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Abstract

Charge kinetics, which includes separation of photogenerated electrons and holes,
charge transport to reaction sites, and interfacial charge transfer for chemical reactions,
critically determines the photochemical conversion efficiency of a photocatalyst. While
various efforts have been invested in the production of photocatalysts with different
morphologies or alteration of photocatalysts properties via post-synthesis treatment,
fundamental understanding of charge kinetics in relation to the surface and bulk
properties of photocatalyst is essential for development of a highly effective
photocatalyst. For this purpose, a range of visible-light-active BiVO, particles with
monoclinic scheelite phase were produced using solid-liquid state reaction and studied

for their photocatalytic activities, primarily on water oxidation reaction.

The work started with an investigation on the influence of {010}/{110} relative
exposure extent on the photooxidation ability of BiVO, with respect to the charge
transfer efficiency of the material. Two dual-faceted BiVO,’s with distinctly different
dominant exposed facets, one which was {010}-dominant and the other {110}-
dominant, were synthesized. Despite {010} and {110} being proven as the respective
active reduction and oxidation sites of BiVO,, the photooxidation activities of {010}-
dominant BiVO, were found to be higher than {110}-dominant BiVO, for water
oxidation and 2,4-dichlorophenoxyacetic acid degradation. The presence of larger
reduction functional {010} facets was shown to facilitate electron transfer, which is

crucial not only for photoreduction, but also for photooxidation reactions.

The BiVO, particles with varying {010}/{110} relative exposure extents were further

studied for the facet-dependent charge transfer interactions between BiVO, and reduced
iv
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graphene oxide (RGO). While improvement of photoelectrochemical (PEC)
photocurrent was apparent for all BiVO,4 samples in the presence of RGO, the degree of
enhancement was revealed to correlate to the exposure extent of {010} facets,
attributing to improved charge transfer ability. The experimental results were supported
by density functional theory calculations, whereby different electronic properties
between graphene/BiV0O,{010} and graphene/BiVO,{110} interfaces were predicted to

facilitate charge transfer across the former.

Following these findings, the practicability of Argon (Ar) annealing as a post-synthesis
treatment to optimize the charge separation and transport aspects of dual-faceted BiVO,
for water oxidation was examined. In addition to reduced band gap, greater local
structure distortion, and improved crystallinity, Ar annealing was also shown to
effectively instigate formation of oxygen vacancies, which enhance electron transport in
BiVO,. The extent of improvements however, was dependent on the annealing

temperature.

The last section of the work explored the prospect of dual-faceted BiVO, microcrystal
in comparison to the generally more desirable smaller (or nanosized) particles for water
oxidation in powder suspension (PS) and PEC systems. Contrary effects of particle size
were displayed in the two systems: larger particles evolved greater amount of O in the
PS system, whereas particulate electrode made of smaller particles led to higher PEC
photocurrent. These findings highlight the different governing factors of the two
systems, that is, charge transport for PEC system and charge separation for PS system.
Although faceted BiVO, microcrystal falls short of providing short interparticle
distance and good photocatalyst/substrate contact for efficient charge transport

predominantly needed in the PEC system, the higher crystallinity and the more

\Y
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significant band-bending-mediated built-in electric field present in the microsized
crystal facilitated charge separation and allowed it to outperform the smaller BiVO,

particles for photocatalytic O, evolution.

Vi



Acknowledgements

Acknowledgements

I would first like to express my gratitude to my supervisors, Prof. Rose Amal and
Dr. Yun Hau Ng. The completion of this work would not have been possible without
their tireless guidance, support, valuable advices, and helpful discussions throughout my
research. |1 would also like to thank Dr. Yun Hau Ng for sharing his invaluable skills

and experiences these past few years.

My sincere thanks also go to Dr. Bill Gong for assisting in XPS measurements; Dr. Yu
Wang for his guidance in XRD analyses; Mr. Sean Lim, Ms. Sigrid Fraser, and Mr. Yin
Yao for providing trainings and helps on TEM and SEM; Dr. Anne Rich for training
and assistance in Raman spectroscopy measurements; Dr. Rabeya Akter and Dr.
Dorothy Yu for performing the ICP analyses. | acknowledge Ms. Alexandra T. De
Denko and Prof. Frank E. Osterloh from the Department of Chemistry at University of
California, United States for performing the SPS measurements; Dr. Hassan A. Tahini
and Prof. Sean C. Smith from the Integrated Materials Design Centre for conducting the

DFT calculations.

I would like to extend my appreciation to Ms. Ik Ling Lau, Ms. Sandra Twoney, Ms.
Ann Moore, Dr. Robert Chan, Ms. Ee Meen lliffe, Mr. Phil Thompson, and Mr. Paul
Brockbank for their administrative and technical supports. Special thanks go to Dr.
Mandalena Hermawan and Dr. Victor Wong for being attentive and responsive in

procuring chemicals and lab apparatus.

I am grateful to all the past and present members of the Particles and Catalysis Group.

Thank you for their support, encouragement, share of joy and laughter that made my
vii



Acknowledgements

PhD journey a pleasant and memorable one. | am particularly indebted to Roong Jien
Wong and Hendra Wibawa Saputera for their assistance in parts of my experimental
works. | have been very fortunate to have the companionship from Dr. Charlene Ng, Dr.
Lipson Chin, Dr. Mega Ng, Dr. Ee Teng Kho, and Dr. Tze Hao Tan, who constantly
helped and supported me in various ways. | would also like to thank Dr. Gary Low for

his inspiration, wise advices, and great sense of humor.

The financial support from the University of New South Wales via the University

International Postgraduate Award (UIPA) is gratefully acknowledged.

Last but not least, 1 would like to thank my parents, brothers, and sister. I am truly

blessed to have their encouragement, understanding, and unconditional love.

viii



List of Publications

List of Publications

Journal Publications from this Thesis

1.

Tan, H. L.; Wen, X.; Amal, R.; Ng, Y. H., BiVvO, {010} and {110} Relative
Exposure Extent: Governing Factor of Surface Charge Population and
Photocatalytic Activity. J. Phys. Chem. Lett. 2016, 7 (7), 1400-1405.

Tan, H. L.; Tahini, H. A.; Wen, X.; Wong, R. J.; Tan, X.; lwase, A.; Kudo, A,;
Amal, R.; Smith, S. C.; Ng, Y. H., Interfacing BiVO, with Reduced Graphene
Oxide for Enhanced Photoactivity: A Tale of Facet Dependence of Electron
Shuttling. Small 2016, 12 (38), 5295-5302.

Tan, H. L.; Amal, R.; Ng, Y. H., Exploring the Different Roles of Particle Size in
Photoelectrochemical and Photocatalytic Water Oxidation on BiVO4. ACS Appl.
Mater. Interfaces 2016, 8 (42), 28607-28614.

Tan, H. L.; Suyanto, A.; Denko, A. T. D.; Saputera, W. H.; Amal, R.; Osterloh, F.

E.; Ng, Y. H., Enhancing the Photoactivity of Faceted BiVO, via Annealing in
Oxygen-Deficient Condition. Part. Part. Syst. Charact. 2017, 34 (4). 1600290.



List of Publications

Other Journal Publications

1. Jing, L.; Tan, H. L.; Amal, R.; Ng, Y. H.; Sun, K.-N., Polyurethane Sponge
Facilitating Highly Dispersed TiO, Nanoparticles on Reduced Graphene Oxide
Sheets for Enhanced Photoelectro-Oxidation of Ethanol. J. Mater. Chem. A 2015, 3
(30), 15675-15682.

2. Tang, Y.; Traveerungroj, P.; Tan, H. L.; Wang, P.; Amal, R.; Ng, Y. H,

Scaffolding an Ultrathin CdS Layer on a ZnO Nanorod Array using Pulsed
Electrodeposition for Improved Photocharge Transport under Visible Light
[llumination. J. Mater. Chem. A 2015, 3 (38), 19582-19587.

3. Tan, H. L.; Denny, F.; Hermawan, M.; Wong, R. J.; Amal, R.; Ng, Y. H., Reduced

Graphene Oxide Is Not a Universal Promoter for Photocatalytic Activities of TiO,.
Journal of Materiomics 2017, 3 (1), 51-57.

4. Toe, C. Y., Tan, H. L.; Boyer, C.; Rawal, A.; Thickett, S. C.; Scott, J.; Amal, R.;
Ng, Y. H., Photo-Driven Synthesis of Polymer-Coated Platinized ZnO

Nanoparticles with Enhanced Photoelectrochemical Charge Transportation. J.
Mater. Chem. A 2017, 5 (9), 4568-4575.

5. Tan, H. L.; Du, A;; Amal, R.; Ng, Y. H., Decorating Platinum on Nitrogen-Doped

Graphene Sheets: Control of the Platinum Particle Size Distribution for Improved
Photocatalytic H, Generation (in preparation)



List of Publications

Conference Presentations

1. Tan, H. L., Amal, R., Ng, Y. H. Influence of BiVO, Crystal Facets on Its Charge

Interaction with Graphene. Energy Future Conference, 3-5 November 2014, The

University of New South Wales, Sydney, Australia.

2. Tan, H. L., Ng, Y. H., Amal, R. Tuning the Deposition of Platinum by Doping

Nitrogen into Graphene. The Royal Australian Chemical Institute (RACI) National
Congress, 7-12 December 2014, Adelaide Convention Centre, Adelaide, Australia.

3. Tan, H. L., Wen, X.,, Amal, R., Ng, Y. H. Interrelationship between Carrier

Dynamics and Photoactivities in Facet-Controlled BiVOy,, International Conference
on Nanoscience and Nanotechnology (ICONN 2016), 7-11 February 2016, National
Convention Centre, Canberra, Australia.

4. Tan, H. L., Wen, X., Amal, R., Ng, Y. H. Role of Crystal Facet in Governing

Surface Charge Population and Photoactivity of BiVO,, 9" European meeting on

Solar Chemistry and Photocatalysis: Environmental Applications (SPEA9), 13-17
June 2016, Strasbourg Convention Centre, Strasbourg, France.

5. Tan, H. L., Denko, A. T. D., Osterloh, F. E., Amal, R., Ng, Y. H. Oxygen

Vacancies in BiVO,4 and Their Impacts on Photocatalytic Water Oxidation. Energy

Future Conference, 4-6 July 2016, The University of New South Wales, Sydney,
Australia.

Xi



Table of Contents

Table of Contents

ThesiS/DISSErtation SNEET.........c.ooiiiiiiiii s [
COoPYrIght STAtEMENT......c.ecie et esre e e ii
Originality STAEMENT........ccveii e sre e anes iii
ADSTFACT e Y%
ACKNOWIEAGEMENTS......cveiiiiic et e e e e e reeee s vii
LiSt Of PUDICALIONS. ..ottt X
TabIe Of CONTENTS ..ot Xii
Chapter 1  INTrodUCTION ........ooieececee e 1
1.1, BACKGIOUNG....c.ooiiiiiiiiiiiiee ettt bbb 1
1.2, AIMS ANd ODJECTIVES ..o 3
130 THESIS OULIINE ..o 5
L4, RETEIEINCES. ... oottt bbbttt bbb 6
Chapter 2 LIterature REVIEW..........coiiiiiiiiiiiieeeie e 11
2.1, INTrOAUCTION ...ttt 11
2.2, PROLOCALAIYSIS ... s 12
2.2.1. Basic Principles of Photocatalytic Reactions.............ccccccovveviivieiiciieennenn, 13
2.2.2.  Oxide Semiconductor Photocatalysts..........ccccoveveiieieeiieiiese e 16

2.3.  Bismuth Vanadate (BiVOy) .....cccccveiiiiiiiecie et 17
2.3.1.  Crystal Structure and Phase Transition ...........cccccevveveeveiiese e 18
2.3.2.  EIECtroniC StrUCTUIE......c.oouiiiiciieeee e 20

2.4. Photocatalytic Applications of BiVO, under Visible Light.............cccccvennn. 24
2.4.1.  Organic Degradations..........cceieiiririnieieiese et 25
2.4.2.  Water SPITEING ..c..ooviiiiieice e 27
2.4.2.1.  Powder SUSPeNSION SYSTEM ......cccociririririeiineeiesee e 28

xii



Table of Contents

24.2.2. Photoelectrochemical SYStem .........cccovviieiiiieiieiece e 36

2.4.2.3.  Difference in Charge Separation Mechanisms in PS and PEC

SYSTEIMS ... 38

2.4.3.  LIimitations 0f BiVO......cccoeiiiiiieiiiieeeses e 41
2.5.  Strategies for Improving the Charge Kinetics of BiVOg........cccccovveveiieiiennnne 46
2.5.1.  Crystal Facet ENQINEEIING .....c.cciveieiieiieiesiesie e 47
2.5.2.  Compositing With Graphene ...........cccooveieiieii e 53
2.5.3.  Annealing Treatment...........ccoeiieieiiie i 59
2.5.4.  NANOSCAIING.....c.ciieiiiie e 64
2.6, SUMMAIY ..iiiiiiiieeiiiie ettt st e et e e st e e snb e e e bt e e s sab e e e nbbe e s nnbee e e 69
2.7, RETEIENCES. ... .ot 71

Chapter 3 BiVO, {010} and {110} Relative Exposure Extent: Governing Factor

of Surface Charge Population and Photoactivity..........cccccoevvieinennns 95

3L INrOAUCTION ...t 95
3.2, EXPErimental.........ccooiiiiiiiii e 97
3.2.1.  SynthesSis Of BiV Oy ...cccoiieiiiiece e 97
3.2.2.  PhotocatalytiC REACHIONS .........ccceeiieiieiieic e 97
3.2.2.1.  Photocatalytic Oz EVOIULION............coceeiiiieiieceee e 97
3.2.2.2.  2,A-Dichlorophenoxyacetic Acid Degradation ..............ccccceevvernennen. 98
3.2.3.  Material CharaCterization............ccoceorireiininineises s 99
3.2.4. Electrochemical Impedance Spectroscopy Measurements ..................... 100
3.3, ReSUIS and DISCUSSION .....c..oiviiiiiiiiiiaiieiieieie ettt 101
3.3.1. Morphological, Structural and Optical Properties ..........c.ccccocvveerivrnnnnne 101
3.3.2. {010} as the Active Reduction Functional Facet of BiVO,.................... 105
3.3.3.  Photocatalytic O, Evolution and 2,4-D Degradation............c.cccccocervnene 107
3.3.4.  Photoluminescence and Electrochemical Impedance Measurements.....109
3.3.5. Proposed Crystal-Facet-Dependent Charge Transfer Kinetics ............... 114

Xiii



Table of Contents

3. SUIMMIAIY ..ttt ettt b ettt e s e et e e st e e et e e saeeanbeesbeeebeens 118
3 D R OIENCES ... oo 119

Chapter 4 Interfacing BiVO, with Reduced Graphene Oxide for Enhanced
Photoactivity: A Tale of Facet Dependence of Electron Shuttling ...125

A1, INEFOTUCTION.....eiiiiiicici e 125
4.2, EXPEriMENTal........cccoiiiiiiiieiiiie st 128
4.2.1.  Synthesis of Graphene OXiIde.........ccocvieeriereiiiereee e 128
4.2.2. Synthesis of BiVO4 and RGO-BiVOy......ccccccvvieiveiiiie e 129
4.2.3.  Material CharaCterization.............cccoereiiriinineiinesesee s 129
4.2.4. Photoelectrochemical Measurements...........ccceovrenereseneneiene e 130
4.2.4.1. Photocurrent MeasuremMents...........coovrererenieieiesese e 130
4.2.4.2.  Electrochemical Impedance Spectroscopy Studies..............cc.cvveee 130
4.2.5.  Theoretical CalCulations............ccooueiiiieiiiiiiii s 131
4.3.  ReSUItS aNd DISCUSSION ......cveiviiiiiiiiiiieiieieieie ettt 131
4.3.1. Physical and Optical Properties of Bare BiVOy.......cccccovvvevviieivciennnnnn. 131
4.3.2. Preparation of RGO-BiVO, COMPOSITES ........coovriiririeieieie e 136
4.3.2.1. Morphological Properties...........ccoeiveveiieiieiecie e 136
4.3.2.2.  Surface Chemical States and Optical Properties............cccccevvennene 138
4.3.2.3.  Structural Properties..........cccovieieeiieiieie et esie e 139
4.3.2.4.  Photoelectrochemical PhOtOCUITeNt ............cooveviineiiiiiiiceci 141
4.3.2.5.  Photoluminescence Measurements ...........c.ccoevvrerereeenenieresennens 142

4.3.3. Effect of BiVO, {010}/{110} Relative Exposure Extent on

Photoelectrochemical Performance ..........c.ccocoviiiinciiieienc e 144

4.3.4. Density Functional Theory Calculations............cccccoovviiiineniienciine 147
A4, SUMMAIY ..ottt ettt b e et s et e et enbe e ne e 151
A5, RETEIBNCES ...ttt e e re e ne e e 152

