.2: Thermodynamic properties of interfaces (interface; Gads, €tc.) that
can be obtained from rst-principles calculations. Adapted with permission from
(Butler et al. 2019).

Another key physical quantity is the adsorption energy of a chemical species
( Gags) ONto a solid surface, de ned as:

Gads = Gsuri+ads Gsuf N Aads; (1-3)

where Ggyt:ags  denotes the Gibbs free energy of the solid surface with the ad-
sorbed species, whil&s,s represents the Gibbs free energy of the solid surface
alone. The term ,q4s is the chemical potential of the adsorbed species, amd
indicates the number of species adsorbed.
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For liquid phase adsorbate reactions involving a proton transfer, especially rel-
evant in catalytic processes, N rskov and coworkers (N rskov et al. 2004, Peterson
et al. 2010) revolutionized computational electrocatalysis with its computational
e ciency and thermodynamic rigor by formulating the computational hydrogen
electrode (CHE) (Butler et al. 2019, Sun, Tang and Jiang 2022). In the CHE
model, zero voltage is based on the reversible hydrogen electrode (RHE):

H" +e | %Hz(g): (1.4)

This reaction is de ned as being at equilibrium at U = 0 V, at all values of pH
and temperatures. Therefore, the chemical potential of the proton{electron pair
is half that of the standard H, state:

(H)+ (@)= (Ho): (15)

The value of (H*)+ (e ) can be further adjusted as a function of the applied
potential (U). Since the RHE is standardised at 0 V under standard conditions
(1 bar H, pressure and 1 M H concentration at 25C) for all pH values, a pH
correction is not required. Consequently, the CHE approach enables the explicit
integration of U into the free energy change of each elementary step@). The
CHE method facilitates the simulation of diverse electrochemical reactions and
often ensures the accurate alignment of theoretical potentials with experimental
ndings.

1.1.2 Electron Energies

Electrons and their energies govern the electronic structure, charge transfer, mag-
netic properties, spin dynamics, and conductivity at interfaces, which is crucial
for energy conversion and storage processes. The relative alignment of electronic
bands in materials determines the range of possible optical transitions, whereas
the absolute energies of these bands control which chemistry and physics can take
place (Walsh and Butler 2014). The challenge in computational materials science
lies in two aspects: initially, it involves accurately determining the electronic en-
ergy levels within a speci ed material, followed by a comparative analysis of these
levels across di erent materials, for purposes of designing systems and devices.
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For molecules and other nite systems, the energies associated with electron
removal, known as ionization potential (IP), and electron addition, referred to as
electron a nity (EA), are well-de ned molecular properties. These energies can
be referenced to an absolute vacuum levekt(,.), which represents the energy of
an electron in a perfect vacuum, as illustrated irFigure 1.3 . In the context of
solid-state systems, the valence band maximum (VBM) is the highest occupied
eigenvalue; when referenced against,., it determines the IP. On the other hand,
the conduction band minimum (CBM) is the lowest unoccupied eigenvalue; when
referenced againsE ., it determines the EA. The band o set is the di erence in
VBM or CBM between two materials forming a junction. The Fermi level Eg),
which depends on carrier concentrations, represents the electrochemical potential
of electrons in the system, set by the Fermi energy. Lastly, the work function )
is the Fermi level referenced td& .. (Walsh and Butler 2014), Butler et al. 2019).

Figure 1.3: Electronic description of molecular and solid systems, wheré& g and
Er represent the band gap and the Fermi level, respectively. Reprinted with per-
mission from (Walsh and Butler 2014).



1.1 Material Interfaces

These molecular properties have signi cant chemical utility and are integral to
various fundamental concepts in chemistry and solid-state physics, for example:

" Fundamental band gap: the dierence between the energies required for
electron addition and removal de nes the fundamental band gapE(g) of a
system, expressed a8y = I[P EA. The band gap is a critical parameter
in determining the electronic properties of materials, particularly semicon-
ductors.

Mulliken electronegativity: the mean of the ionization potential and elec-
tron a nity gives the Mulliken electronegativity (), which is expressed
as = @ (Mulliken 1934). provides a quantitative measure of the
tendency of an atom or molecule to attract electrons. It plays a crucial role
in predicting the chemical behavior of elements, the formation of bonds,
and the polarity of molecules. Moreover, has been applied to construct
a heterostructure band alignment following Anderson's rule, that is, the
alignment of vacuum levels for two or more materials in contact.

Electron chemical potential: the negative of the Mulliken electronegativity
de nes the electron chemical potential (), expressed as = , from
the central di erence of g—ﬁ ,» WhereN and Z represent the number of
electrons and the nuclear coordinates, respectively (Pearson 1988). The
electron chemical potential is essential in understanding redox reactions,

electrochemistry, and the stability of charged species.

Chemical hardness: it is de ned as half the value of the band gap, given
by = 'P_EA, from the central dierence of ; & , (Parr and Pearson
1983). Chemical hardness is a measure of a system's resistance to change in
its electron distribution, re ecting its stability against chemical reactions.
Harder substances are less reactive, whereas softer substances are more
reactive. This concept is useful in predicting the reactivity and stability of

molecules and materials.
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1.2 Renewable Energy Systems

1.2.1 Green Hydrogen Production

Hydrogen has received great attention as a potential cost-e cient clean fuel for
the future economy due to several key factors (Johnston et al. 2005, Jain 2009,
Abe et al. 2019, Le et al. 2023):

A

It is the most abundant element in the universe, constituting over 90% of
all atoms.

It is the lightest element (molecular weight of 2.01568 g/mol) and has the
highest energy content of any common fuel, with a gravimetric energy den-
sity of approximately 120 MJ/kg (lower heating value) or 142 MJ/kg (higher
heating value) (Rusman and Dahari 2016).

It is sustainable and non-toxic.

Unlike petroleum, natural gas, or coal, hydrogen serves as an environmen-
tally friendly energy carrier, with water being the only byproduct at con-
version to energy.

The concept of the \Hydrogen Economy" was rst introduced by Professor
John O'M. Bockris during his presentation at the General Motors (GM) Techni-
cal Center in 1970, and subsequently detailed in a paper co-authored with Dr.
John Appleby, titled \The Hydrogen Economy: An Ultimate Economy?" in 1972
(Bockris and Appleby 1972, Bockris 2013). The primary goal of a hydrogen econ-
omy is to generate hydrogen mainly from readily available energy sources, aiming
to replace the fossil fuels currently used in transportation, industry, residential
areas, and commercial sectors.

It is essential to recognize that hydrogen is an energy carrier, not an energy
source, and therefore must be produced (Zsttel et al. 2010, Mazloomi and Gomes
2012, Rosen and Koohi-Fayegh 2016). Hydrogen can be produced from renew-
able energy sources, such as solar, wind, ocean, and biomagsré 1.4 ). The
produced H can then be stored as a fuel and utilized in industries, vehicles, and
households. Here, a special focus has been given to the hydrogen production from
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water, in which electric energy is used to aid water splitting through the process
known as electrolysis figure 1.5 ). In this technology, an e cient electrocat-
alyst is required to e ectively dissociate the water molecule. In the following
sections, we present the overview of the hydrogen production in which protons
are reduced to produce hydrogen gas, termed the hydrogen evolution reaction
(HER), followed by palladium as electrocatalyst for HER.

Figure 1.4: Schematic diagram of a vision for hydrogen production from renew-

able resources in a hydrogen economy society. Reprinted with permission from
(Rashid 2015).
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Figure 1.5: Sustainable pathways for hydrogen production from renewable energy,
such as solar energy. Reprinted with permission from (Turner 1999).

1.2.1.1 Hydrogen Evolution Reaction (HER)

The electrochemical HER is the cathodic half-reaction of water splitting, which
is crucial for various energy conversion technologies, including water electrolyzers
and arti cial photosynthetic cells. As illustrated in Figure 1.6 , an electrolyzer
contains four components: a cathode, an anode, an electrolyiee(, H,O), and

a membrane. Electrocatalysts are coated on the cathode and anode to acceler-
ate the water splitting reaction. The electrolyte acts as a conductive medium
that facilitates the ow of ions between the anode and cathode. The membrane,
which is often a proton exchange membrane (PEM) or an anion exchange mem-
brane (AEM), separates the anode and cathode compartments and facilitates the
transport of ions while preventing the mixing of gases produced at each electrode.
When an external voltage is applied to the electrodes, water molecules are split
into hydrogen and oxygen. The hydrogen can then be stored for use as fuel, while
the oxygen is released into the atmosphere. This water splitting reaction consists
of two half-reactions: the oxygen evolution reaction at the anode and the hydro-
gen evolution reaction at the cathode. Depending on the medium in which water
splitting takes place, the reaction can be expressed in di erent ways as follows
(Zou and Zhang 2015, Eftekhari 2017, Lasia 2019):

12



1.2 Renewable Energy Systems

Figure 1.6: Schematic diagram of an electrolyzer. Reprinted with permission

from (Marefatjouikilevaee et al. 2023).