Chapter 5 Enhancing the Photoactivity of Faceted BiVO, via Annealing in
Oxygen-Deficient CoNditioN...........cccveiieiiieiie e 158

XIv



Table of Contents

5.1 INrOAUCTION....ciiiiiiieieee bbb 158
5.2, EXPEIIMENTAL ..ot 161
5.2.1.  SynthesSiS Of BIV Oy c.ccuiiiiiiiieiieiecie e 161
5.2.2.  Photocatalytic Oz EVOIULION........cccoiiiiiiiiiie e 161
5.2.3.  Photoelectrochemical Measurements...........c.coovvereeieicnenenene s 161
5.2.4. Facet-Selective Photodepositions of Pt/MNOx.......ccccccevveveiieieciieinene. 162
5.2.5. Material CharaCterization............ccocooviereiiiineieisee e 162
5.2.6.  Surface Photovoltage SPectroSCOPY .......covvevvvieeiierieiieie e 163
5.3, ReSUIS and DISCUSSION ......eveieiiriiiieieiiniesieisie sttt 164

5.3.1. Photocatalytic O, Evolution and Photoelectrochemical Photocurrent....164

5.3.2.  Structural, Physical, and Optical Properties at Different Annealing
TEMPEIATUIES. ...t 165

5.3.3.  Surface Photovoltage SPeCtrOSCOPY .......coverververeririeieienie e 169

5.34. X-ray Photoelectron and Electron Paramagnetic = Resonance

SPECLIOSCOPIES. .. evveveeieeiiecteeiteetesteeste et e ste et e e e sraeste e e re e teaneesreenreenee e 172

5.3.5. Effects of Ar Treatment on the Structural, Electronic, and Morphological

Properties of Dual-Faceted BiVOs........ccccvevveiiiiieiecicceeie e 174
5.4, SUMMAIY .otiieitiie ettt ettt ettt e e st e e s st e e anb e e snb e e snbe e e nnbeesnnbeeennneeans 181
5.5, REIEIBNCES. .. .iiiiee s 182

Chapter 6 Exploring Different Roles of Particle Size in Photoelectrochemical

and Photocatalytic Water Oxidation on BiVOy .......ccccccvvvvevveiieinenne. 188

6.1, INrOAUCTION.....uiiiiiiiiiice e 188
6.2, EXPErIMENTAL.....cciiiiiiiiie s 191
6.2.1.  Synthesis Of BIV Oy .....ccoiiiiiiii it 191
6.2.2.  Material CharaCterization............cccceveiiiiniiiiinieeeee e 192
6.2.3.  Preparation of EIeCtrodes ..........cocoevieiiiiiiiiiii e 192
6.2.4. Photoelectrochemical Measurements (PEC System) ..........ccccccevvvverinenne. 192
6.2.5. Photocatalytic Reaction (PS SyStem).........cccccevvvviiiiieviie e 193

XV



Table of Contents

6.3.  ReSUItS and DISCUSSION ........ocuiiuiriiiiiiiieiieieie sttt 193
6.3.1. Morphological, Structural and Optical Properties ............ccccooeveenivnnnnns 193
6.3.2.  Surface Chemical States...........ccooveiiiiiiiiiie e 198
6.3.3.  Photoelectrochemical Measurements...........c.coovvvreeieienenenene s 200

6.3.4. Effect of Particle Size on Interparticle and Particle/FTO Contacts in
BiVO, Particulate EIECLrOde ..........ccovvveiciiiiciscee e 204

6.3.5. Photocatalytic O, EVOIULION........ccccooiiiieiice e 207

6.3.6. Different  Governing Factors in  Powder  Suspension and

Photoelectrochemical SyStEMS.........ccooeieiiiiiiiiiiicee e 208

6.4, SUMMAIY ..ottt 211
6.5, RETEIBNCES.....i e e ns 212
Chapter 7 Conclusion & Recommendations...........ccooeveririnenieiienenese e 218
% S O (1] oo ISP 218
7.2, RECOMMENUALIONS. ....ceiiiieieiie et eeas 222

7.2.1. Dual-Faceted BiVO,: Further Studies, Material Optimization and
Potential APPlICALION ........ccveiviiicecc e 222

7.3, REIOIENCES .. .o 226

XVi



Chapter 1 Introduction

Chapter 1
Introduction

1.1. Background

While the industrial and agricultural revolutions have spurred human population and
economic growth, they have also contributed to the ever-growing energy demand and
environment destruction. Excessive burning of fossil fuels as the main energy supply
leads to rapid depletion of the natural resources along with CO, emission, which is the

major contributor to global warming.'

Meanwhile, industrial wastewater and
agrochemical products contribute to environment pollutions and jeopardizing the
ecosystems. These energy and environmental concerns have driven the research

community into photocatalysis, in the hopes of mitigating the issues for achieving

sustainable development.

The interest in the field of photocatalysis is attributable to the numerous appealing
features of the process: (1) it exploits (renewable) solar energy; (2) it works at near
ambient temperature; and (3) a wide variety of compounds can be chemically
transformed or decomposed through photomediated redox transformations.® Given the
inexhaustible nature of solar energy, it is by far the most promising energy source with
the least negative impacts on the environment.* In photocatalysis, the abundant,
renewable, and freely available solar energy can be directly harvested to initiate
chemical processes on semiconductor materials, forming the basis of various useful

photocatalytic applications.



Chapter 1 Introduction

Of the broad applications of photocatalysis, water splitting and organic degradation are
the two most significant reactions, directed respectively towards H, production and
environment pollutant abatement.®> As the simplest chemical bond with water as the only
waste product upon combustion, H, is the ultimate clean energy carrier which is highly
desirable to replace fossil fuels.* ® Although there are manifold ways to produce H.
such as steam reforming, biomass reformation, and electrolysis, utilization of sunlight to
drive the thermodynamically uphill reaction of water splitting to gaseous H, and O, is
indisputably the most ideal approach.”® The pioneering work on photocatalytic water
splitting was reported by Fujishima and Honda in 1972, in which TiO, electrode was
employed as the photoactive anode for water oxidation in conjunction with platinum as
the cathode for water reduction.” Following this discovery, the scientific and
engineering interest in oxide semiconductors heightened, particularly on binary metal
oxides that are composed of earth-abundant elements. The functionality of
photocatalysis was also further expanded into water and air purification, whereby the
proven ability of oxide materials to transform or degrade a large variety of organics (a
major constituent of environment pollutants) into less harmful substances suggests

photocatalysis as a green approach for environmental remediation and amelioration.* '

14

Oxide semiconductors, which are generally cheap, easy to fabricate, chemically and
photocatalytically stable,®> are promising photocatalyst candidates. However, the
implementation of most binary metal oxides such as TiO; and ZnO s strictly restricted
to ultraviolet (UV) light due to their large band gap energies arising from the deep
valence bands consisting of O 2p orbitals.**™” While UV radiation constitutes merely 5 %

of the solar irradiation incident on the Earth’s surface, nearly half of the spectrum (40 %)
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falls within the visible region.'® Development of semiconductor materials capable of
visible light absorption is therefore necessary for efficient utilization of solar energy.
Although some non-oxide semiconductors such as sulfides and nitrides are responsive
toward visible light, they are generally unstable.'® In this regard, ternary metal oxides
emerge as a new class of material that has garnered great attention. This is not only due
to their common merits with oxide semiconductor as stated above, but their valence
bands formed by atomic orbitals of more than one element also allow fine tuning of
their band gap energies.’® Recently, bismuth vanadate (BiVO,) with a favorable band
gap of 2.4 — 2.5 eV has been widely demonstrated to be a promising candidate for water

20-21

splitting (including photocatalytic water oxidation, photoelectrochemical water

22-24 25-26 27-29

splitting, and Z-scheme water splitting™™°) and organic degradations under

visible light irradiation.

The photochemical conversion efficiency of a photocatalyst is fundamentally
determined by three key steps related to charge kinetics, which are charge separation,

transport, and transfer.*® All of these are affected by the surface and bulk properties of

31-32 33-34

the photocatalysts such as the types of exposed crystal facet, particle size,
crystallinity,® crystal structure,® and induction of mid gap states.** *" Advancement of
photocatalysis has thus contributed to the interdisciplinary nature of the field,
integrating semiconductor physics, physical chemistry, materials science, and surface

sciences to name a few.® Bridging of multidisciplinary knowledge is indispensable to

further propel the growth of photocatalysis field.

1.2.  Aims and Objectives

The overall aim of this thesis is to understand and improve the charge separation,

transfer, and transport aspects of photocatalyst with respect to the material’s
3
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characteristics ensuing from the variation in morphology (i.e., exposed facets and
particle size) and application of post-synthesis heat treatment. BiVO,4, which is a
promising visible-light-responsive ternary metal oxide semiconductor, is chosen as the
model photocatalyst in this study due to the ease of preparation of this material with

controllable exposed facets and particle size.

Dual-faceted BiVO, with exposed {010} and {110} has been demonstrated to assist in
charge separation during which photogenerated electrons and holes are spatially driven
to the respective exposed facets.* In order to understand the influence of the two facets
on the charge transfer efficiency of BiVO,, dual-faceted BiVO, samples with different
relative exposure extents of {010}/{110} facets are synthesized and compared for their

photooxidation activities.

Additionally, the dependence of BiVO,’s charge transfer efficiency on the relative
exposure extent of {010}/{110} facets is studied in a composite structure, where the
BiVO, is coupled with reduced graphene oxide (RGO) that is known as a good electron
mediator. This is to understand and verify the origin of the crystal-facet-dependent

interfacial charge interactions between BiVO, and RGO.

Dual-faceted BiVO, is also subjected to heat treatment in an oxygen-deficient
environment. The main objective here is to assess the efficiency of oxygen-deficient
Argon (Ar) atmosphere in altering the physicochemical, optical, and electronic
properties, targeting at optimizing the charge separation and transport efficiencies of the

dual-faceted BiVVO, for water oxidation reactions.

Given that the dual-faceted BiVO, particles are large in size (microcrystals) contradict

the generally more desirable nanosized materials, the water oxidation performances of
4
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faceted BiVO,4 microcrystal is also compared to smaller BiVO, particles in different
systems: photoelectrochemical (PEC) and power suspension (PS). The key attributes of
the BiVO, with different particle sizes that control the efficiencies of the two systems

are also identified.

1.3. Thesis Outline

This thesis explores the relationship between the charge kinetics of BiVOy,
encompassing charge separation, transport, and transfer, to the surface and bulk
properties of the material. Firstly, Chapter 2 provides the basic principles of
photocatalysis, followed by the fundamental properties and photocatalytic applications
of BiVO, as well as the current state-of-the-art to improve the photoactivity of BiVO,.
The following two chapters are devoted to study the effects of {010}/{110} relative
exposure extent on the charge transfer efficiency of BiVO,. Specifically, Chapter 3
investigates the dependence of the surface electron and hole populations on the
exposure extent of the {010} and {110} facets to affect the photooxidation performance
of BiVO,, whereas Chapter 4 examines the electron transfer ability between RGO and
BiVO, with the presence of {010} and {110} of different relative exposure extents. In
Chapter 5, the efficacy of Ar annealing on optimizing the charge separation and
transport properties of the faceted BiVO, in relation to the annealing temperature is
detailed. Chapter 6 presents the prospect of the dual-faceted BiVO, microcrystals in
comparison to smaller BiVO, particles for water oxidation in the PS and PEC systems.
The influence of particle size on charge separation and transport properties, which
respectively form the governing factors in the PS and PEC systems are described. Lastly,
a summary on the major findings in this work together with recommendations on future

work are given in Chapter 7.
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Chapter 2
Literature Review

2.1. Introduction

BiVO, is an emerging n-type semiconductor that has been proven to be a promising
ternary metal oxide material for various photocatalytic processes. Not only does BiVO,
capable to induce photodegradation of organic compounds, it is also highly active for
water splitting, both of which are the most significant applications of photocatalysis for
environmental remediation and energy supply. With band gap energy of 2.4 — 2.5 eV,
the light absorption ability of BiVO, outperforms that of the typical binary metal oxides
such as TiO,, ZnO, and WO; with the respective band gap energies of 3.0 — 3.2,
3.2 —3.3,2and 2.7 eV,* in which a larger proportion of the solar spectrum including
visible region can be utilized. However, the solar conversion efficiency achieved with
BiVO, to date is far below from the theoretical value. In light of this, over the past few
years, development of novel ideas and techniques has been devoted to improve the

understanding on the mechanistic aspects and the efficiency of this material.

This chapter reviews the experimental and computational breakthroughs achieved so far
for BiVO,-based materials. The first part of this chapter will provide the fundamentals
of photocatalysis to understand the selection criteria for photocatalysts, followed by the
crystal and electronic structures of BiVO, that are closely related to the photoactivity of
the material. Subsequently, the application of BiVO, in visible-light-triggered
photocatalytic reactions, the related mechanisms and limitations of BiVO, will be

discussed, in which emphasis is placed on water splitting. Lastly, recent approaches to

11
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address one or more of the limitations to boost the efficiency of BiVO,-based materials
will be reviewed which include crystal facet engineering, formation of graphene
composite, annealing treatment, and nanoscaling. The gaps existing in such strategies

and the possible advancements will also be evaluated and explored.

2.2. Photocatalysis

Due to the presence of infinite number of atoms, the closely spaced orbitals render the
energy levels in a solid to be presented as continuous band. The highest occupied
energy band forms the valence band, whereas the lowest unoccupied band is denoted as
the conduction band. It is the energy difference between the top of the valence band and
the bottom of the conduction band (i.e., the band gap, which is measured in the units of
electron volts (eV)) that categorizes solids into three main groups: metal, semiconductor

and insulator.*

For metals, the band gap is negligible because of the overlapping valence and
conduction bands (Figure 2.1). For insulators, the band gap is large enough to make the
promotion of electrons from the valence band to the conduction band unviable. On the
contrary, the band gap in semiconductors is not as large and hence provision of external
energy (either thermally or photochemically) can excite electrons to the conduction
band. Following an electron promotion, a positively charged vacancy is formed in the
valence band, which is referred to as a hole. The activation of a semiconductor utilizing
solar energy to generate electron-hole pairs for the ensuing chemical redox reactions is

thus generally known as photocatalysis.
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Figure 2.1. Electronic energy structure for solids.*

2.2.1. Basic Principles of Photocatalytic Reactions

Photocatalysis on semiconductor particles encompasses three main steps: (1) charge
generation (electron-hole pairs) via absorption of photons with energies equivalent to or
greater than the semiconductor band gap (as illustrated by the enlarged section of Figure
2.2); (2) charge separation and migration to the semiconductor surface; (3) charge
transfer of electrons and holes to the electron acceptors and donors (represented by
Pathway C and D in Figure 2.2), respectively, on the semiconductor surface for

chemical reactions.

Surface
Recombination

Volume
Recombination

+®

Figure 2.2. Kinetics of the photogenerated electrons and holes in a semiconductor upon

excitation. Adapted from Linsebigler et al.®
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As photon absorption is the initial process for photocatalysis by semiconductor, solar
energy conversion efficiency of a semiconductor is principally affected by the width of
its band gap. Given that merely 5 % of the solar spectrum is made up of UV light but a
larger proportion (40 %) within the visible region,® a semiconductor with sufficiently
small band gap (i.e., < 3.0 eV) which is responsive towards visible light absorption is
essential for effective harvesting and utilization of solar energy. Based on the standard
solar spectrum and the assumption of 100 % quantum efficiency (i.e., complete
absorption of the incident light), utilization of all UV light up to 400 nm by a
photocatalyst for photocatalytic water splitting would result in a maximum solar
conversion efficiency (i.e., maximum theoretical solar-to-hydrogen (STH) efficiency) of
only 2 %, as illustrated in Figure 2.3. However, further extension of light utilization into
the visible region would significantly improve the conversion efficiencies to 16 and 32 %

for light absorption up to 600 and 800 nm, respectively.’
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Figure 2.3. Distribution of standard solar spectrum (AM 15) and the maximum

theoretical STH conversion efficiency as a function of the wavelength.?
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Following light absorption, another important aspect that affects the photoconversion
efficiency of a semiconductor is its charge separation efficiency, which controls the
mobility and lifetime of the photogenerated electrons and holes. Upon band gap
excitation, the electrons and holes generated within the semiconductor bulk have to
separate and migrate to the surface to be active for subsequent redox reactions.
Recombination of the electrons and holes that is detrimental for charge separation can
occur both in the bulk (Pathway A depicted in Figure 2.2) and on the surface (Pathway
B) of the semiconductor, reducing the number of free electrons and holes available on
the surface. The charge separation efficiency of the semiconductor is highly dependent
on the bulk and surface properties of the material such as crystallinity, particle size,
number of surface active sites, and exposed crystal facets.? Details will be reviewed in

Section 2.5.