~ Overall reaction:
1
Hzo ' Hy + EOZ:

~ In acidic solution:
Cathode

2H" +2e | Hy:

Anode

1
H,O ! 2H" + 502 +2e

A

In neutral and alkaline solutions:
Cathode

1
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Anode

1
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1. Introduction

While the HER mechanism in alkaline media is still ambiguous, there are three
possible steps involved during the HER in acidic media. The HER mechanism
starts from the adsorption of a hydrogen atom on the electrocatalyst surface,
which is the so-called Volmer reaction:

Hig+e ! Haas (1.11)

The subsequent step depends on the nature of the electrocatalyst and can either
involve the reaction between two adsorbed hydrogen atoms (the Tafel reaction):

Hags + H ags ! HZ(g); (1.12)

or the reaction between an adsorbed hydrogen atom and a proton‘{Hfrom the
electrolyte (the Heyrovsky reaction):

Hags + H ;q +e | H2(g); (113)

resulting in the formation of an H, molecule. Regardless of the pathways through
which the HER proceeds, hydrogen adsorption always happens during HER, mak-
ing it essential for the electrocatalyst to facilitate this process. Therefore, the
Gibbs free energy of hydrogen adsorption (Gy) is widely accepted as a descrip-
tor for the ability of a material to evolve hydrogen or HER activity (N rskov

et al. 2005). The ideal HER electrocatalyst should have Gy that is close to
thermoneutral state ( Gy = 0) at zero overpotential (N rskov et al. 2005, Ki-
bler 2006, Koper 2013). A large and positive Gy indicates strong binding of the
adsorbed hydrogen to the electrode surface, facilitating the initial Volmer step but
hindering subsequent Tafel or Heyrovsky steps. On the other hand, a large and
negative Gy suggests weak interaction between the adsorbed hydrogen and the
electrode surface, leading to a slow Volmer step that limits the overall turnover
rate. Therefore, based on the Sabatier principle (Sabatier 1920), an ideal HER
electrocatalyst should have optimum hydrogen adsorption and desorption ener-
gies (Ooka et al. 2021). Recently, the Sabatier principle has been re-evaluated
to include the e ects of applied overpotential and reaction kinetics (Ooka et al.
2021, Exner 2021). The extended Sabatier principle suggests that the ideal HER
electrocatalyst should not necessarily have aGy of 0 eV. Instead, the optimum
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HER electrocatalyst binds adsorbed hydrogen weakly rather than thermoneu-
trally, with a Gy of (0.2 0.2) eV (Exner 2021). This concept is supported
by microkinetic considerations (Exner 2028, Exner 202®) as well as the weak
hydrogen adsorption free energy (0.1-0.2 eV) of the highly active HER catalysts
Pt (Lindgren et al. 2019), MoS (Tang and Jiang 2016), and MeC (Abidi et al.
2021).

The catalytic activity of the HER electrocatalysts is commonly evaluated by
the following parameters (Zou and Zhang 2015, Sarkar and Peter 2018):

" Overpotential: a good HER electrocatalyst should e ectively reduce the
overpotential. The lower the overpotential, the higher the catalytic activity.
Ideally, an HER electrocatalyst should be able to facilitate the reaction with
an overpotential of 200 mV or less.

Total electrode activity: the overall electrode activity is typically assessed
initially using cyclic voltammetry (CV) or linear sweep voltammetry (LSV).
To accurately determine a material's catalytic performance, it is necessary
to measure its steady-state currents at di erent applied voltages with a
dwell time of 5 mins.

Electrochemically active surface area: when evaluating the HER activity
based on the electrochemically active surface area, it is important to distin-
guish between the accessible surface area and the actual active surface area.
While the accessible surface area refers to the portion of the electrode mate-
rial that is exposed to the electrolyte, not all of this surface may be actively
participating in the charge transfer process under speci ¢ experimental con-
ditions. Therefore, the actual active surface area, which contributes to the
HER activity, may be less than the total accessible surface area. Addi-
tionally, the level of catalytic activity can vary across di erent regions of
the surface, making it crucial to assess not only the amount of accessible
area but also the e ciency of the active sites. This emphasizes the need
for precise characterization of active sites to accurately assess the electrode
performance. Note that techniques such as nanostructuring can improve
the electrode surface area, thereby enhancing the total electrode activity.
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" Tafel plot: a Tafel plot illustrates the relationship between steady-state
current densities and various overpotentials. Typically, the overpotential ()
is logarithmically related to the current density (), and the linear portion of
the Tafel plot can be described using the Tafel equation: = a+ bog(j=j o),
wherebrepresents the Tafel slope. From this equation, two key parameters
can be derived: the Tafel slopelj and the exchange current density|().
The bis generally associated with the catalytic mechanism of the electrode
reaction, while thejo, which is determined when is assumed to be zero,
indicates the intrinsic catalytic activity of the electrode material at = 0.
Ideally, a catalytic material should exhibit a highj, and a small Tafel slope

(b).

Stability: it is essential to consider that HER electrocatalysts often operate
in a strongly reductive environment at the pH extremes (pH = 0 or 14).
The current variation with time (1-t curve) is generally measured to assess
the electrocatalytic stability of an HER catalyst, by setting a large current
density (> 10 mA cm 2) for a long period of time & 10 h). Another method

is to perform CV or LSV, where number of cycles should exceed 5000 (Zou
and Zhang 2015, Upadhyay and Pandey 2022, Sarwar et al. 2022). The
electrocatalyst is considered stable if the overpotential does not increase by
more than 30 mV and the catalytic activity degradation should be less than
5% after these extensive cycles (Raveendran et al. 2023).