On the other hand, the ability of a semiconductor to drive oxidation and/or reduction
reactions is governed by the band edge positions of the conduction and valence bands of
the semiconductor with respect to the redox potentials of the reactants. While the energy
level of the bottom of the conduction band determines the reducing ability of the
photogenerated electrons, the top of the valence band defines the oxidizing potential of
the holes. Typically, photoreduction of the reactants is thermodynamically possible if
their reduction potentials lie below (more positive than) the conduction band edge.
Whereas, photooxidation is feasible if the oxidation potentials of the reactants lie above

(more negative than) the valence band edge.'°

Therefore, for a semiconductor to be highly functional for the targeted applications with

high solar conversion efficiency, it has to fulfill the following stringent requirements:
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e Narrow band gap (i.e., < 3.0 eV) such that it can be activated by visible light

e Suitable bulk and surface properties to reduce recombination for efficient charge
separation

e Appropriate conduction and valence band positions (i.e., potentials of the

conduction and valence bands)

2.2.2. Oxide Semiconductor Photocatalysts

Although it is essential to satisfy the above-mentioned requirements, from the
practicability and economical points of view, an ideal semiconductor photocatalyst also
has to be chemically and photocatalytically stable, cheap, and easy to produce. Oxide
semiconductors with high chemical and photostability, low cost, and ease of fabrication
thus appear to be the promising photocatalyst materials. Earlier studies have been
focused exclusively on binary metal oxides that are made up of earth-abundant elements
such as Zn0, %2 Ti0,,> B W03, and o-Fe,05*%. However, most of these binary
metal oxides fall short of visible light absorption, attributing to their intrinsic highly
positive valence bands that consist of O 2p orbitals located at ca. +3.0 V vs. NHE
(normal hydrogen electrode).?! Despite o-Fe,O3 having a narrow band gap in the range
of 2.0 — 2.2 eV, it is limited by short carrier lifetime and diffusion length to result in
rapid charge recombination.?? The conduction bands of oxide semiconductors are
generally composed of empty orbitals (known as the lowest unoccupied molecular
orbitals, LUMOs) of metal cations with d° and d'° configurations. Given that the energy
levels of these conduction bands are not significantly negative, lowering of these bands
is thermodynamically undesirable. Instead, a new valence band formed by orbitals of

other elements not associated with O 2p is imperative to reduce the band gaps of oxide
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semiconductors by upshifting of the valence band edge, as schematically illustrated in

Figure 2.4. This would help to design visible-light-driven oxide photocatalysts.

0 cB M (LUMO) Dependent on metal
> Visible light absorption
~ 1 -
8
= —_— New level formed by
% 2F metal cations/anions
o

3F O 2p (stable but too dee

T e p( p)

Figure 2.4. Valence band-controlled approach to design visible-light-driven oxide
photocatalysts. Adapted from Kudo and Miseki.?® CB and VB represent the conduction
and valence bands, respectively.

In this regard, ternary metal oxides with their valence bands formed by atomic orbitals
of more than one element offer better control of their band structure (i.e., band
potentials and band gap energies), depending on the stoichiometric ratio of the elements
and the crystal structure.?* The orbitals of Bi 6s in Bi**, Ag 4d in Ag*, Pb 6s in Pb**, and
Sn 5s in Sn?* can contribute to valence bands formation above the valence band formed
by O 2p orbitals in oxide photocatalysts.?® Therefore, ternary metal oxides containing Bi,
Ag, Pb, or Sn element such as BiVO, (particularly monoclinic scheelite structure),®
Bi,WOs,%® AgNbO3,>" PbCrO,,?® and SnNb,Os*° have relative narrower band gap and

they show photocatalytic activities under visible light irradiation.?®

2.3. Bismuth Vanadate (BiVO,)

Originally BiVOg-based compounds were extensively studied as the potential
substitutes for the lead-, cadmium-, and chromate-based pigments that are widely used

in the coating and plastics industry, because of their non-toxic nature.*® Over the past
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four decades, the interest on BiVO, was mainly focused on its various technological

31-36 acousto-optical,® and ionic conductivity.*” These

properties such as ferroelasticity,
properties are strongly dependent on the crystal structures of BiVO,. More recent
research interest on BiVO,, however, is driven by its photocatalytic activity which also
depends on the crystal structures with different electronic structures.?® *® As previously
discussed in Section 2.2., while BiVO, shares the common merits with other oxide
semiconductors by being highly stable, abundant, and cheap, contribution of Bi 6s in
Bi** toward valence band formation renders a relatively smaller band gap energy of this
material, in particular the monoclinic scheelite BiVO, (2.4 — 2.5 eV). Such band gap

3941 \which is

reduction can potentially improve the STH efficiency to ca. 9 %,
significantly greater than those typically achieved by binary metal oxides such as TiO»,
ZnO, and WO; (< 5 %).*** This makes BiVO, a promising photocatalyst candidate,
which subsequently attracted profound research interest. A concise overview of the
different crystal structures available for BiVO, and their corresponding optical

properties and electronic structures are discussed in this section to facilitate

understanding of the structure-dependent photocatalytic activity of BiVO,.

2.3.1. Crystal Structure and Phase Transition

Naturally occurring BiVO, exists as the mineral pucherite with orthorhombic structure.
Nevertheless, normal laboratory synthesis routes do not produce BiVO, of the similar
form. Three other main crystal structures are more commonly obtained: scheelite
structure with tetragonal and monoclinic phases and zircon structure with tetragonal
phase.®™ * In all three structures, each V ion is coordinated by four O atoms in a
tetrahedral site and each Bi ion is coordinated by eight O atoms. The distinction

between scheelite and zircon structures is that each Bi ion is bounded to eight VO,
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tetrahedral units in the former structure, while the latter only has six VO, around one Bi
ion (Figure 2.5).*® For the scheelite structure, BiVO, with tetragonal and monoclinic
phases are dissimilar as the local environments of V and Bi ions are notably distorted in
the latter. Hence, the V-O bonds in tetragonal scheelite BiVO, (Figure 2.5 a) are all of
equal length (1.72 A), while two different VV-O bond lengths (1.77 A and 1.69 A) are

present in monoclinic scheelite BiVO, (Figure 2.5 b).°
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Figure 2.5. Local coordination of V (red), Bi (purple), and O (grey) atoms in (a) tetragonal
scheelite, (b) monoclinic scheelite, and (c) tetragonal zircon BiVO, structure, in which the
both lengths are shown in A. ©°

In general, low temperature synthesis such as precipitation at room temperature
produces zircon-structured BiVO,, while high temperature syntheses (e.g., solid-state
and melting reactions) result in the formation of monoclinic scheelite BiVO,.?
However, the crystal structure of the obtained BiVO, is highly determined by the
preparation method. Scheelite BiVO, with tetragonal and monoclinic phases were also
reported to be selectively attainable via aqueous process at room temperature depending
on the preparation time.® While tetragonal scheelite BiVVO, was initially obtained from
the dissolution and recrystallization process, further aging of the process resulted in the
formation of monoclinic scheelite BiVO,. This suggests that the formation of tetragonal
scheelite BiVO, is Kkinetically favorable, while monoclinic scheelite is a more

thermodynamically stable form of BiVO,4 at room temperature. The phase transitions are
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also possible via heat treatment (Figure 2.6): transformation of scheelite BiVO,4 with
monoclinic and tetragonal phases occurs reversibly at 528 K;* tetragonal zircon BiVO,
irreversibly transforms into monoclinic scheelite at 670 — 770 K.* Irreversible
transition from tetragonal zircon to monoclinic scheelite has also been demonstrated to

be viable through mechanical crushing.*
Reversible

528 K
Monoclinic Tetragonal
scheelite structure scheelite structure

Irreversible

Heat treatment at 670 - 770 K
and cooling to room temperature

Tetragonal
zircon structure

Figure 2.6. Phase transitions of BiVO, via heat treatment.®

2.3.2. Electronic Structure

On the basis of the comparable band gap energies between tetragonal scheelite (2.34 eV)
and monoclinic scheelite (2.41 eV) BiVO,, Tokunaga et al. suggested that the electronic
structures of these scheelite-structured BiVO,’s are similar.*® However, they found that
monoclinic scheelite BiVO,4 showed significantly higher activity for O, evolution from
aqueous AgNOs solution (i.e., water oxidation reaction with Ag™ as sacrificial reagent)
compared to tetragonal scheelite BiVVO,, under both UV and visible light irradiations.*®
The distinct difference in photocatalytic activity between the two BiVO4 was attributed
to the difference in the distortion of the local structure. In particular, distortion of the
Bi-O polyhedron by the 6s® lone pair of Bi** primarily in the monoclinic BiVO,

improves charge separation and photocatalytic activity.
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On the other hand, Kudo et al. demonstrated that the water oxidation activity of
monoclinic scheelite BiVO,4 was higher than that of zircon-type BiVO, under visible
light irradiation, in spite of their comparable activity under UV irradiation.”® The
different activities under visible light irradiation was revealed to be mainly due to the
enhanced optical absorption of monoclinic scheelite BiVO, compared to tetragonal
zircon BiVO,, as portrayed in Figure 2.7. Compared to zircon-type BiVO, an
additional valence band formed by 6s states of Bi** (i.e., Bi 6s orbitals) or a hybrid
Bi 6s - O 2p orbitals was postulated to present above the O 2p orbitals in scheelite
BiVO,. The electron transition from the Bi 6s or hybrid Bi 6s — O 2p valence band (that
is of lower energy than the O 2p valence band) to the V 3d conduction band hence leads
to smaller band gap energy of scheelite BiVO, (2.4 eV) in comparison to that of zircon

BiVO, (2.9 eV) with V — O transition.?®

Tetragonal Zircon Monoclinic Scheelite
V 3d AN V3d
VIS
24eV .
uv absorption
29eV absorption
Bi 6s
02p ——— O02p

Figure 2.7. Band structures of tetragonal zircon and monoclinic scheelite BiVO, proposed
|.25

by Kudo et a

The findings by Tokunaga et al. and Kudo et al., as described above, collectively
suggest that among the three structures, monoclinic scheelite is the most active phase of
BiVO, for photocatalytic applications under visible light irradiation. Therefore, the

electronic structure of monoclinic scheelite BiVO, based on computational and
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experimental findings reported to date is further reviewed hereafter. Density functional
theory (DFT) calculations by Walsh et al. indicated that the BiVO, is a direct band gap
semiconductor with the conduction band mainly composed of V 3d states with
contributions from O 2p and Bi 6p, whereas the top of the valence band consists of Bi
65 — O 2p antibonding state.*” These structures were affirmed by Payne et al. using X-
ray photoemission spectroscopy (XPS), X-ray emission spectroscopy (XES), and X-ray
absorption spectroscopy (XAS),*® corroborating hybridization of Bi 6s states and O 2p

states at the valence band maximum of monoclinic BiVO, as suggested by Kudo et al.®

However, a different structure was proposed by Zhao et al. according to their DFT
calculations, in which the BiVO, was predicted as an indirect band gap
semiconductor.* The top of the valence band was estimated to be predominated by the

nonbonding states of O 2p, and Bi 6s, whereas the bottom of the conduction band is

primarily the nonbonding V 3dx2_y2 and 3d , states. The relatively smaller band gap of

this BiVO,4 was ascribed to the lone-pair distortion impact of Bi 6s, contributing to the
upshift of the O 2p states to lower energy. A more recent study by Cooper et al.
provides a comprehensive band structure of the BiVO, (Figure 2.8), which was derived
from DFT calculations in conjunction with experimental evidences obtained via
combination of X-ray spectroscopies, including XAS, XES, resonant inelastic X-ray
scattering (R1XS),and XPS.* The valence band was found to primarily composed of O
2p states, whereby hybridized V 3d — Bi 6p and V 3d — O sp? orbitals contribute to the
respective lowest and middle regions, whereas O 2p, and Bi 6s contribute to the top

region, in consistent with that reported by Zhao et al.*® Likewise, the conduction band

consists of V 3d states with dominant dxz_yz and d , character at the lowest energy edge,

but contains Bi 6p character at the upper region. The band gap energy was determined
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to be 2.5 eV with the Fermi energy at the surface measured to be 2.0 eV above the

valence band maximum, indicating that the BiVO, is an n-type semiconductor.
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Figure 2.8. Energy level diagram representing the electronic structure of monoclinic
scheelite BiVO, proposed by Cooper et al. based on DFT calculations and experimental
spectra of XAS, XES, XPS, and RIXS. All energy levels are shown with respect to

vacuum.*
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Consistently, the DFT calculations by Walsh et al.”" and Zhao et al.™ suggest that the
effective masses of both holes and electrons in monoclinic scheelite BiVO, are smaller
than other oxide materials. While Walsh et al. predicted a minimum effective mass of
0.3 mq for both electrons and holes, Zhao and co-workers found the minimum effective
masses of 0.9 m, for electrons and 0.7 mg for holes, where mg represents electron rest
mass. Since the drift velocity of electrons and holes is inversely proportional to the
effective mass,® the smaller effective masses suggests easier charge separation and

migration to reach the surface reaction sites, indicating the potential of monoclinic

scheelite BiVO, as a photocatalyst.
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2.4. Photocatalytic Applications of BiVO, under Visible Light

Depending on the change in Gibbs free energy, photocatalytic reactions can be
classified into two types: downhill and uphill (Figure 2.9).° Photooxidation of organic
compounds (i.e., organic degradations) that occurs irreversibly using oxygen molecules
is generally a downhill reaction. This type of reaction is regarded as a photoinduced
reaction because it is instigated by the reactive oxygen species (ROS) formed by the
redox reactions between photogenerated charge carriers and water molecules or
dissolved oxygen. Meanwhile, water splitting into H, and O, involves the conversion of
photon energy into chemical energy, accompanied by a large positive change in Gibbs
free energy (AG°= 273 kJ mol™). This reaction is similar to photosysthesis by green
plants, which is also an uphill reaction. Therefore, water splitting is otherwise known as

artificial photosynthesis.

Photoinduced reaction Photon energy conversion reaction
(e.g., Degradation) (e.g., Water splitting)
Organic
compounds

+02 H2+02

Potential
Potential

COZ + Hgo
+ eftc.

AG > 0 (up-hill)

AG < 0 (down hill)

Figure 2.9. Two distinct classifications of photocatalytic reactions: downhill and uphill.®

This section will focus on the fundamental principles of the photocatalytic reactions of
organic degradation and water splitting. The comparison of BiVO, as a potent visible-
light-active photocatalyst alongside with other oxide materials on their respective
functionalities in these applications is also covered. Given that monoclinic scheelite
BiVO;, is the only structure that shows high photoactivity under visible light, the BiVO,

mentioned henceforth will refer to monoclinic scheelite BiVO,, unless otherwise stated.
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2.4.1. Organic Degradations

Environmental pollution (e.g., water and air) resulting from various anthropogenic and
industrial activities is largely composed of organic compounds such as pesticides, dyes,
chloro-organics and surfactants. Great research effort has been focused on
photocatalysis as a viable option for environmental remediation since the functional
groups of organic compounds may be oxidized, allowing transformation or degradation
of the organic contaminants into less harmful substances. Oxide semiconductors with
highly positive valence band, in particular TiO,, have been extensively studied and

shown to be effective in photooxidative degradation of numerous organic compounds.®

52

Organic degradation in aqueous phase or humid condition can generally proceed via two
pathways: direct oxidation by holes and indirect oxidation by ROS such as superoxide
(0,*) and hydroxyl (OH) radicals.”* *OH, which is one of the most active and
nonselective ROS, is highly oxidizing and formed by the reaction of photogenerated
holes with the adsorbed H,O or hydroxide groups present on the surface of oxide
photocatalyst. Simultaneously, electrons in the conduction band are transferred to
oxygen to generate O, that can trigger the subsequent formations of hydroperoxyl
radicals (HO,®) and hydrogen peroxide (H,0O,), depending on the reaction conditions.
These *OH, 0Oy, HO,®, and H,0, are the important oxidant sources involve in the

photocatalytic degradation of organics by TiO,." >

Despite having a considerably more negative valence band potential compared to that of
Ti0O,, the thermodynamically weaker photooxidation power of BiVO, has also been
reported to be highly efficient in the photodegradation of organic materials under visible

light, including water-soluble and volatile organic compounds. The former includes
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organic dyes (e.g., rhodamine methylene blue,”®**" and methyl orange®®**°) and
non-ionic surfactants (e.g., 4-n-nonylphenol,®® nonylphenol,®* and 4-n-alkyl-phenol®?),
while an example of the latter is ethylene.?® In fact, the feasibility of photocatalytic
organic degradation on BiVO, under visible light was shown to outperform that on TiO,,

which activity is strictly restricted to UV light.

Mechanistically, *OH radicals were proposed by several research groups as one of the
active species to be involved in the photocatalytic oxidation of organic compounds by
BiVO,,>* ® similar to that reported for TiO,. For instance, on the basis of increased
rhodamine B photodegradation rate with increasing pH value, one possible pathway for
the photocatalytic decomposition of rhodamine B was attributed by Martinez-de La
Cruz to the generation of °*OH radicals on BiVO, (Figure 2.10).>® At higher pH, a
higher concentration of hydroxide (OH) ions is present in the aqueous solution.
Adsorption of the OH ions on the surface of BiVO, and direct interaction with the

photogenerated holes thus result in the formation of °OH radicals
(OH +BiVO,(h")>"0OH+BiVO, ), which subsequently function as the oxidant to

degrade the rhodamine B molecules available on the photocatalyst surface.

Valenceband OH
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N (h*)
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TN
\ OH~"
N /y:.'v
(p*)
N Ao -
Q\‘\‘SOQO}A ~ Adsorption process
A
R #, “on-
. 0$ \ ."/"(, .
J ‘(("Il"b I l;.'”
me* (3) oy U

Figure 2.10. Schematic of the photocatalytic degradation pathway of rhodamine B (rhB)

on BiVO, via *OH radical formation.>
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This generally accepted *OH-radical driven mechanism, however, was demonstrated by
Kohtani et al. in their more recent investigation to be extraneous in the case of BiVO,.%
Generation of *OH radicals was detected through its reaction with terephthalic acid to
form the highly fluorescent 2-hydroxyterephthalic acid (TAOH). The amount of TAOH
formed in the presence of BiVO, was found to be negligible in comparison to that of
TiO,, suggesting the inefficiency of BiVO, to generate *OH radicals by hole oxidation
of OH" or water molecules. This phenomenon was ascribed to the negatively positioned
valence band edge of BiVO; relative to the redox potential of *OH/OH" (Figure 2.11) ,

indicating that *OH generation is thermodynamically unfavorable on BiVO,.

1 -
e TiO,
; 0 - Ti3d
O R S i 0,/0, (+0.38 V)
T
+ -
z S — 0,, H,0I0H(+1.23 V)
> 2 3.2 eV 2.4 eV
= ] Bi6s or
© —4— Hybridized Bi6s and 02p _
R BER LR E L *OH/OH™ (+2.61 V)
218 e 02p
a

Figure 2.11. Energy diagrams of BiVO, in comparison to TiO, at pH 0. Adapted from

Kohtani et al.®

2.4.2. Water Splitting

Large-scale production of H, as clean (i.e., carbon-free) and renewable energy carrier is
desirable to address the global energy and environmental issues. Combustion of H,
generates heat and work with water as the only byproduct. However, present industrial
production of H, mainly relies on steam reforming, in which fossil fuels (e.g., natural

gas) are consumed to result in CO, emission.

CH,+H,0—>CO+3H, (2.1)
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CO+H,0—CO,+H, 2.2)

One ideal way to solve the energy and environmental concerns is to utilize the
renewable and freely available solar energy for H, generation from water, that is, solar
water splitting. The potential of solar energy conversion to produce H, via
photocatalytic decomposition of water was widely recognized after the discovery of
Honda-Fujishima effect using TiO, electrode in 1972.%° Since then, tremendous efforts
have been devoted into investigating water splitting using semiconductor photocatalysts.
Water splitting has generally been studied using two approaches: powdered
photocatalyst and photoelectrode (i.e., photocatalyst immobilized on a conducting
substrate), which are hereafter denoted as powder suspension (PS) and

photoelectrochemical (PEC) systems, respectively.

2.4.2.1. Powder Suspension System

Solar water splitting using powdered photocatalyst shows promise for practical H,
production in a large scale because of its simplicity and low cost. Typically, the
photocatalyst powders only need to be dispersed in a water pool and then H, will be
readily obtained by exposing the suspension to sunlight, as depicted in Figure 2.12. The
photochemical reactions involved in solar water splitting include two half reactions: (1)
oxidation of water molecules by holes for O, generation (equation 2.3) and (2)

reduction of water molecules by electrons to form H, (equation 2.4).

2H,0 > 4H" + 0, +4e” (2.3)

2H* +26” > H, (2.4)
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Photocatalyst

Figure 2.12. Schematic representation of powder suspension system for photocatalytic
solar water splitting.?

One strategy to drive an overall water splitting (i.e., simultaneous generation of H, and
O, in stoichiometric amounts) is to use a single photocatalyst (single-step
photoexcitation), as shown in Figure 2.13a. Thermodynamically, the bottom of the
conduction band of a semiconductor photocatalyst has to be more negative than the
redox potential of H'/H, (0 V vs. NHE) and the top of the valence band be more
positive than the redox potential of O,/H,O (1.23 V vs. NHE), in order to achieve

overall water splitting.

[ Two-step system ]

Single-step system ] (Z-scheme)

Potential [
{V vs. NHE)

atpH 7 (a) 5] (b)

o4y _( _____________________________________________________
(H/H) o
owrest| 8
+0.82 HZO HED
(0,H,0) ( o, o,
P

Figure 2.13. Schematic of (a) single- and (b) two-step photoexcitation systems for

photocatalytic water splitting.’
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Figure 2.14 exhibits the band potentials of various semiconductors relative to the redox
potentials of water splitting. It is noteworthy that a number of oxide semiconductors
such as TiO,, SrTiOs;, Ta,0s, KTaO3;, and ZrO, have suitable band structures for
splitting water into H, and O,. However, their application is primarily limited to UV
light due to their intrinsically large band gaps, which is also the major demerit of
tantalate photocatalysts that were shown to be active for overall water splitting.® On the
other hand, despite having suitable band potentials and a narrow band gap responsive to
visible light, CdS is unstable and not active for overall water splitting because it is
susceptible to photocorrosion. In the absence of a sacrificial electron donor, S* anions
in CdS rather than H,O molecules are preferentially oxidized by the photogenerated
holes, resulting in the decomposition of CdS into Cd®* and S according to the equation

below:57-%

CdS+2h* - Cd* +S (2.5)
Such phenomenon of photocorrosion is commonly the limitation of metal sulfide

photocatalysts.
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Figure 2.14. Comparison of the band structures of various photocatalysts with respect to

the redox potentials of water splitting.®®

30



Chapter 2 Literature Review

In fact, the number of semiconductors that are visible-light-active, photochemically
stable and have appropriate conduction and valence band potentials for overall water
splitting, are very limited. Band gap engineering of oxide photocatalysts is therefore
essential for the development of new photocatalysts that are applicable for overall water
splitting under visible light irradiation. For example, formation of midgap electron
donor level via doping, introduction of a new valence band by element other than O 2p
(e.g., oxynitrides and oxysulfides) and the production of solid solutions have been
demonstrated to be efficient for band gap narrowing (Figure 2.15)." % To date,
(Ga1xZny)(N1-xOy) solid solution is one of the few visible-light-driven photocatalysts

reported to be active for overall water splitting.”

((2) Doping)  ((b) New VE) ({c) Solid solution)
CB cB
Wide Narrow
bl JLNGW - ‘

VB(02p) VB(02p)

Figure 2.15. Band gap engineering approaches to design visible-light-active oxide
photocatalysts.”® CB, VB and DL represent the conduction band, valence band and
electron donor level, respectively.

An alternative strategy for splitting water into H, and O, is to employ a two-step
photoexcitation mechanism (Figure 2.13b), similar to that in natural photosynthesis by
green plants and is known as the Z-scheme.” 2> ™ This system was first introduced by
Bard in 1979,”? which involves two different photocatalysts: one that is responsible for

H, evolution and the other for O, evolution. A suitable electron mediator (e.g., redox
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couple Red/Ox such as 10571 and Fe**/Fe*") is typically required to shuttle the
photogenerated electrons from the Oj-evolving photocatalyst to the H,-evolving
photocatalyst. However, the presence of reversible ionic redox couple may promote
undesirable backward reactions on the photocatalysts (Figure 2.16). For example, on the
O,-evolving photocatalyst, the thermodynamically more favorable oxidation of
reductant (Red) to oxidant (Ox) may compete with oxidation of water to O,. Likewise,
reduction of Ox to Red may proceed preferentially over water reduction to H, on the
H,-evolving photocatalyst.” Such backward reactions suppress forward reactions (H
and O, generations), thus strongly hinder the efficiency of the Z-scheme system for
overall water splitting. In regard to this, studies related to Z-scheme water splitting have
also been directed towards using graphene as the solid-state electron mediator’>"* and

promoting direct electron transfer between photocatalyst particles via electrostatic

interaction without an electron mediator.”

Potential
(V vs. NHE)
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r
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(H*/Hy)

(Ox/Red
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(0,/H,0)

— Electron transfer in forward reactions

-==-» Electron transfer in backward reactions

Figure 2.16. Schematic of the undesirable backward reactions along with the forward
reactions in the two-step photoexcitation system.’
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Z-scheme system offers a greater potential over the single-step system for water
splitting under visible light. Visible-light-driven semiconductor photocatalysts that are
active only for either water reduction or oxidation can potentially be employed for the
construction of the Z-scheme. Consequently, the ability of a great variety of
semiconductor photocatalysts for H, or O, evolution from water (i.e., half reactions of
water splitting) has widely been conducted and evaluated in the presence of sacrificial
reagents. Addition of a reducing reagent (i.e., hole scavenger) such as alcohol and
sulfide ions promotes consumption of the photogenerated holes via oxidation of the
reducing agent. This then enriches the electrons in the photocatalyst for an enhanced H,
evolution reaction (Figure 2.17a). On the other hand, in the presence of an oxidizing
agent (i.e., electron scavenger) such as Ag* and Fe**, the photogenerated electrons are
readily used for reducing the oxidizing agent and results in an enhanced O, evolution
reaction (Figure 2.17b). However, one should be aware that the photocatalysts tested to
be active for the half reactions are not definite to be active for overall water splitting in

the absence of sacrificial reagents.

(a) Test reaction for H, evolution||(b) Test reaction for O, evolution

Conduction H,
Band

H,O Conduction Ag

Band ()
Ag*

Ox (Oxidizin
Valence @C . reagents
band Alcohol

O
§%, 80,* Valence & 2
(Reducing reagents)|| [band H,O

Figure 2.17. Photocatalytic H, or O, evolution from the aqueous solutions containing

sacrificial reagents.”®
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Although H; production is primarily the main focus of water splitting, the O, evolution
half reaction plays an equally significant role in dictating the efficiency of the water
splitting reaction since it supplies the electrons needed for water reduction to form Ho.
In fact, water oxidation is the more challenging half reaction for water splitting because
it involves the abstraction of four electrons (refer to equation 2.3), whereas only two
electrons are needed for water reduction (refer to equation 2.4). Among the visible-
light-responsive oxide photocatalysts, WO3"> and BiVO,* " have been revealed to be
active for O, generation from water in the presence of sacrificial reagent, attributing to
their deep valence bands despite of the insufficient conduction band potential for water
reduction, as presented in Figure 2.14. However, a greater attention is devoted to BiVO,
because of its ability to absorb a larger portion of the solar spectrum, judging from its
relatively smaller band gap (2.4 — 2.5 eV in comparison to 2.7 eV for WO5).3 While the
ability of BiVO, to oxidize water has been proven using Fe** as the oxidizing reagent,’’
the studies related to water oxidation on BiVO, are extensively executed using the

electron-scavenging Ag* ions. % 384637

Interestingly, the potential of BiVO, to function as the O,-evolving photocatalyst in
visible-light-driven Z-scheme water splitting has also been demonstrated. The
construction of the Z-scheme system constituting of BiVO, as the Oj-evolving
photocatalyst, Pt/SrTiO3:Rh (Rh-doped SrTiO3) as the Hj-evolving photocatalyst and
Fe**/Fe’* as the redox couple was first reported by Kato et al. to be active for
stoichiometric production of H, and O, (2:1) under visible light,”® whereby the

mechanism of overall water splitting is schematically displayed in Figure 2.18.
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BiVO, (2.4 eV)

Figure 2.18. Mechanism of overall water splitting using the Z-scheme system constructed
by BiVO, and Pt/SrTiO;:Rh."

A subsequent study by Sasaki et al. showed that replacement of the Pt co-catalyst on the
SrTiO3:Rh photocatalyst with Ru co-catalyst helped to suppress the undesirable
backward reactions (e.g., water formation from H, and O,, oxidation of Fe?* by O, and
reduction of Fe** by H,) particularly observed using Pt/SrTiOs:Rh.” This study
indicates that Ru/SrTiOs:Rh is a better H,-evolving photocatalyst to construct the (Ru/
SrTiOs:Rh)-(BiVO,)-(Fe**/Fe**) Z-scheme system for overall water splitting under
visible light. Such Z-scheme system composed of Ru/SrTiO3:Rh and BiVO, was also

12 redox couple,®

shown to split water into H, and O, by using [Co(bpy)s]
[Co(phen)s]*"?* redox couple® or solid reduced graphene oxide (RGO)™ as the electron
mediator. On the other hand, overall water splitting was also observed to proceed in an
electron-mediator-free  (Ru/SrTiO3:Rh)-(BiVO,) Z-scheme system, in which the

interparticle electron transfer was driven by the electrostatic interaction between the H,-

and O,-evolving photocatalysts achieved via pH adjustment.”

Apart from Pt/SrTiOs:Rh and Ru/SrTiOs:Rh, a very recent study by lwase et al. also
demonstrated photocorrosive metal sulfides as the potent H,-evolving photocatalysts in

combination with CoOx-loaded BiVO, as the O,-evolving photocatalyst for Z-scheme
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water splitting in the presence of RGO as the electron mediator.”* Pt/CuGaS, and
Pt/ZnGeS, were the only two metal sulfides found to be active in such system
combination. As opposed to the Z-scheme systems containing Rh-doped SrTiOj3 as the
H.-evolving photocatalyst where stoichiometric water splitting was observed to proceed
using bare BiVO, as the O,-evolving photocatalyst, loading of CoOx as water oxidation
co-catalyst on BiVO, was revealed to be necessary to promote electron injection from

BiVO, to the metal sulfide via RGO for water splitting reaction to occur.

2.4.2.2. Photoelectrochemical System

The report of Honda-Fujishima effect in 1972 has formed the basis of PEC water
splitting. As opposed to PS system, water reduction and oxidation reactions proceed on
two physically separated electrodes in a PEC system. This allows separate production of
H, and O, to prevent the backward reaction of the two gases to form water, which is the
major setback in PS system. Another advantage of the PEC system is the
immobilization of the photocatalyst particles on a conducting substrate, enabling easy

removal and separation of the photocatalyst from water.

A basic PEC water splitting configuration includes single light-absorption component
(i.e.,, a p-type or n-type semiconductor) and a counter electrode. Principally, the
photoinduced minority carriers in the semiconductor are driven to the semiconductor-
electrolyte interface due to the electric field at the interface, whereas the majority
carriers are transported to the counter electrode (e.g., Pt) through an external circuit.? In
the case of n-type semiconductor, electrons as the majority carriers are transferred to the
counter electrode to conduct water reduction for H, formation, while holes (the minority
carriers) oxidize water to O, on the semiconductor surface, as illustrated in Figure 2.19a.

Therefore, n-type semiconductor functions as the photoanode of the PEC cell. On the
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contrary, p-type semiconductor with holes as the majority carriers works as the
photocathode, in which water is being reduced on the semiconductor surface but being
oxidized on the counter electrode (Figure 2.19b). However, given that most of the
photochemically stable and visible-light-active semiconductors do not possess suitable
thermodynamic potentials for water splitting into H, and O,, an external bias is
generally needed to drive the overall water splitting. The provision of external bias by

power supply is undesirable from the perspective of the energy consumption.

One ideal way to achieve visible-light-driven PEC water splitting without the need of
electrical energy from an external source is to construct a tandem system composed of
two light-absorption components as the photoanode and photocathode, as schematically
shown in Figure 2.19c. Upon light illumination, both the photoanode and photocathode
can be simultaneously excited to prompt spontaneous water redox reaction. Such a
tandem system eliminates the stringent requirement of band potentials; the p-type
semiconductor only needs to have a sufficiently negative conduction band to reduce
water and the n-type semiconductor mainly requires a highly positive valence band to
oxidize water. This suggests that a great variety of semiconductors with small band gaps
can potentially be employed in such a PEC tandem system. However, Zhang et al. stated
that the conduction band edge of the n-type semiconductor has to be more positive or of
similar potential than the valence band edge of the p-type semiconductor,?? indicating
careful selection of the semiconductor pair is crucial for the construction of the tandem

system.
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Figure 2.19. Configurations of PEC water splitting using (a) n-type semiconductor, (b) p-
type semiconductor, and (c) both n-type and p-type semiconductors for a tandem system.’

BiVO,, which is an n-type semiconductor, has been recognized as one of the most
promising photoanode materials.® ** ® This is not only because of its small band gap of
2.4 — 2.5 eV and deep valence band, but also due to its conduction band edge that is
only slightly below the redox potential for H*/H,, which potential is relatively very
negative compared to other visible-light-active n-type semiconductors. The potential of
the photogenerated electrons that are used for water reduction at the cathode is
determined by the conduction band position of the photoanode. A higher (i.e., more
negative) conduction band position results in a more negative photocurrent onset
potential at the anode half reaction, suggesting a lower external bias is needed and thus

a higher cell efficiency can be achieved.*”

2.4.2.3. Difference in Charge Separation Mechanisms in PS and PEC Systems

When a semiconductor is brought into contact with a solution containing a redox couple,
there exists a disparate electrochemical potential across the interface. In the case of n-
type semiconductor that is immersed in a solution that contains strong oxidizing species
(i.e., lower redox level (Erredox) than the Fermi energy (Ef) in the semiconductor), as

illustrated in Figure 2.20, electrons will flow from the semiconductor into the solution
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until the equilibrium is established (Er = Ereqox). The transfer of electrons away from
the semiconductor causes band bending at the outer region of the semiconductor, in
which the conduction and valence bands bend upward. Such a band bending develops
an internal electric field (V) within the semiconductor, whereby lesser electrons are
present at the region of the semiconductor near the interface in comparison to the bulk.