Faradaic e ciency: it quanti es the ratio between the observed amount of
H, detected experimentally and the theoretical amount of H calculated
from the current density assuming a 100% Faradaic yield.

Turnover frequency: it denotes the amount of reactant that a catalyst can
convert into the desired product per catalytic site per unit of time, thereby
demonstrating the inherent activity of each catalytic site.
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1.2.1.2 Palladium (Pd) as Electrocatalyst for HER

A volcano plot, which relates exchange current densities (at zero overpotential)
to Gibbs free energies of hydrogen adsorption on di erent metal surfaces, was
calculated by N rskov et al. 2005 as shown ifrigure 1.7 . Note that the maxi-
mum exchange current density is obtained when the hydrogen adsorption energy
is close to zero (Parsons 1958). As can be seerFigure 1.7 , Pd has the hy-
drogen adsorption energy close to that of Pt, which is the most e cient catalyst
for HER; therefore, Pd can be an excellent HER electrocatalyst (Jaksic 2001,
N rskov et al. 2005, Sarkar and Peter 2018, Zhang et al. 2016).

Figure 1.7: Volcano plot of exchange current density () as a function of DFT-
calculated hydrogen adsorption Gibbs free energy (Gy ) at low loading on pure
metals. Reprinted with permission from (Zeng and Li 2015).

It should be noted that while the volcano plot pioneered by N rskov et al.
2005 is based on hydrogen adsorption energy alone and does not account for ki-
netic and overpotential factors as discussed iBection 1.2.1.1 , it still provides
valuable qualitative insights into the relationship between adsorption energy and
catalytic activity. The plot serves as a starting point to identify promising cata-
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lysts, o ering a simpli ed yet e ective way to screen materials. Although kinetic
and overpotential e ects must be considered for a more comprehensive evalua-
tion, the volcano plot remains a useful tool in initial assessments of catalytic
performance, helping to narrow down the candidates for further investigation un-
der more realistic conditions. Therefore, despite its limitations, this volcano plot
was employed here to illustrate trends in hydrogen adsorption energies, with the
understanding that additional factors will in uence real-world HER performance.

Pd has a unique ability to absorb huge amounts of hydrogen under accessi-
ble temperature and pressure, which subsequently forms a Pd hydride structure
(Manchester et al. 1994, Adams and Chen 2011, Dekura et al. 2019). As il-
lustrated in Figure 1.8 , hydrogen (H) absorption in Pd metal is a reversible
process and occurs through the dissociative adsorption of hydrogen gas (reversed
Tafel reaction), or via the electrode potential-dependent electrochemical Volmer
reaction (Jewell and Davis 2006, Kaur and Pal 2019, Somo et al. 2020). Then
the adsorbed H atoms di use into the subsurface layers and occupy the intersti-
tial sites, eventually forming the Pd hydride (PdH;) (Flanagan and Oates 1991,
Worsham Jr et al. 1957, Cser et al. 2004, Tew et al. 2009).

Figure 1.8: Schematic illustration of the hydrogen sorption process and hydride
formation in the Pd surface.
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Figure 1.9: Pressure-composition-temperature curves of bulk PdH on desorption
process. H/Pd is the number of absorbed H atoms per Pd atom. Reprinted with
permission from (Dekura et al. 2019).

Depending on the temperature and KHgas pressure, the PdiH system exists
two distinct phases at ambient conditions, where both phases have the same
face-centered cubic (fcc) structure, di ering only in the H concentration and the
lattice constant. The solid solution called the phase rst forms (x < 0:03) at
low H, gas pressure. When increasing the H content, the phase transition then
occurs, and the system becomes the metal hydride phase or thgphase & >
0:60) with large lattice expansion. The pressure-composition isotherm caused
by the miscibility gap appears in the intermediate region, where the and
phases coexist (03 < x < 0:60), which is represented by the area under the
inverted parabolic curve (sedrigure 1.9 ) (Dekura et al. 2019, Jamieson et al.
1976, Goods and Guthrie 1992). Strong research e orts have therefore been
devoted to realizing the in uences of Pdi composition, temperature, pressure,
and synthesis method on the H absorption mechanism, hydride stability, physical
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and chemical properties of Pd hydrides (Benck et al. 2019, Aleksandrov et al.
2014, Johansson et al. 2010, Johnson et al. 2019, Suleiman et al. 2005, Landers
et al. 2021). Recent progress has been focused on the development of Pd-based
electrocatalysts towards the HER, in the form of nanoparticles, alloys, bimetallics
and intermetallics (Zalineeva et al. 2017, Zhong et al. 2016, Quaino et al. 2011,
Xiao et al. 2015, Sarkar et al. 2017, Li and Li 2023, Liu et al. 2023). However,
the interaction of hydrogen with Pd is still worth investigating since it is an
important initial step for achieving a hydrogen-based economy. In particular,
obtaining insights into the role of Pd hydride formation in the structure-activity
relationship will pave the way for the design of e cient Pd-based nanocatalysts
for the HER (Schmidt et al. 2022, Ngoipala et al. 2024, Lipin et al. 2024).