The depletion region is known as the space charge layer (SCL).

b
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Figure 2.20. Schematic representation of the energy diagram of the semiconductor-
solution interface (a) before and (b) after thermodynamic equilibration for a n-type
semiconductor.®

In the PS system, charge separation within the suspended semiconductor photocatalyst
primarily relies on the SCL formation at the semiconductor-solution interface. For
BiVO, that is n-type semiconductor, the built-in electric field in SCL drives the
photogenerated electrons toward the bulk and holes are directed to the BiVVO,-solution
interface, promoting the separation of electrons and holes. The extent of electron-hole
pair recombination within the bulk of the semiconductor (i.e., volume recombination)
can be alleviated by the formation of SCL. However, the SCL thickness (ds) is
restricted by the particle size since it cannot exceed the radius of the particle (ds. <
d/2).% As such, well-developed SCL is only present in large crystals but absent in

nanosized particles, as portrayed in Figure 2.21.
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Figure 2.21. Formation of space charge layers in (a) large and (b) small semiconductor
particles.®

Additionally, since both the photogenerated electrons and holes have to be present on
the surface of the same particle to conduct redox reactions, they can also be combined at
the semiconductor surface (i.e., surface recombination). Therefore, the charge
separation efficiency of suspended semiconductor photocatalyst in the PS system is
determined by both the volume and surface recombination,® as schematically

represented in Figure 2.22a.

On the other hand, charge separation in the PEC system is facilitated by the externally
applied bias.2® Given that the photogenerated electrons are transported to the cathode
and physically separated from the holes at the anode, surface recombination of these
charge carriers is not an issue in the PEC system. Instead, volume recombination arising
from interparticle charge transport plays a critical role in governing the charge
separation (Figure 2.22b).%” Since the semiconductor particles are immobilized on a

conducting substrate, the photogenerated electrons have to diffuse through the thickness
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of the particle film to be collected at the back substrate, while holes have to migrate to
the semiconductor-electrolyte interface to initiate oxidation reactions. Such migration of

electrons and holes may result in their recombination at the grain boundaries.

(@) Ag' (b)

e

volume
recombinAtion

surface
recombination

H,0

grain boundary

Figure 2.22. Schematics of the different charge separation mechanisms in the (a) PS and (b)

PEC systems for water oxidation.®’

2.4.3. Limitations of BiVO,

On the basis of 2.4 eV band gap, in which up to 11 % of the standard AM1.5 solar
spectrum can be absorbed, BiVO, can theoretically produce a maximum photocurrent of
7.6 mA/cm? (assuming all incident photons with an energy greater than 2.4 eV are
absorbed), corresponding to a solar-to-hydrogen energy efficiency of 9.3 %.3° However,
the actual energy conversion efficiency obtained by BiVO,, reported to date, is far
below its theoretical value. This is attributed to the poor electron transport,® slow water
oxidation kinetics®® and low carrier mobility,®® contributing to the poor charge

separation of BiVO,.

Despite relatively small effective carrier masses have been predicted, the performance

of BiVO, film was demonstrated by Liang et al. to be limited by poor electron
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transport.>® This was proven by the incident photon-to-electron conversion efficiency
(IPCE) obtained from backside illumination of BiVO, photoelectrode (illumination
through the substrate) was greater than that from the frontside illumination (illumination
through the electrolyte), as presented in Figure 2.23a. Similar phenomenon was also
observed by Zhong et al., where higher photocurrent densities were achieved with
backside illumination of their BiVO, photoanodes, indicating that electron transport is
slower than hole transport in the BiVO, films.®* The poor electron transport properties
of BiVO, may be ascribed to the disconnected VO, tetrahedral units in the crystal
structure of the material, suggesting that the photoexcited electrons in the V 3d
conduction band have to hop between the VO, tetrahedra.*® Indeed, the charge transport
in BiVO, single crystals from 250 to 400 K has been proposed to be dominated by a
small polaron hopping mechanism that is associated with low electron mobility.%? Poor
wave function overlap between V 3d and Bi 6p orbitals at the conduction band of
BiVO, to cause electron localization was also observed using DFT calculations.*® In
contrast, theoretical study on hole transport in BiVO, revealed a relatively weak hole

|193

localization in this material,”™ again signifying that the charge transport in BiVO, is

primarily limited by electron mobility.

One approach that has been widely proven to effectively improve the electron transport
in BiVO, involves introduction of impurity elements into the material, which is known
as doping. Earlier efforts focused on BiVO, singly doped with metal. For example, Ye
et al. demonstrated that among the various metal dopants (W, Fe, B, Cu, Zn, Ti, Nb, Sn,
Co, Pd, Rb, Ru, Ag, Ga, Sr, and Ir), only W-doped BiVO, resulted in enhanced
photocurrent and IPCE (obtained via frontside illumination) in comparison to undoped-

BiVO,.> Using backside illumination, significant enhancement of the IPCE spectrum of
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BiVO, photoelectrode was also observed upon incorporation of 1 % W (Figure 2.23Db),
manifesting improved electron mobility ensuing from W-doping.*® Subsequently, Luo et
al. revealed that in addition to W, Mo is another metal dopant that can enhance the PEC
performance of BiVO,, while Ta, Zr, Si, Ti, La, Fe, Sr, Zn, and Ag are ineffective.”
The beneficial role of W and Mo dopants to improve the electron transport in BiVO,

995 \which is in accordance with DFT

was found to be due to increased carrier density,
calculations that predict the two dopants as shallow electron donors.*® Following these
findings, BiVO, codoped with Mo and W has also been prepared and shown to

outperform that of BiVVO, singly doped with Mo or W.%"%

Another performance-limiting factor for BiVO, is slow hole transfer across the
semiconductor-electrolyte interface (i.e., slow water oxidation kinetics). This is
evidenced by about threefold enhancement of the photocurrent density of BiVO, in the

presence of H,0, (Figure 2.23c),*"

which is a highly efficient hole scavenger that has
an oxidation kinetics at least 10 times faster than that of H,O attributing to its lower
reduction potential of +0.68 V with respect to +1.23 V vs. RHE for H,0.%* The slow
water oxidation kinetics of BiVO,4 can be overcome by modifying the surface with
water-oxidation cocatalysts. While various transition metal catalysts such as 1rO,, RuO5,

95, 99-100

and RhO, are known as good oxygen evolution catalysts, materials based on

earth-abundant elements are favorable. With regard to this, the potential of Co-Pi,
91, 101104 00,0419 Co0'™, FeOOH,' ™ and NiOOH™ as the earth-abundant
water-oxidation cocatalysts for BiVO, has recently been demonstrated. Of these
cocatalysts, Co-Pi is the most commonly studied cocatalyst to improve the water

oxidation kinetics of BiVO, in both the PEC and PS systems. Remarkably, the

photocurrent densities of Co-Pi deposited BiVO, photoelectrodes were found to be
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comparable to that of BiVO, performing H,O, oxidation (Figure 2.23c),**®

indicating
that Co-Pi is highly effective in capturing holes to promote water oxidation of BiVO,
photoanode, whereby near-complete suppression of surface electron-hole recombination
can be achieved.® In spite of that, a significant fraction (60 — 80 %) of the

photogenerated charge carriers still succumbs to recombination, as shown in Figure

2.23d.

In light of the different roles of doping and water-oxidation cocatalyst in improving
BiVO, performance, as described above, Zhong et al. studied the performance of W-
doped BiVO, interfaced with Co-Pi catalyst.®* In the tested potential range of 0.4 — 1.5
V vs. RHE (Figure 2.23e), although catalytic efficiencies of close to 100 % for surface
water oxidation (¢ox) on W-doped BiVVO, can be achieved after Co-Pi modification, the
resulting charge separation yields (¢sep) Still remain significantly low (approximately 0.1
— 0.3 (i.e., > 70 % of the electron-hole pairs are recombined)). The results thus suggest
that bulk carrier recombination as the primary bottleneck limiting the efficiency of
BiVO,. Further development of BiVO,4 material should be focused on improving charge

separation efficiency.
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Figure 2.23. (a) IPCE spectra of BiVO, for frontside and backside illuminations.* (b)
Comparison of the IPCE spectra of BiVO, and 1 % W-doped BiVO,, both measured with
backside illumination.*® (c) Photocurrent-voltage curves of BiVO, (with and without the
addition of H,0, in the electrolyte), along with that of Co-Pi modified BiVO.,.* (d)
Efficiencies of surface water oxidation catalysis (¢ox) and charge separation (¢sep) of BiVO,
and Co-Pi modified BiVO, as a function of applied bias.*’ (€) ¢ocand ¢, of W-doped
BiVO, and Co-Pi modified W-doped BiVO, as a function of applied bias.”
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The poor charge separation of BiVO, was revealed by Abdi et al. to be due to its
intrinsic exceptionally low carrier mobility of ~ 4 x 102 cm? V* s (under ~ 1 sun
illumination conditions).*® However, the poor carrier mobility is compensated by the
unexpectedly long carrier lifetime (40 ns) and diffusion length (70 nm), which are
responsible for the high quantum efficiencies reported for BiVO,. Table 2.1 compares
the dynamic properties of BiVO, to typical metal oxides, such as Fe;O3;, Cu,0, and
WO:;. Clearly, the carrier mobility of BiVOy is at least 1 — 2 orders of magnitude lower
than that of the other metal oxides, while its carrier lifetime is 1 — 3 orders of magnitude

longer.*

Table 2.1. Comparison of the carrier mobility, lifetime, and diffusion length of BiVO, with
that of several typical metal oxides.*

Material Carrier mobility, Carrier lifetime, T Diffusion length, L
[cm® Vs [nm]
Fe, O3 0.5 3ps 2-4
Cu,0 6 40 ps 25
WO, 10 1-9ps 150 - 500
BiVO, 0.044 40 ns 70

2.5. Strategies for Improving the Charge Kinetics of BiVO,

As described in Section 2.3. and 2.4., BiVO, possesses many features (e.g., visible band
gap, deep valence band, and long carrier lifetime) that make it a highly promising oxide
semiconductor photocatalyst for solar water oxidation and organic degradations.
However, full exploitation of the valuable features of BiVO, is hindered by its intrinsic
poor charge kinetics such as charge separation, transport, and transfer. While state-of-
the-art BiVO, often incorporate n-type dopant (i.e., Mo and W) and water-oxidation
cocatalyst to overcome the respective electron transport and water oxidation kinetics

limitations of BiVOy,, the performance of BiVOy is still greatly hindered by poor charge
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separation, particularly in the bulk. Exploration of other strategies, aside from doping
and surface modification with water-oxidation cocatalyst, has shown the potentials of (1)
morphology control, (2) formation of composite structure, (3) annealing treatment, and
(4) nanoscaling to overcome the shortcomings of this material. This section aims to
provide an overview of strategies 1-4, whereby relevant findings from our most recent

studies will also be incorporated and discussed herein.

2.5.1. Crystal Facet Engineering

Given that photochemical redox reactions essentially proceed on the surface, the
physicochemical and electronic properties of the exposed surfaces of a photocatalyst,
which are dependent on the surface atomic arrangement and coordination, play a vital
part in determining the reactivity and activity of the material. As such, design and
morphological control of crystal facets is a strategy commonly employed to optimize

the performance of various semiconductor photocatalysts.

On the one hand, the photoreactivity of different crystal facets exposed on a
photocatalyst was demonstrated to vary because of the different surface atomic
structures, surface electronic structures, and selective reactant adsorption.'**** These
have been extensively studied for the benchmark oxide photocatalyst, TiO,. Although
anatase TiO, crystals obtained without addition of surfactant or directing agent in the
synthesis processes are dominated by the thermodynamically stable {101} facets with
minority {001} surfaces,**’ both theoretical and experimental studies indicated that the
latter being relatively more reactive than the former.*82! The higher reactivity of {001}
surface was conventionally ascribed to it having a higher percentage of surface
undercoordinated Tis. atoms (100 %) in comparison to that of {101} with 50 % Tis. and

50 % Tig. atoms.**® 1?2 As opposed to the conventional understanding, Pan et al.
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revealed that the photoreactivity order of the different facets on anatase TiO, is {001} <
{101} < {010} for °OH radical generation and H, evolution, accrediting to the
cooperative attributes of surface unsaturated Tisc atom density and facet-specific

conduction band potential.**?

Likewise, BiVO, crystals with increased {010} facets were shown to exhibit enhanced
photocatalytic activity. Zhang et al. reported that BiVO, nanosheets with a preferred
(010) surface orientation, synthesized in the presence of sodium dodecyl benzene
sulfonate as the morphology-directing agent, showed faster degradation of N,N,N’,N’-
tetraethylated rhodamine than that of bulk BiVVO4.*® Xi et al. demonstrated that BiVO,
nanoplates with exposed {010} facets displayed enhanced degradation of Rhodamine B
and photocatalytic O, generation in comparison to BiVO,; nanorods and

microcrystals.*?*

By controlling the exposure extent of BiVO, (040) surface
(corresponding to {010} facets) using different amounts of TiCl; as the directing agent,
Wang et al. revealed a correlation between the photocatalytic water oxidation activity of

BiVO, with the {010} facets, as exhibited in Figure 2.24.*%
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Figure 2.24. Correlation of the O, evolution rate of BiVO, with its exposure extent of {010}
facets, calculated via the XRD (040)/(110) peak intensity ratio. Adapted from Wang et

125
al.
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On the other hand, presence of different crystal facets on a photocatalyst polyhedron
was demonstrated to drive spatial separation of photogenerated electrons and holes on
the surface, which was proposed to be due to the difference in the potential energy
levels of the conduction and valence bands of different facets arising from the varied
surface electronic structures associated with them.?**#" Such phenomenon was first
observed by Ohno et al. on TiO,, in which formation of Pt deposits via photoreduction
of Pt** primarily proceeded on the {110} facets of rutile and {101} facets of anatase,
whereas PbO, particles resulting from photooxidation of Pb** were seen mainly on the
{011} facets of rutile and {001} facets of anatase.’® This study thus infers that rutile
{110} and anatase {101} facets are the active reduction sites, while rutile {011} and
anatase {001} facets function as the active oxidation sites. Using a single-molecule
imaging and Kinetic analyses of the fluorescence of redox-responsive fluorogenic dyes,
Tachikawa et al. also demonstrated that the {101} facets of anatase TiO, are a more
efficient reduction site than the {001} due to the preferential electron trapping on

{101}.*%

The facet-selective metal and metal oxide depositions indicative of spatial separation of
electrons and holes have also been demonstrated on other photocatalysts.'?” 2°
Particularly, Li et al. showed that the photoreduction of Au®*, Pt**, and Ag® ions to
metal deposits and the photooxidation of Pb?* and Mn?** to metal oxide deposits took
place selectively on the {010} and {110} facets of BiVO, crystal, respectively,**’ as
depicted in Figure 2.25. The preferential occurrences of photoreduction reactions on the
{010} facets and photooxidation on the {110} facets were attributed to the relatively

lower conduction and valence band energy levels of the {010} facets (Figure 2.26a),

which was supported by DFT calculations.?” The difference in surface energy levels
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suggests that electron transfer from {110} to {010} facets is thermodynamically
feasible, leading to electron accumulation on the {010} facets and hole on the {110}

(Figure 2.26b) for them to function as the redox functional facets.

Figure 2.25. SEM images of the simultaneous depositions of metal (Au, Pt, or Ag) and
metal oxide ((a) MnO, or (b) PbO,) on the surface of dual-faceted BiVO,.'*" Scale bar,
500 nm.

Figure 2.26. Schematic diagrams of (a) different conduction and valence band energy
levels of the {010} and {110} facets of BiVO,*’ and (b) spatial separation of electrons and

holes on the two facets.®
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On the basis of the different energy structures of the {010} and {110} facets of BiVOy,,
Li et al. designed two types of BiVO,-TiO, heterojunctions by interfacing TiO, with
either the {010} or the {110} facets of BiVO,™ They revealed that the two
heterojunctions have different activities for PEC photocurrent generation and
photocatalytic degradation, owing to the different energy band alignments between TiO,
and the two facets of BiVO,4. Meanwhile, the roles of {010} and {110} as the respective
reduction and oxidation functional facets of BiVO, are further substantiated in
numerous studies.’® **! For instance, Li et al. presented that the reduction cocatalysts
(Pt, Au or Ag) and oxidation cocatalysts (MnOy or Co30,) could be selectively
deposited onto the {010} and {110} facets of BiVO, by sequential photodeposition
method.'® The deposition of cocatalysts on the right facets of the BiVVO, (i.e., reduction
cocatalyst on the electron-rich {010} facets and oxidation cocatalyst on the hole-rich
{110} facets) was shown to be highly efficient to consume the photogenerated electrons
and holes, resulting in enhanced photocatalytic activities with respect to the BiVO, with
randomly distributed reduction and oxidation cocatalysts. For a Z-scheme comprises of
the hybridization of platinized photosystem | (PSI) protein and BiVO,, Kim et al. also
demonstrated that photoreduction of Au** or Ag" ions to the respective metal deposits
occurred preferentially on the reduction functional {010} facets of BiVO, to allow
selective extraction of electrons from BiVO, to be transferred to the PSI for H;

generation reaction.*®

Although the phenomenon of charge separation on the different facets of a
semiconductor can be deduced from the results of selective photodepositions of metal
and metal oxide and the DFT calculations, a direct evidence for the anisotropic charge

transfer/separation on the surface of semiconductor is lacking. For this, Zhu et al.
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employed spatially resolved surface photovoltage spectroscopy (SRSPS) on single dual-
faceted BiVO, crystal and observed a highly anisotropic photogenerated hole transfer to
the {110} facets. This was indicated by the 70 times stronger SPS signal on the {110}
facets compared to that of {010} facets.*® Tachikawa et al. studied the charge carrier
dynamics of dual-faceted BiVO, using single-particle photoluminescence (PL)
spectroscopy and discovered that trapped holes are favorably located on the {110}

facets of the BiVO, crystal, while electrons are uniformly distributed over the crystal.*

The findings from the abovementioned experimental results of metal/metal oxide
selective photodeposition, theoretical DFT calculations and in situ microscopic
techniques consistently infer that photogenerated holes are preferentially transferred or
accumulated on the {110} facets of BiVO, relative to the {010} facets, allowing {110}
to function as the active oxidation site. This may seem to be contradicting with the
observations of the previously mentioned studies that suggest a correlation between the
photooxidation performances of BiVO, (including degradation of organic molecules

and water oxidation for O, evolution) with the {010} facets,'2**%

which are supposedly
the reduction functional facet. However, it has to be noted that the BiVO, samples used
for comparison in the said studies were of multiple morphological differences (e.g.,
particle size, types of exposed crystal facets and surface area). Therefore, the observed

enhanced activity of BiVO, with preferentially exposed {010} facets should not be

solely attributed to the {010} facets.

A theoretical study conducted by Yang et al. has indicated that water oxidation on the
{010} facets of BiVO, is more favorable than that on the {110} facets because {010}
has higher charge carrier mobility, easier water adsorption and lower energy barrier.™*

Despite these valuable computational calculations, the crystal facet effects on the charge
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transfer efficiency of BiVO, to the reactants (electron donor/acceptor), which may be
one of the underlying reasons for the crystal-facet-dependent photoactivity of BiVO,,
remain poorly understood. Preparation of dual-faceted BiVO, crystals with varying
exposure extent of the {010} and {110} redox functional facets but of comparable size
and surface area will be beneficial for better understanding of the crystal-facet-

dependent charge transfer properties.

2.5.2. Compositing with Graphene

Coupling of semiconductor with a conductor (i.e., carbon materials) is a promising
approach shown to be effective in enhancing the charge separation and transport
properties of the semiconductor. Owing to the abundance of delocalized electrons from

134-135

the conjugative =-System, carbon materials such as fullerenes, carbon

136137 and graphene®® are good in accepting and shuttling the photogenerated

nanotubes,
electrons from semiconductor photocatalysts and hence effectively separating the
electron-hole pairs. However, graphene has attracted more immense research interest
than the other two carbon allotropes because of its unique two-dimensionality,
contributing to its exceptionally high specific surface area (~ 2600 m? g™)** that is
readily accessible for surface adsorption of chemical molecules (i.e., organic reactants).
The single-atom-thick nature of the graphene sheet also allows it to be optically
transparent, which is a highly desirable characteristic to minimize the light-shielding-

effect when it is being coupled with a semiconductor that works as the main photon

absorber.

Among the numerous preparation methods of graphene reported to date (i.e.,

0 141 142
h, ):

mechanical cleavage,'*® epitaxial growt and chemical vapor deposition

chemical exfoliation of graphite to graphene oxide (GO) followed by reduction via
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chemical, thermal, electrochemical, photocatalytic, sonochemical, photothermal or
microwave-reduction method is the most widely employed approach due to the
simplicity, reliability, low cost, and large scalability of the process.**® In fact, the wide-
ranging synthesis methods of graphene-based semiconductor photocatalysts have shown

GO as the chief precursor of graphene.*®

While the presence of various oxygen
functional groups (i.e., hydroxyl, epoxy, carboxyl, and carbonyl) on the surface of GO
offers potential for functionalization and provides reactive sites for the nucleation and

growth of nanoparticles, partial restoration of the conjugated sp® network via reduction

to obtain reduced graphene oxide (RGO) is essential to resurrect the conductivity of GO.

The pioneering work on the synthesis of graphene-based semiconductor photocatalyst

was reported by Williams et al. in 2008.14®

Apart from showing the practicability of in-
situ photocatalytic reduction of GO by TiO, (under UV light) to obtain RGO-TiO,
nanocomposite, the work also elucidated the mechanism of electron transfer pathway
from photoexcited TiO, to GO, showcasing the electron-accepting attribute of graphene
or graphene derivative. A subsequent work by Lightcap et al. demonstrated the stepwise
transfer of photogenerated electrons from TiO, to GO for RGO formation and then from
RGO to Ag" ions, resulting in the production of RGO-Ag-TiO, composite. The
observation of the distinct Ag nanoparticle anchored site from that of the TiO, proved
the electron-shuttling capability of RGO.™* Such excellent electron-accepting and
shuttling properties of RGO are generally associated with the longer carrier lifetime,

lower charge recombination and improved photoactivities of various RGO-based oxide

semiconductors, including TiO,,*****¢ WO3,*" Zn0,*® and Sn0,™*° to name a few.

The study on RGO-BiVO, composite was first conducted by Ng et al. via photocatalytic

reduction of GO by BiVO, under visible light.™® The resulting RGO-BiVO, exhibited
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tenfold enhancement in PEC photocurrent compared to BiVOy, as displayed in Figure
2.27a. Interestingly, the photocurrent generated by RGO-BiVO, under visible light was
higher than that produced by UV-excited TiO,. IPCE action spectra of BiVO, and
RGO-BiVO, (Figure 2.27b) were examined to confirm that the photocurrent generation
only occurs upon photoexcitation of BiVO,4 and therefore eliminates the possibilities of
improved photocurrent of RGO-BiVO, attributing to enhanced light absorption ensuing
from RGO addition and contribution of extra electrons from the excited RGO. On the
contrary, the considerably increased photoconversion efficiency of RGO-BiVO, was
proven due to slower charge recombination rate, as evidenced by the longer transient
time constant (the time at which In D = -1, where D = (I — Isy)/(Iin) — lisy), I IS the
photocurrent at a time t, I, the photocurrent at t = 0, and I the steady-state
photocurrent) of RGO-BiVO, in comparison to BiVO, (Figure 2.27c). This study thus
suggests that the incorporation of RGO primarily provides a low-resistant electron
pathway to facilitate electron transport from the photoexcited BiVO, to the conductive
electrode (schematically illustrated in Figure 2.27d), enhancing charge separation and
PEC photocurrent of RGO-BiVO,. Following this report, the superior performance of
RGO-BiVO, over bare BiVO, in different photocatalytic applications such as organic

151-152

degradations, water oxidation,">® and reduction of CO, and Cr(VI)** were also

reported.
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Figure 2.27. (a) Current-potential curves of BiVO,, RGO-BiVO,, and TiO,. Both BiVO,
and RGO-BiVO, were illuminated by visible light, whereas TiO, by UV light. (b) IPCE
and UV-vis diffuse reflectance spectra of BiVO, and RGO-BiVO,. (c) Plots of normalized
transient photocurrent of BiVO, and RGO-BiVO, as a function of time. Inset shows the
schematic representation of a typical photocurrent transient response curve. (d) Schematic
illustration of the role of RGO in facilitating electron transport in RGO-BiVO, material.
Adapted from Ng et al.**°

Notably, research available in respect of graphene-based semiconductors predominantly
focuses on highlighting graphene-mediated enhanced photoactivity and streamlining
their preparation methods. Given that the improved charge separation of graphene-
semiconductor composite fundamentally relies on the charge transfer at the interface, a
few studies have been devoted on maximizing the interfacial contact between graphene
and semiconductor via the construction of a graphene-wrapped semiconductor
structure.™>™*® For instance, Wang et al. reported the production of RGO-BiVO,
composites with the BiVO, polyhedrons fully covered with RGO sheets, resulting in

enhanced charge separation and high activity of the material for methylene blue
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photodegradation,™® as schematically depicted in Figure 2.28a. Despite of this, the
influences of the semiconductor morphology changes (i.e., size, shape, and exposed
crystal facets) on its charge interactions with graphene are scarcely studied. The
photocatalytic activities of various semiconductors have been extensively shown to be
affected by their morphology properties. Understanding of the relationships between
graphene-semiconductor charge interactions and the semiconductor’s morphology
properties is indispensable to rationalize the design of highly functionalized graphene-

semiconductor materials.

BiV.O,

Figure 2.28. Schematic illustrations of (a) RGO-wrapped BiVO, for enhanced charge
separation efficiency and improved activity for photocatalytic degradation of methylene
blue (MB)™® and (b) efficient electron and hole separation via electron transfer through
RGO and hole migration through the internal structure of BiVO, for improved

photodegradation of rhodamine B (RhB).™’
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As previously described in Section 2.5.1., BiVO, with well-defined {010} and {110}
facets have been extensively suggested to have efficient charge separation since
photogenerated electrons from the {110} facets with relatively higher (i.e., more
negative) conduction band potential are preferentially transferred to the {010} facets of
lower conduction band potential, while holes move in the opposite direction. However,
recombination between electrons and holes is inevitable during their transition between
the two facets via a single channel in the BiVO, particle. To further optimize the charge
separation efficiency of the dual-faceted BiVO,, Feng et al. proposed to incorporate
RGO into the faceted BiVO, as an additional channel that only allows transport of
electron, realizing dual-channel charge separation with high selectivity.™’ As portrayed
in Figure 2.28b, the RGO sheet was suggested to serve as an external channel for
electron migration from the {110} surface to electron-accumulating {010} surface,
whereas hole transfer in the opposite direction happens in the internal structure of
BiVO,. The existence of such thermodynamically feasible distinctive migration
channels of electron and hole was supported by the emergence of a new
photoluminescence emission peak in the RGO-BiVO, sample, which energy
corresponds to the difference of the energy levels between the conduction band of {110}
facets and the valence band of the {010} facets. Although this study suggests
preferential electron transfer from the {110} facets of BiVO, to RGO, the differences in
charge interactions between graphene and the {110} and {010} facets of BiVO, as well
as the impacts of the relative exposure extent of the two facets on graphene-BiVO,
interfacial charge interactions remain unclear. Deeper insights into these aspects may
extend the application of crystal facet engineering in the fabrication of graphene-

semiconductor materials.

58



Chapter 2 Literature Review

2.5.3. Annealing Treatment

Annealing has generally been employed as a post-synthesis treatment, which is useful to
promote crystal grain growth and to tailor the phase composition of metal oxide
photocatalysts. The increase of grain size results in the improve of crystallinity, %
whereas the temperature dependence phase transformation allows such heat treatment to
expedite formation of the more thermodynamically stable structure of the materials.>®
162-183 Apart from that, annealing-mediated morphological changes such as particle size
and shape are also commonly observed due to the minimization of surface free energy
in response to the provision of thermal energy.™ * 1% These changes in the
physicochemical properties affects the charge generation, separation, and transport

behaviors of the metal oxide photocatalysts, indicating that the intrinsic poor charge

properties of the materials can be addressed in part by annealing treatment.

Although earlier works on thermal annealing were predominantly performed in an
oxygen-rich atmosphere (e.g., air and O, gases), more recent studies have extended the
heat treatment to oxygen-deficient environment such as nitrogen (N,), argon (Ar), and
H, gases.*” %% Annealing in both oxygen-rich and deficient conditions was
demonstrated capable to tailor the physicochemical properties of the treated metal
oxides as aforementioned. However, heat treatment in oxygen-deficient atmosphere was
revealed to induce the formation of oxygen defects known as oxygen vacancies, which
on the other hand are inhibited in oxygen-rich atmosphere. For instance, thermal
treatment of N-doped TiO, particles in N, and air atmospheres was demonstrated by
Yamada et al. to have opposite effects on oxygen vacancy formation in the material:
increased after No-treatment but decreased after air-treatment.™®® Likewise, Mtangi et al.

reported that a new defect possibly related to oxygen vacancy was exhibited by ZnO
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after H, and Ar annealing, but absent after O, annealing.'®” The formation of oxygen
vacancies contributes to self-doping effect, which can tune the optical and electronic

properties of metal oxides.'®®

Among the oxygen-deficient gases, tremendous efforts have been focused on H;
annealing (i.e., hydrogenation) because of its strong reducing ability shown to be highly
efficient to instigate oxygen vacancy formation in various metal oxides. Black TiO,
nanocrystals with a highly disordered surface covering the TiO, core obtained via
hydrogenation of TiO,, was first reported by Chen et al.**® Midgap electronic states
were revealed to be created in the black TiO,, as supported by the significant reduced
band gap from 3.30 eV of the untreated, white TiO, to ~ 1.54 eV for the treated TiO..
On the other hand, subjection of TiO,,*"® ZnO™, and WO5'"* to hydrogen treatment
(based on the separate studies conducted by Li and coworkers) consistently showed an
increase of oxygen vacancies in the respective treated metal oxides.*> The introduction
of oxygen vacancies, which are known as the shallow donors of metal oxides, was
demonstrated to result in improved donor density, charge transport properties, and

photoactivity of all the hydrogenated samples.

A more recent work of Li and co-workers has also validated the beneficial role of
hydrogenation on the PEC performance of BiVO,4,?* similar to that reported for other
metal oxides. The visible light absorption ability of BiVO, was enhanced upon
hydrogenation, suggesting the presence of midgap states in the hydrogenated BiVO,
(H-BiVO,) samples. The creation of oxygen vacancies in H-BiVO, was confirmed by
the increased of surface adsorbed oxygen species O,qgs (represented by the peak located
at a higher binding energy relative to the O 1s peak corresponds to the surface lattice

oxygen O of BiVO,), evolution of V** species and negative shift of the Bi 4f peaks
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(indicative of the reduction of Bi** in BiVO, to lower oxidation states), as depicted in
Figure 2.29a-c, respectively. Surface oxygen vacancies are positively charged and
therefore incline to adsorb negatively charged species such as OH", 0", 0%, and 0,>.}"®
Increased adsorption of these negative species would lead to the formation of V**
species due to electron transfer to the cation VV>* to maintain the electroneutrality of the
oxide material.’”* As such, the O, and V** species are associated with oxygen
vacancies in BiVO,.}"**® In addition, partial reduction of Bi** has also been correlated
with oxygen vacancies.”” The oxygen vacancy formation was proved to increase the
donor density of the hydrogenated BiVO, (H-BiVO,) by one order of magnitude, as
evidenced by the considerably smaller slope of its Mott-Schottky plot in comparison to
that of BiVO, (Figure 2.29d). Such increase of donor density was in consistent with the
DFT calculations, which predicted oxygen vacancy as shallow donor for BivVO,.2* '8
Electrochemical impedance spectroscopic measurements manifested that the Nyquist
plot arc radius of H-BiVO, (Figure 2.29e) was greatly reduced, signifying a smaller
charge transfer resistance at the semiconductor-electrolyte interface. The enhanced

charge transport ability attributable to the increased donor density of H-BiVO, thus

explained its improved PEC photocurrent with respect to BiVO,.
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Figure 2.29. (a) O 1s, (b) V 2p, and (c) Bi 4f XPS spectra of BiVO, (black) and H-BiVO,
samples heated at 300 (red) and 400 <C (blue). (d) Mott-Schottky and (e) Nyquist plots of
BiVO, and H-BiVO, (300 <C) obtained under dark condition. Adapted from Wang et al.?*

A later study on the effects of hydrogen treatment on the structural, optical, electronic,

and PEC properties of BiVO, conducted by Singh et al. also presented findings similar

to that reported by Li and co-workers (as detailed above).'” In light of hydrogen

treatment as a straightforward approach to improve the charge transport properties of
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metal oxides, it has also been combined with the deposition of different oxygen
evolution cocatalysts as a synergistic approach to develop highly efficient BiVO,

photoanodes.*"*°

H., which is a flammable gas, has to be handled with extra care during the experimental
setup for hydrogenation treatment. Furthermore, the strong reducing ability of H, limits
the temperature range applicable for hydrogenation treatment to avoid undesirable
reduction effects. For instance, unfavourable reduction of the SnO, layer on the
fluorine-doped tin oxide (FTO) substrate to metallic Sn was observed for TiO,/FTO
photoelectrode hydrogenated at temperatures higher than 450 <C. This then restrains
the extent of improvement achievable for the physicochemical properties (e.g.,
crystallinity) for the treated material, which are generally in proportion to the annealing
temperature. Hence, N, or Ar gases may be a safer substitute for H, to provide oxygen-

deficient atmosphere for the annealing process.