1.2.1.3 Interfaces in Pd Hydride

As mentioned in Section 1.2.1.2 , Pd hydride can exist in two distinct phases,
i.e., the low-hydrogen concentration phase and the high-hydrogen concentra-
tion, more defective phase. The - phase is a rst-order phase transition
caused by a large lattice expansion with 10.4% increase in volume, which may
lead to the formation of mis t dislocations (Sun, Ariza, Ortiz and Wang 2019).
Dislocations formed during phase transformations can occur in two ways: those
at the interfaces separating the two phases, and other strain-induced dislocations
within the bulk of either phase. The latter type, bulk dislocations, may arise
due to the strains caused by the hydrogen absorption into interstitial sites in the
subsurface layers (Moorthy 2018, Schmidt et al. 2022). The formation of Pd hy-
dride and / interface play a key role in determining the e ciency of hydrogen
uptake and release, making it essential to investigate deeper into the underlying
mechanisms governing these processes.

Typically, interfaces can be categorized into one of three general types: coher-
ent, semicoherent, and incoherent (Dingreville et al. 2014). An interface between
two phases is considered to be coherent when their lattices align perfectly at the
boundary, resulting in a continuous lattice structure across the entire interface.
Phase transformations are typically coherent when the lattice parameter di er-
ence between the two phases is within 1% (Zang n.d.). On the other hand, when
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the atomic con gurations in the two adjacent phases are very di erent, or if it is
similar, the lattice parameters di er by more than 25%, such interface is de ned as
incoherent. The lattice is completely discontinuous at the interface with no longer
good matching. The interface can also be semicoherent, where the factors driving
the formation of semicoherent interfaces and the resulting dislocation structures
include the relative orientation of the two phases, the associated mis t strain, and
even the chemical termination. The rst two factors are common to all materials,
and the resulting dislocation patterns can be described by continuum elasticity
models, such as the Frank-Bilby equation (Hirth et al. 2013). Mis t strain is the
primary factor driving the formation of dislocations. The higher the mismatch,
the greater the strain, leading to a higher likelihood of dislocations forming at the
interface (Uberuaga et al. 2019). The interface boundaries: coherent, incoherent,
and semicoherent are illustrated irFigure 1.10 .

Figure 1.10: Schematic illustration of interface boundaries: coherent, incoherent,
and semicoherent. Adapted with permission from (Kumar et al. 2019).

While the behavior of bulk Pd-H is well-understood, the phase transforma-
tion dynamics within Pd-H nanoparticles continues to be a subject of ongoing
research. Despite extensive research e orts, there exist numerous contradictory
ndings and unresolved questions concerning two aspects: the new phase nucle-
ation (coherent versus incoherent - interface) and growth (sharp transition or
two-phase coexistence). Experimental measurements reveal a continuous phase
transformation from to (Eastman et al. 1993) and the two-phase coexistence
(Sachs et al. 2001, Langhammer et al. 2007), while a sharp phase transi-
tion was observed in individual Pd nanocubes in these studies (Baldi et al. 2014,
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Ulvestad et al. 2015). Therefore, the dynamic behavior and stability of surface/in-
terface during the formation and the - phase transformation of hydride in Pd
must be understood to optimize the design principles of Pd-based electroctalysts
for HER and other hydrogen-related applications.

1.2.2 Solar Photovoltaics (PV)

Among the vast array of available renewable energy sources, solar PV is regarded
as the cleanest and safest technology for electricity generation, even at gigawatt
(GW) production scale (PVPS 2011, Hegedus and Luque 2011, Iglhski et al.
2023). PV is the direct conversion of solar radiation into electrical power with no
intervening heat engine. As PV devices are based on solid state materials, they
are robust, straightforward in design, and require minimal maintenance (Goswami
2022). Despite rising commodity prices driving up investment costs, utility-scale
solar PV remains the most cost-e ective option for new electricity generation in
a signi cant majority of countries worldwide. PV modules can be installed on
inclined roofs, at rooftops, and seamlessly integrated into building walls and
windows. Furthermore, transparent modules can be mounted on solar green-
houses. With such distributed solar PV, the demand for photovoltaics is steadily
increasing. In 2023, solar PV alone comprised 75% of the total renewable ca-
pacity additions worldwide (Figure 1.11 ). PV installations are forecast to more
than double by 2028 compared with 2022, continuously breaking records over the
forecast period to reach 672.6 GWHigure 1.11 ) (IEA 2024).