However, studies on annealing treatment of metal oxides in N, and Ar atmospheres with
clear elucidation of the effects on the structural, optical and electronic properties of the
treated materials have been scarce. Very recently, annealing of nanoporous BiVO,
photoanode in N, flow was demonstrated to result in enhanced photon absorption,
carrier density and mobility because of the combined effects of N-doping and oxygen
vacancy formation.'®! Although this is the only study available for N-treated BiVOy, it
provides experimental and computational evidences showing the practicability of N,
annealing to induce oxygen vacancy formation in BiVO,, which on the other hand still
remains unknown in the case of Ar annealing. Given that Ar gas is the other oxygen-

deficient gas prevalently used in various experimental setups operated at elevated
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temperature due to its inertness, exploration of the impacts of Ar annealing on the

properties of oxide materials, particularly oxygen vacancy formation, is imperative.

2.5.4. Nanoscaling

Upon photoexcitation, the photoinduced electrons and holes have to migrate from the
bulk of the semiconductor photocatalyst to the surface to take part in redox reactions. In
the absence of an external field, the charge carriers move by diffusion. The average
distance a carrier moves from the point of generation and before recombination is

defined as the diffusion length (L) which relies on the lifetime t and mobility puof the

carrier.
L =/Dr 2.6)

where D is the carrier diffusion coefficient that is related to pby the Einstein relation:*®2

p-p&T 27)

q
In order to optimize the collection of both electrons and holes at the semiconductor
surface, a semiconductor film thickness and the dimensions of suspended
semiconductor have to be in the same range as the diffusion lengths of the charge
carriers,®® as illustrated in Figure 2.30. Clearly, this can be achieved by nanostructuring
the surface of the film (Figure 2.30b) and downsizing the suspended particle to

nanoscale (Figure 2.30c).
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Figure 2.30. Charge collection in (a) flat films, (b) nanostructured films, and (c) suspended
particles. L, and Ly denote the respective diffusion lengths of electron and hole, whereas d
represents the film or particle thickness. Adapted from Osterloh.®

The nanostructuring/nanoscaling approach is useful to overcome the limitations of
oxide photocatalysts such as short carrier lifetimes and low mobility.®® In view of this,
nanostructured morphologies are extensively adopted in studies related to BiVO,

photoanode 83, 95, 109-110, 183

which has been shown to suffer from poor carrier mobility.
For instance, Kim and Choi fabricated a nanostructured BiVO, electrode composed of
particles (mean size 76 5 nm) smaller than its hole diffusion length (~ 100 nm).*° The
resulting electrode was demonstrated to have a remarkably high charge separation
efficiency of 90 % at 1.23 V vs. RHE in comparison to the typical value of < 30 %
reported for BiVO, photoanode, attributing to the short charge transport pathways.
Additionally, the porous structure ensuing from the nanoparticle network also allows
the electrolyte to easily penetrate into the semiconductor film, increasing the contact
area between the semiconductor and the electrolyte and promoting interfacial charge

transfer to suppress charge recombination.8® 9% 109-110. 183
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On the other hand, nanowire/nanorod arrays are another type of nanostructure potent for
enhanced charge separation and transport properties of semiconductor electrodes. While
both nanoparticle and nanowire/nanorod provide high surface area per electrode volume,
the one-dimensional nanowire/nanorod enables vectorial charge transport (i.e., the
majority carriers move along the wire/rod to the electron collector back substrate, while
the minority carriers travel radially outward to the semiconductor-electrolyte interface)
which is a more effective mechanism of charge separation compared to the non-
directional carrier movement in nanoparticle-based electrode.’®* To this end, Su et al.
prepared WO3-BiVO, heterojunction films with conformal deposition of nanoporous
BiVO, particles on the WO3 nanorod arrays, which were shown to have better IPCE
than the planar WO3-BiVO, heterojunction films accrediting to the higher surface area
and faster charge separation at the WOs;-BiVO, interface of the nanorod structure.*®®
Such WOs;-BiVO, nanostructure was further refined by Rao et al. into a core-shell
nanowire structure, which was demonstrated to be one of the best-performing
BiVO,-based photoanodes, generating an AM1.5 photocurrent of 3.1 mA/cm? at 1.23 V

vs. RHE. 1%

It is obvious that contemporary research on nanoscale photocatalyst is stimulated by the
prospects of efficient charge carrier extraction and enlarged active surface area.
However, the large specific surface area of nanomaterials commonly results in the
increase of grain boundaries, surface states, and defects, which are reflected by the
decrease of crystallinity.* The presence of these defect sites promotes charge
recombination on the surface of photocatalyst. Moreover, separation of electrons and
holes in small particles is harder to achieve because of the smaller or the absence of

SCL, which is essential to generate a built-in electric field as the internal mechanism of
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charge separation (previously explained in Section 2.4.2.3.).% As a result, the effects of
particle size on the activity of semiconductor photocatalyst are a complicated issue,
particularly in different configurations for water splitting (i.e., PS and particulate PEC

systems).

In fact, there has been contradiction in the literature regarding the size effects of WO3
particles on its water oxidation performance in the PS and PEC systems. For example,
using three WO3 samples with different morphologies and particle sizes (namely,
nanodots, nanoplates, and microcrystals with average diameters of 32 =+ 16 nm,
475 £98 nm by 58 =16 nm, and 2 pm, respectively), Newton and Osterloh observed
that both the photocatalytic O, evolution activity (Figure 2.31a) and the PEC
photocurrent (Figure 2.31b) of the WOj3; concordantly increased with decrease of
particle size.*®” The plots of O evolution rate and and photocurrent magnitude against
the inverse particle diameter (displayed in Figure 2.31c,d, respectively) indicate a linear
relationship in both cases, suggesting that the two systems are governed by minority
carrier transport which is facilitated by the decrease of particle size. Conversely, Hong
et al. reported the opposite behaviors of PS and PEC systems with respect to the particle
size of WO3.¥" Four WO samples with different particle sizes in the range of 30 — 500
nm were obtained via calcination at different temperatures. As shown in Figure 2.32,
larger particle size generates higher amount of O, but lower photocurrent. Such contrary
effects of particle size on the water oxidation performance of WQOj in the PS and PEC
systems were ascribed to the different charge separation mechanisms (refer to Section
2.4.2.3.), whereby efficient charge separation in the PS system is provided by large
particle with high crystallinity and well-developed SCL, while the PEC system relies on

the reduced hole diffusion length by small particle.
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While it is relatively recent that BiVO, is recognized as an auspicious visible-light-
active photocatalyst highly active for water oxidation, which is viable through both the
PS and PEC systems, the nanoscaling effect on its activity in the PS system is scarcely
studied relative to the PEC system. A very few studies associated with the preparation
of nanosized BiVO, particles suggested that the suspended nanoparticles have poor
activity for photocatalytic O, evolution from aqueous AgNOj; solution.®® ¥ These
results may suggest that nanoscaling is detrimental to the performance of BiVO, in PS
system, which is in contrast with that observed in the PEC system as aforementioned.
However, direct comparison of the particle size dependence of BiVO, water oxidation
photocactivites in the PS and PEC systems based on the separate studies is inexpedient
due to the variant properties of the photocatalyst materials being investigated. Instead, a
systematic comparison should be executed using materials of the same properties in the
two systems to understand the fundamental differences of the two in order to propel

further advancement of BiVO,-based materials in the respective systems.

2.6. Summary

The overview of the crystal structure, optical, and electronic properties of BiVO,, in
particular that of monoclinic scheelite structure has shown the promises of BiVO, as a
visible-light-active photocatalyst with high oxidizing potential. In fact, the abilities of
BivVO, for photocatalytic organic degradations, photocatalytic water oxidation,
Z-scheme overall water splitting, and PEC water splitting under visible light have been
widely demonstrated. However, the solar conversion efficiencies of BiVO,-based
materials reported to date are far below the theoretical values, mainly due to rapid
charge recombination arising from the intrinsic poor electron transport, slow kinetics for

oxygen evolution and low carrier mobility of BiVO,. Numerous strategies such as
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crystal facet engineering, coupling with graphene, annealing treatment, and nanoscaling

have been employed to effectively circumvent part of these limitations.

Nevertheless, knowledge gaps still exist in these strategies where more in-depth
investigations are required to attain the full potential of such promising material.
Crystal-facet-engineered BiVO, with exposed {010} and {110} surfaces was revealed
to facilitate charge separation, in which photogenerated electrons are preferentially
driven to the {010} facets and holes to the {110}. While further understanding of the
crystal-facet-dependent charge transfer between BiVO, and reactants (i.e., electron
donor/acceptor) is required, considerable room of improvement for the dual-faceted
BiVO, material in the aspects of charge transport and separation is still available
(potentially through introduction of graphene as a conductor and subjection of the
BiVO,to annealing post-synthesis treatment). Therefore, the focuses of this thesis are to
provide understanding on the {010}/{110} relative exposure extent on the charge
transfer efficiency of BiVO, as well as to elucidate efficacies of a combination of

strategies to improve the charge kinetics and photoactivity of BiVO,.

Firstly, the photooxidation performances of BiVO, with distinctly different relative
exposure extents of {010} and {110} are investigated with respect to the surface
available electron and hole populations. The influences of the {010}/{110} relative
exposure extent on the interfacial charge interactions between BiVO, and an electron
conductor — graphene are then studied in the following results chapter. Next, the
feasibility of Ar annealing to improve the charge transport and separation properties of
the faceted BiVO, is examined. Lastly, the water oxidation activity of the faceted
BiVO, microcrystals is compared to other smaller BiVO, particles in different systems:

powder suspension and photoelectrochemical.
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Chapter 3
BiVO, {010} and {110} Relative
Exposure Extent: Governing
Factor of Surface Charge

Population and Photoactivity

3.1. Introduction

Different photoreactivities of different crystal facets on a photocatalyst have commonly
been associated with surface reactivity'® and selective reactant adsorption.®
Nevertheless, recent observations of facet-selective photooxidation and photoreduction
processes on a photocatalyst suggest that photogenerated electrons and holes are
spatially driven to different facets, which function distinctively as active reduction or
oxidation site. Such phenomenon was first demonstrated by Ohno et al. with titanium
dioxide (TiO),* a benchmark photocatalyst. Interestingly, Li et al. also proved the
presence of similar redox functional facets on the visible-light-responsive monoclinic
bismuth vanadate (BiVO,), in which {010} facets provided the reduction sites and {110}
facets functioned as the oxidation sites.> BiVO,, with a relatively small band gap of 2.4
— 2.5 eV, has been widely shown to be active for visible-light-triggered organic

degradations®” and oxygen evolution from water,®°

attributing to its deep valence band
energy level. Understanding the intrinsic charge properties of BiVO, in relation to its
crystal facets is therefore of great interest to allow advanced design of high-performing

BiVO..
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Despite {110} being proven as the oxidation functional facets, photooxidation
performance of BiVO, has been suggested to correlate with its {010} facets. For
instance, BiVO, materials with exposed {010} facets exhibited enhanced

1112 and organic molecules.*> ** One might argue that the two-

photooxidation of water
dimensional BiVO, nanoplates and nanosheets prepared by Xi et al.'* and Zhang et
al.,™® respectively, do not justify the advantage of {010} for photooxidation compared to
other facets. However, using dual-faceted BiVO, with exposed {010} and {110}, a
similar correlation was also reported by Wang et al.* It is unclear why photooxidation
performs better on {010} dominant BiVO, although {010} facet is the reduction
functional surface. Are the beneficial roles of {010} facets in water photooxidation
mainly attributed to its higher charge mobility, preferential water adsorption and lower

I.,** or could the

energy barrier than that of {110} facets as proposed by Yang et a
underlying reasons be due to manipulation of surface charge population and charge
transfer efficiency from varying the relative exposure extent of {010} and {110} facets

on BivVO,?

It is known that efficient transfer of photogenerated electrons and holes to the respective
electron acceptors and donors is a key aspect that determines the activity of a
photocatalyst.">*® Accumulation of either charge species is deleterious due to increased
charge recombination and lower quantum yield."” Liu et al. proposed that improved
photooxidation can result from the concurrently effective photoreduction,'® indicative of
efficient electrons removal being imperative for photooxidation reactions. Congruously,
Gerischer and Heller claimed that the rate of electron transfer was the rate- or yield-
controlling factor in photooxidation activity of TiO,.>” Given the importance of efficient

19-20

charge transfer in photocatalysis, there still have been no studies on redox functional
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facets’ relative exposure extent dependence of the charge transfer kinetics of a

photocatalyst.

In this chapter, we show that the population of photoinduced electrons and holes
available on BiVO, surface are dependent on the relative exposure extent of {010} and
{110} facets. The difference in electron transfer efficiency is shown to play a governing
role in the photocatalytic activity of BiVO, including water oxidation and 2,4-

dichlorophenoxyacetic acid (2,4-D) degradation.

3.2. Experimental
3.2.1. Synthesis of BiVO,

BiVO, was synthesized using solid-liquid state reaction by mixing equimolar amounts
(2.5 mmol) of bismuth (I11) oxide (Bi,O3) and vanadium (V) oxide (V20s) in 25 mL of
nitric acid (HNOg3) with two different concentrations: 0.50 M and 1.00 M. The mixture
was stirred for 4 days at room temperature. The vivid yellow BiVO, product was

collected by suction filtration, washed with distilled water and dried at 110 <C.

3.2.2. Photocatalytic Reactions
3.2.2.1. Photocatalytic O, Evolution

Photocatalytic O, evolution from aqueous silver nitrate (AgNO3) solution was executed
in an enclosed top-irradiation cell with a Pyrex window via visible light irradiation of
100 mg of BiVO, suspended in 100 mL of 0.05 M AgNOs solution (pH 4.5). A 300 W
Xe lamp (Oriel) installed with a 420 nm cut-off filter was used as the light source. Prior

to illumination, the suspension was purged with argon (Ar) gas for 30 min. The amount
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of O, generated was quantified by gas chromatography (TCD, Shimadzu GC-8A, Ar

carrier gas).

For quantification of the amount of Ag deposited on BiVO, during water
photooxidation, a separate reaction with similar conditions as above was carried out
with continuous deaeration of the suspension using Ar gas. The suspension was sampled
intermittently and the photoreduced product (Ag-loaded BiVO,) was retrieved using
centrifugation and dried at 60 <C. Loading of Ag on the obtained Ag-loaded BiVO,
powder was determined using inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis, in which digestion of Ag was carried out using nitric

acid heated at 60 <C.

The apparent quantum yield (AQY) for photocatalytic O, evolution from aqueous
AgNO; solution was determined at 400 nm by using a band pass filter and calculated

according to the equation 3.1:*

The number of reacted holes y
The number of incident photons

AQY /% = 100 (3.1)

The number of incident photons was measured using a solar simulator calibrated

reference cell and meter (Newport; 91150V).

3.2.2.2. 2,4-Dichlorophenoxyacetic Acid Degradation

100 mg of BiVO,4 was dispersed in 100 mL solution containing 0.065 mM of 2,4-D. The
suspension was constantly stirred and purged with air throughout the experiment. The
BiVO, particles were allowed to equilibrate with the analyte for 30 min in dark

conditions prior to irradiation with visible light (same light source as that in Section
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3.2.2.1.) Degradation of 2,4-D was examined using a UV-vis-NIR spectrometer (liquid

state, Shimadzu UV-3600).

3.2.3. Material Characterization

Scanning electron microscopy (SEM) images of BiVO, and Ag-loaded BiVO, powder
were obtained with a FEI Nova NanoSEM 230 FESEM microscope operated at 5 kV.
The elemental analysis of Ag-loaded BiVO, particles was measured by energy-

dispersive X-ray spectroscopy (EDS) coupled with the SEM microscope.

Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) images

of BiVO, were obtained with a Phillips CM200 microscope.

X-Ray diffraction (XRD) measurements were conducted on a Phillips Xpert
Multipurpose X-ray Diffraction System (MPD) at room temperature using Cu Ka

radiation (A = 1.54A) with a potential of 45 kV and a current of 40 mA.

Diffuse reflectance spectra of powder samples were analyzed using a Shimadzu UV-
3600 UV-vis-NIR spectrophotometer and were converted from reflectance to

absorbance using the Kubelka-Munk method.

Brunauer-Emmett-Teller (BET) surface area of BiVO, particles was measured using a
Micromeritics Tristar 3030 nitrogen adsorption apparatus at 77 K. Prior to the surface
area analysis, the particles were degassed in a Micrometrics Smart VacPrep unit at

110 <C for 3 h under vacuum.