Historically, the solar PV begins with the discovery of the photovoltaic e ect
in 1839 by Alexandre-Edmond Becquerel, who observed a photocurrent when
platinum electrodes, covered with silver bromide or silver chloride, was illumi-
nated in an electrolyte solution (Becquerel 1896). Smith and Adams made the
rst reports on thephotoconductivity of selenium, in 1873 and 1876, respectively
(Smith 1873, Adams and Day 1877). The rst practical silicon solar cell was
developed by Bell Laboratories in 1954, marking the beginning of modern solar
PV with an e ciency of 6% using devices made of p and n types of semiconduc-
tors (Chapin et al. 1954). Solar cells found early application in space missions
with the Vanguard satellite in 1958, using silicon-based cells with an e ciency of
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8% (Senft 2005). Today Si-based solar cells are by far the most prevalent type
of PV technology, constituting 99% of all PVs (Goetzberger et al. 2003). The
energy crisis of the 1970s sparked increased interest in solar energy, leading to
advancements in e ciency and cost reductions in the 1970s and 1980s (Bradford
2008, Mittlefehldt 2018). Throughout the 2% century, signi cant technological
advancements have been made, including research into new materials such as
thin- Im solar cells and organic photovoltaics, aimed at increasing e ciency and
reducing costs (Parida et al. 2011, Tyagi et al. 2013, Milichko et al. 2016, Machn
and Marquez 2024).

Figure 1.11: Global renewable electricity capacity additions by technology and
segment. The left y-axis represents the renewable electricity generation in GW.
The right y-axis denotes the percentage contribution of wind and PV source to the
total renewable electricity generation. Reprinted from (IEA 2024).

23



1. Introduction

1.2.2.1 Principle of PV

The working principle of all today solar cells is based on the PV e ect. In general,
the PV e ect refers to the generation of a potential di erence at the junction of

two di erent materials when they are exposed to sunlight. The fundamental
processes of the PV e ect include (Goswami 2022):

" Generation of the charge carriers by photon absorption in the materials that
from a junction,

" Subsequent separation of the photo-generated charge carriers at the junc-
tion,

" Collection of the photo-generated charge carriers at the terminals of the
junction, which are connected to the current collecting electrodes.

The PV e ect takes place in solar cells (seBigure 1.12 ), which are made of
two distinct types of semiconductors: p-type and n-type. These semiconductors
are combined to form a p-n junction. When these two types of semiconductors
are joined, an electric eld is created at the junction as electrons migrate to the
positive p-side and holes migrate to the negative n-side. This electric eld drives
negatively charged particles in one direction and positively charged particles in
the opposite direction (Peake et al. 2018). When a valence electron in an atom
of the semiconducting materials in the p-n junction absorbs a photon of light,
the energy of the electron is increased by the amount of energy of the photon. If
the photon energy is equal to or greater than the band gap of the semiconductor,
the electron gains enough energy to transition into the conduction band where
electron can move freely. This leaves behind a hole in the valence band from
which the electron was excited. This process creates two charge carriers which
is called a photo-generated electron-hole pair (Peake et al. 2018). Due to the
electric eld created by the p-n junction, electrons and holes move in opposite
directions, thereby producing an electric current in the cell (Donev 2024).
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Figure 1.12: Description of the PV e ect in a solar cell. Reprinted from (Donev
2024).

In general, all PV modules consist of multiple layers arranged from the light-
facing side to the back as presented iRigure 1.13 (GreenRhinoEnergy 2016):

" Protection layer: it is usually made from glass and it can also be transparent
plastic in thin- Im modules.

Front contact: it is the transparent electrical contact at the front, allowing
sunlight to reach the absorption material. Typically made of transparent
conducting oxides, it connects with the external electrical circuit through
busbars or ngers. These conductive pathways gather electrons generated
by the absorption material when exposed to sunlight.

~

Absorption material: the core of the module is the layer where light is

absorbed and converted into electric current. All materials used are semi-
conductor, often featuring a single material such as silicon. However, to
improve the PV performance, multiple layers of di erent materials may be

employed to obtain an n-doped and a p-doped zone.
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Metal back contact: it functions as a conductor that completes the electrical
circuit at the rear of the PV module.

Laminate Im: ensuring waterproo ng and insulation from heat, the lami-
nate Im preserves the structural integrity.

Back glass: this layer may consist of glass, aluminum, or plastic to protect
the back side of the module.

Connectors: these components are the interface between the electrodes
(charge collectors) of each solar cell and the external wiring system. They
facilitate the electrical connection between individual cells within the mod-
ule and ensure that the generated electricity can be e ciently collected and
transferred to the external circuit for use.

Figure 1.13: PV solar module structural layers. Adapted from (GreenRhinoEn-
ergy 2016).
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1.2.2.2 Copper Zinc Tin Selenide (CZTSe) as PV Absorber

CZTSe, an alternative quaternary chalcogenide semiconductor, has emerged as
important light absorber for next-generation thin- Im solar cells, due to promising
optoelectronic properties and the use of nontoxic, earth-abundant elements. It
has a suitable band gap of 1.0 to 1.5 eV and a high optical absorption coe cient
of up to 1 cm ! (Chen et al. 2009, Ahn et al. 2010, Babu et al. 2008, Grossberg
et al. 2019, Katagiri 2005, Katagiri et al. 2009). CZTSe is considered to be one
of the replacement materials for the Cu(In,Ga)(S,Se)(CIGS) family, in which
they have achieved remarkable e ciencies above 20% (Jackson et al. 2011, Decock
et al. 2013, Jackson et al. 2015, Chirik et al. 2013, Mufti et al. 2020, Persson
and Zunger 2003) but contain the expensive and rare metals of In and Ga, which
may limit their large-scale production.

The CZTSe compounds adopt analogous structures to those of copper zinc
tin sul de (CZTS). CZTS was rst explored as a solar cell material in 1988 at
Shinshu University in Japan (Nakazawa 1988). In 1996, the rst solar cells using
CZTS and CZTSe absorbers with cadmium sul de/zinc oxide window layers were
developed, achieving e ciencies of up to 0.6% (Katagiri et al. 1997, Friedlmeier
et al. 1997). Over the next decade, continued research led to signi cant improve-
ments in processing conditions and window layers, with e ciencies approaching
7% (Katagiri et al. 2009). Recently, the CZTSe thin- Im solar cells with e cien-
cies of about 11% have been reported (Lee et al. 2015, Yan et al. 2018).

CZTSe can crystallize in three zinc-blende derived cell structures (segure
1.14): (i) kesterite (14 space group); (ii) stannite (42m space group); and (iii)

a primitive mixed CuAu-like structure (PMCA, P42m space group). Although
these three structures are similar, they are assigned to di erent space group as the
arrangements of the Cti, Zn?*, and Srf* cations within the tetrahedral voids
are distinct. While the PMCA structure is primitive tetragonal, the kesterite
and stannite structures exhibit a body-centered tetragonal form withc  2a
(e.g, pseudocubic), resembling two selenium fcc lattices stacked on top each
other, where Cu, Zn, and Sn occupy half of the tetrahedral voids within this fcc
lattice (Coughlan et al. 2017, Khare et al. 2012). The kesterite structure is a
10102 expansion of the cubic zinc blende lattice which contains two alternating
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cation layers each containing Cu and Zn or Cu and Sn (Schorr 2011). Unlike the
kesterite structure, the stannite and PMCA structures consist of a layer of Cu
alternating with a layer of Zn and Sn. In the stannite structure, the Zn and Sn
atoms on the same layer switch their positions every other layer, whereas such
location swapping between Zn and Sn is absent in PMCA (Khare et al. 2012).
In addition, there are various tetragonal structural modi cations of the kesterite
structure to be considered (Paier et al. 2009), where Cu and Zn ions exchange
within the cation sublattice, classi ed under the P42c, P42;m, and P2 space
groups (Schorr 2011).

Figure 1.14: Unit cell structures of the kesterite, stannite, and primitive mixed
CuAu-like (PMCA) phases in the CZTSe system. Adapted with permission from
(Khare et al. 2012).
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1.2.2.3 Heterojunction Interfaces

A heterojunction is an interface formed between two di erent types of semicon-
ductor layers or regions (Frensley 1994). These semiconductors have unequal
energy band gaps and di erent band positions. Heterojunctions are bene cial for
designing energy bands in electronic and optoelectronic devices, including semi-
conductor lasers (Kroemer 1963), heterotransistors (Wu et al. 2019, Sun et al.
2017), solar cells (Wang 2022, Wang, Ji and Shin 2022, Wang et al. 2023, He
et al., 2021), and many other devices (Hu et al. 2003, Hao et al. 2017). The
integration of multiple heterojunctions in various devices is often referred to het-
erostructures. In 2000, Kroemer and Alferov were awarded the Nobel Prize in
Physics for basic work on information and communication technology particularly
for developing semiconductor heterostructures used in high-speed electronics and
optoelectronics (Kroemer 2001, Alferov 2001, Alferov 2013).

The fundamental property of the semiconductor heterojunction depends on
the energy band alignment at the interface. The rational design of the band struc-
ture of heterojunction enables us to precisely control the transport behavior of
the charge carriers, thereby achieving unique properties for novel devices. When
a heterojunction is formed between two semiconductors with di erent bandgaps
and work functions, discontinuities in the conduction bands and valence bands at
the interface are known as the conduction band o set (CBO) and valence band
o set (VBO). In general, there are three types of heterojunction band alignment
based on their distinct band o sets (Frensley 1994, Kroemer 2001), as shown in
Figure 1.15 : (i) type I: straddling gap; (ii) type Il: staggered gap; and (iii) type
[1l: broken gap. The straddling gap (type I) structures have their band edges
(valence band maximum; VBM and conduction band minimum; CBM) within
one of the semiconductors. Therefore, electrons and holes tend to transfer to the
same direction, thereby facilitating electron-hole recombination. The type | het-
erojunction is suitable for light-emitting devices such as light emitting diodes and
semiconductor lasers where the charge carrier recombination is required. For the
staggered gap (type Il) heterojunction, the bandgaps of the two semiconductors
overlap and the band edges are in both materials. As a result, electrons and/or
holes tend to transfer in opposite direction through the interface, leading to the
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spatial separation of charge carriers and subsequent built-in electric eld (sE&y-

ure 1.16). Such charge con nement is crucial in various optoelectronic devices,
especially those involving light absorption or emission, such as solar cells and
photodetectors. E cient regulation of carrier separation and transport largely
determines the performance of these devices (Zhang 2014). On the other hand,
the broken gap (type Ill) structures exhibit overlapping band edges where the
bandgaps of the two materials do not overlap at all, making the system metallic.
Therefore, the type Il heterojunction is the most e cient and frequently encoun-
tered band structure at the solar cell interface. From a materials perspective, a
signi cant challenge in achieving high-quality type-II heterojunctions is the abil-
ity to form an epitaxial interface between the adjacent semiconductor materials.
Additionally, it involves ne-tuning the band structure of individual material by
varying their chemical composition at the nanoscale (Duan et al. 2012, Wilson
et al. 2014, Zhou et al. 2020, Diez-Cabanes et al. 2021, Chang et al. 2016).

Figure 1.15: Three types of heterojunction band alignment: type I: straddling
gap; type ll: staggered gap; and type lll: broken gap.
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Figure 1.16: Type-ll heterojunction system corresponds to staggered gap align-
ment suitable for the spatial charge separation. The CBM and VBM of the het-
erojunction system are shown.

1.2.3 Batteries

As one of the most successful and widely used rechargeable battery technolo-
gies, lithium-ion batteries (LIBs) have garnered signi cant attention and have
been widely employed in portable electronic devices, electric vehicles, and grid
energy storage, due to their high energy density and portability (Vikstem et al.
2013, Ortiz-Vitoriano et al. 2017). However, LIBs have inherent drawbacks. The
Lithium (Li) anode is prone to dendritic growth during charge/discharge cycles,
leading to signi cant safety risks (Kim et al. 2013). Additionally, Li resources
are limited, and there is currently no cost-e ective and e cient technology for Li
recovery (Speirs et al. 2014, Kim et al. 2012). Therefore, it is crucial to develop
high-performance, low-cost, and safe secondary battery energy storage systems.
Among the potential alternatives to LIBs (Wang, Li, Chen, Zhai, Di, Gao, Lee,
Chun, Wang and Li 2022, He et al. 2022, Zhang et al. 2023, Liao et al. 2022),
magnesium-ion batteries (MIBs) have attracted widespread attention to their
several advantages (Guo et al. 2021, Man et al. 2023):
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Magnesium (Mg) is abundant in the Earth's crust (about 2.3 wt.-%) pri-
marily in the form of minerals like olivine and various types of ma c rocks;
and is a cost-e ective material (Emsley 2011).

With a high melting point (660°C) and greater stability under ambient con-
ditions compared to Li, Mg is easier to handle during battery manufacturing
(Yoo et al. 2013).

Mg and its compounds are predominantly non-toxic or have low toxicity,
promising environmentally friendly energy solutions (Orikasa et al. 2014).

Mg is one of the lightest structural metals with a density of 1.74 g cn¥,
compared to Li (0.534 g cm?®), Na (0.971 g cm?®), Zn (7.14 g cm 3), and Al
(2.70 g cm 3). This low density makes Mg an excellent choice for reducing
the overall weight of energy storage devices (Rashad, Asif, Wang, He and
Ahmed 2020).

Despite being denser than Li and Na, Mg o ers a balance of lightness with
greater structural strength and durability (Shin et al. 2023).

Mg exhibits a low reduction potential of 2.37 V vs. the standard hydrogen
electrode (SHE) and a high theoretical speci c capacity of 2205 mAh §
(Bucur 2017, Zhang, Cao, Yuan, Xu, Li, Li, Han and Wang 2022, Gu et al.
2022).

Mg enables two electron transfers during its redox process, resulting in the
high volumetric capacity of MIBs reaching 3833 mAh cn? (Guo et al.
2020, Li et al. 2021, Li, Xu, He, Zhang, Zhu and Zhou 2022).

MIBs do not form harmful dendrites during charge/discharge process, en-
suring excellent safety (Matsui 2011).

Despite the mentioned advantages of MIBs, Mg metal is well-known for its ten-
dency to form a passivating layer, which hinders redox reactions, particularly
in highly reducible electrolytes (Leong et al. 2023). To prevent passivation at
the Mg anode, most research on rechargeable Mg-ion battery has focused on us-
ing nonaqueous liquid electrolytes made from complex salts and organic solvents
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