Steady-state  fluorescence spectra were obtained on Horiba Fluoromax-4
spectrofluorometer with an excitation wavelength of 405 nm. Typically, 3 mL of 0.8
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mM BiVO, was filled into a cuvette and purged with Ar gas prior to excitation. In the
presence of electron or hole scavenger, different concentrations of AgNO3; or CH3OH

were added, namely molar concentrations of 0.06, 0.12 and 0.17 M.

The time-resolved photoluminescence (PL) was measured by the time-correlated
single-photon-counting (TCSPC) technique (Microtime-200 system, Picoquant) with
the excitation of a 470 nm laser. The time resolution of the system was determined as

200 ps.

3.2.4. Electrochemical Impedance Spectroscopy Measurements

The Mott-Schottky plots were measured using an Autolab instrument (potentiostat
model PGSTAT12/ frequency response analyzer FRA2 modules). The impedance
spectroscopy was carried out in light condition using 0.5 M sodium sulfate (Na,SQ,,
pH 6) as the electrolyte in a three-electrode electrochemical system. The working
electrode was made by dropcasting suspension of BiVOj-ethanol on a conductive
fluoride-doped tin oxide (FTO) substrate. A platinum wire and Ag/AgCl electrode were
used as the counter and the reference electrodes, respectively. The measurements were
done using a frequency of 500 Hz and an AC amplitude of 5 mV at each potential. A
300 W Xe lamp (Oriel) with a 420 nm cutoff filter was used as the irradiation source.
The flat band potential (Vs,) of BiVO, is represented by the x-intercept of a plot of 1/C?

against V according to the Mott-Schottky equation 3.2:%

izz#z(v—vm - kBT) (3.2)
C° e, A%eN, e

where C is the space-charge capacitance, € is the relative permittivity of the material, &g

is the vacuum permittivity, A is the illuminated area, e is the electronic charge, Np is the
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donor density, V is the applied potential, kg is the Boltzmann constant and T is the

temperature.

3.3. Results and Discussion

3.3.1. Morphological, Structural and Optical Properties

Large BiVO, particles with clear edges and well-developed crystal facets were
produced using a template- and surfactant-free method reported by Iwase et al.’
Scanning electron microscopy (SEM) images (Figure 3.1) show that the as-synthesized
BiVO, particles are decahedron shaped, consisting of truncated tetragonal bipyramid
with the top and bottom flat surfaces geometrically defined as {010} facets, while the
isosceles trapezoidal sides are assigned as {110} facets. The facet assignments were
supported by the high-resolution transmission electron microscopy (HRTEM) images
(Figure 3.2) showing lattice spacings of 5.85 and 4.75 A corresponding to the (020) and
(110) planes of monoclinic BiVO,. The thickness of BiVO, particles was altered using
two nitric acid concentrations during the synthesis process. Evidently, lower acid
concentration produces markedly thinner BiVO, particles. Herein, the sample is denoted
as BiVO,_x, where x represents the concentration of nitric acid being used during
synthesis. BiVO,4_1.00M indicates the thick BiVO, (Figure 3.1a), whereas
BiVO,_0.50M corresponds to the thin one (Figure 3.1b). The apparent decrease in
thickness indicates that BiVO,_0.50M has a much greater exposure extent of {010}
facets relative to that of {110}. Conversely, {110} are the dominating facets in the

BiVO,_1.00M.
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Figure 3.1. Scanning electron microscopy (SEM) images of (a) BivO,_1.00M and
(b) BivO,4_0.50M.
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Figure 3.2. (a,c) Transmission electron microscopy (TEM) images of BiVO,_0.50M with
the corresponding particle orientation schematically shown as the inset. (b) and (d) depict
the high-resolution TEM (HRTEM) images of the area highlighted in (a) and (c),
respectively. The lattice spacings of 5.85 and 4.75 A correspond to the (020) and (110)
planes of monoclinic BiVO,.

X-ray diffraction (XRD) patterns of the obtained BiVO, (Figure 3.3a) exhibit
characteristic diffraction peaks of single phase monoclinic scheelite structure of BiVOy,
which is the most active phase for visible light O, evolution.” The narrow diffraction

peaks suggest high crystallinity, consistent with that reflected in the SEM images. A

few studies related to anisotropic crystal growth such as ZnO nanorods* and BiVO,
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crystals with highly exposed (040) facet'?> have observed apparent changes in the
relative intensity of their XRD peaks. In this study, despite the discernible difference in
{010}/{110} relative exposure extent on BiVO, 1.00M and BiVO,_0.50M (as
observed from SEM), the XRD patterns of the two samples are comparable with no
noteworthy change in the relative intensity of the XRD peaks corresponding to {010}
and {110} planes. This may be attributed to the random orientation of our BiVO,
particles during packing of the powder samples for XRD measurement, which is a bulk
analysis. The crystallite sizes and BET specific surface areas of the two BiVO, were
also analyzed whereby both these attributes of the two samples are shown to be
comparable (Table 3.1). The ultraviolet-visible (UV-vis) diffuse reflectance spectra in
Figure 3.3b show that both BiVVO, samples illustrate similar onset of absorption edge at
wavelength of ca. 500 nm, corresponding to a band gap energy of 2.5 eV, attesting them

as visible-light-active.

@) (b)
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(020)
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Figure 3.3. (a) XRD diffractograms and (b) UV-vis diffuse reflectance spectra of
BiVO,_1.00M (red line) and BiVO,_0.50M (black line).
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Table 3.1. Crystallite sizes and specific surface areas of the BiVO, samples, in which the
former were estimated by Scherrer equation using the full width of half-maximum of the
dominant XRD peak located at 30.6 < while the latter were analyzed using BET

measurement.
BiVO, sample Crystallite size Specific surface area
[nm] [m’ "]
BivO,_1.00M 81 2.3
BiVO,_ 0.50M 91 2.1

3.3.2. {010} as the Active Reduction Functional Facet of BiVO,

SEM imaging of silver (Ag)-loaded BiVO, particles (BiVO,4_1.00M in Figure 3.4a and
BiVO,_0.50M in Figure 3.4b) produced from visible-light-induced O, evolution using
BiVO, in aqueous silver nitrate (AgNQO3) solution, reveals agglutinated particles being
selectively photodeposited on {010} facets. Energy-dispersive X-ray spectroscopy
(EDS) (Figure 3.5) confirms that these particles are primarily composed of Ag metal.
This observation is in accordance with the findings of Li et. al.” in which
photoreduction of metal ions selectively proceeded on BiVO, {010} facets, whereas the
deposition of photooxidized metal ions was mainly seen on the {110} facets of BiVO,.
The facet-selective deposition of Ag by photoreduction of Ag” ions discerned in this
work confirms that the active reduction sites on the as-produced BiVO, are the {010}
facets, where photogenerated electrons are preferentially driven. Meanwhile,

photogenerated holes are accumulated on the {110} facets.”
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Figure 3.4. SEM images of Ag-deposited (a) BivVO,_1.00M and (b) BiVO,_0.50M. EDS
mapping confirms that the clusters found on {010} surfaces in panels a and b are mainly

Ag, as shown in Figure 3.5.

600 nm 600 nm
— —

600 nm 600 nm
— —

Figure 3.5. SEM image of Ag-loaded BiVO,_0.50M and the corresponding EDS mapping
of Bi, V, O and Ag elements. Note the clumped particles deposited on the {010} facets of
the well-faceted BiVO,_0.50M are primarily composed of Ag, confirming photoreduction
of Ag® ions to metallic Ag selectively proceeded on {010} facets and therefore {010} was
identified as the active reduction functional facet.
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3.3.3. Photocatalytic O, Evolution and 2,4-D Degradation

The photocatalytic activity of the as-synthesized BiVO, with distinct morphology was
investigated using two model reactions: water photooxidation using aqueous AgNOj3
solution and 2,4-D degradation in an aerated solution. In water photooxidation,
electrons are scavenged by Ag" ions, and holes are involved in oxidation of water
molecules into oxygen. Figure 3.6a clearly shows that a greater amount of O, was
generated by BiVO,_0.50M compared to BiVO,_1.00M, signifying photooxidation of
water occurring at a quicker rate on the former BiVO,. Similarly, better photooxidation
performance of BiVO,_0.50M was also exhibited in 2,4-D decomposition (Figure 3.6b),
in which electrons and holes participate in the reduction of dissolved oxygen and 2,4-D
oxidation, respectively. 2,4-D exhibits two main absorption bands at wavelengths of
230 nm and 285 nm.* The degradation of 2,4-D was validated by the decrease of the
main absorption band at 230 nm over the illumination period (Figure 3.7a). As shown in
Figure 3.6b, the initial 30 minutes of the decay curves (Figure 3.7b) was fitted with
pseudo-first-order kinetics. This indicates that BiVO,_0.50M has a higher degradation
rate constant than BiVO,_1.00M (-0.021 min™ and -0.016 min™, respectively). These
results unambiguously infer the beneficial role of having enlarged {010} facets in

promoting the photooxidation reaction on the surface of BiVO,.
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Figure 3.6. (a) Photocatalytic O, evolution from aqueous AgNO; solution (normalized in

relation to per m? of surface) and (b) pseudo-first-order-fitted 2,4-D decay curves of the
initial 30 min illumination of BiVO,_1.00M (red) and BiVO,_0.50M (black) under visible

light ( A > 420 nm). The value given for each experiment was an average over three runs

with the error bars corresponding to standard deviation.
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presence of visible-light-excited BivVO,_0.50M. (b) Time profile of 2,4-D degradation by
BiVO,_1.00M and BiVO, 0.50M under visible light (of wavelength, A > 420 nm)

illumination. The control experiment executed in the absence of photocatalyst confirms

the degradation of 2,4-D in our experimental conditions did not originate from the

photolys

is of 2,4-D.
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3.3.4. Photoluminescence and Electrochemical Impedance Measurements

Photoluminescence (PL) spectroscopy is a powerful technique to gain insights into the
dynamics of the photogenerated electron-hole pairs, including their recombination,
transfer and defect/surface trapping processes. Steady-state fluorescence spectra of both
BiVO,_1.00M and BiVO,_0.50M exhibit a prominent band located at 500 nm and a
low-energy tail band that is broadly extended to 650 nm, as displayed in Figure 3.8.
These emission bands originate from radiative recombination of electron-hole pairs via
several major pathways upon above band gap photoexcitation, as schematically
presented in the inset. The primary step involves effective relaxation of charge carriers
to the bottom of the conduction band (in the case of electrons) or the top of the valence
band (in the case of holes) and to the shallow surface trap states.?*?’ Subsequently, the
electron-hole pairs can recombine radiatively or non-radiatively. The former contributes
to band edge emission while the latter involves charge trapping at defect states that lie
within the band gap. Radiative recombination of these trapped charges (commonly
known as donor-acceptor pair recombination®®) produces additional emission band that
is of lower energy than the band edge emission.”*® As the main emission band at 500
nm corresponds to the onset of absorption edge shown in Figure 3.3b, it is ascribed to
the band edge emission. Meanwhile, the low-energy tail band is attributed to

recombination of donor-acceptor pairs.
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Figure 3.8. Steady-state fluorescence spectra of BiVO,_1.00M and BiVO,_0.50M. Inset
displays the mechanism of photoluminescence, where CB represents the conduction band
while VB denotes the valence band.

The steady-state fluorescence spectra in Figure 3.8 reflect the overall dynamics of both
photogenerated electrons and holes, particularly the extent of electron-hole pair
recombination that happens within the bulk and on the surface of the as-produced
BiVO,, but do not relay information on the relative number of free electrons and holes
available on the surface. Given that the as-produced BiVO, has the salient feature of
uneven exposure extent of {010} and {110} facets, the surface areas accessible for the
respective photogenerated electrons and holes migrating from the bulk are unequal. As
the BiVO,4_1.00M has a considerably smaller absolute area of the {010} facets than that
of the {110} facets, the {010} surface area available to accommodate the
photogenerated electrons is thus restricted in comparison to that of the {110} surface for
photogenerated holes. Therefore, the number of free electrons available on the surface
of photoexcited BiVO,_1.00M should be lesser than holes. Analogous but opposite
phenomenon could be applied to BiVO,_0.50M, where the much larger {010} facets in
relative to {110} facets render larger population of photogenerated electrons on the
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surface. Since PL originates from radiative recombination of free electrons and holes, its
intensity is therefore governed by the free charge species of smaller population. When
the population of said free charge species is further reduced by the introduction of its
corresponding charge scavenger, surface electron-hole pair recombination will be
diminished, as schematically depicted in Figure 3.9a. Consequently, substantial
quenching of PL intensity will be observed. By contrast, in the presence of a scavenger
targeted at the more populous free charge species, the decrease in charge recombination

will not be as severe. In this case, a lesser extent of PL quenching will be obtained.

In order to identify the difference in surface relative population of photogenerated
electrons and holes on each BiVOy,, electron and hole scavengers were added separately
in PL measurements to selectively consume the photogenerated electrons or holes from
the surface of BiVO,. Methanol (CH;OH) and Ag” ion are the widely reported efficient
hole and electron scavengers, respectively.>***! The perceptible PL quenching effect
exhibited by BiVO,_1.00M (Figure 3.9b inset) and BiVO,_0.50M (Figure 3.9c inset)
in the presence of either electron or hole scavenger is in agreement with that reported in

literature, 323

where photocatalysts other than BiVO, were examined. Interestingly, in
this study using BiVO,, different PL quenching extents were observed for the different
scavengers. While addition of electron-scavenging AgNOs; significantly quenches the
PL intensity of BiVO,_1.00M, the extent of quenching was limited in the presence of
hole-scavenging CH3;OH. Reverse scenario was demonstrated by BiVO,_0.50M. These
trends were further confirmed using different concentrations of CH3;OH or AgNOs3, as
shown in Figure 3.9b,c. These results suggest that while BiVO,4_1.00M has a relatively

smaller population of photogenerated electrons on its surface, the opposite is true for

BiVO,_0.50M, affirming our postulation of the difference in relative amount of
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photogenerated electrons and holes available on the surface of the two BiVO, with

different dominant facets.
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Figure 3.9. (a) Schematic illustration of the likelihood of surface electron-hole pair
recombination in the presence of hole or electron scavenger, represented by a
photocatalyst containing relative larger population of photogenerated holes on its surface.
Different quenching extents of the band edge emission of (b) BiVO,_1.00M and (c)
BiVO,_0.50M in the presence of hole and electron scavengers (CH3;OH and AgNOs;,
respectively) using varying scavenger concentrations. Insets shown in panels b and c are
the respective steady-state fluorescence spectra of BiVO,_1.00M and BiVO,_0.50M with
the addition of 0.17 molL™ CH;OH and AgNOs.

The band edge fluorescence lifetime of BiVO, 1.00M and BiVO,_0.50M was

determined using time correlated single photon counting (TCSPC) technique. As shown

in Figure 3.10a, each decay curve displays a sharp decay that is beyond the time
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resolution (200 ps) of the system® used in this study, which can be ascribed to ultrafast
hole trapping in BiVO, reported to happen in 5 ps.*® The PL decay curve can be fitted
with a biexponential function indicating two decay mechanisms: the fast component is
most likely attributed to electron trapping and the slow component is due to electron-
hole recombination, as reported by Ravensbergen et al.*® BivVO,_0.50M has lifetimes of
1.0 ns and 9.5 ns for the fast (t1) and slow (t2) components, respectively. Note that
BiVO, 1.00M has shorter lifetimes for both components, with 0.8 ns fitted for t; and
6.8 ns for 1, suggesting that it has a greater extent of electron trapping and faster charge

recombination as compared to BiVO,4_0.50M.

The greater extent of electron trapping in BiVO,_1.00M indicates that a comparatively
larger number of photogenerated electrons are accumulated in this BiVO, relative to
that of BiVO,_0.50M. An increased number of accumulated electrons can result in

negative shifting of the Fermi level (Eg) of a semiconductor according to equation 3.3:*’

E =E., +KTINN /N, (33)

where Ecg is the energy level of conduction band versus NHE, n. is the density of
accumulated electrons and N is the charge carrier density. Such negative shift of Eg
arising from a higher degree of electron accumulation has been observed for metal-

semiconductor composites.>’?

In general, the flat band potential (Vi) of a
semiconductor corresponds to its Er.*® Therefore, the change in the E¢ of BiVO, can be
reflected by its Vi, which is represented by the x-intercept of the Mott-Schottky plot
shown in Figure 3.10b. The positive slopes indicate that both BiVO, are n-type
semiconductors. The flat band potential of -0.53 V vs. Ag/AgCl (+0.02 V vs. NHE at

pH = 0) measured for BiVO,_0.50M agrees well with literature values.>**° However,

113



Chapter 3 BiVO, {010} and {110} Relative Exposure Extent: Governing Factor of Surface Charge
Population and Photoactivity

the Vs, of BiVO,4_1.00M is negatively shifted to -0.57 V vs. Ag/AgCl, allowing us to
further ascertain the occurrence of greater extent of electron trapping in this sample.
Such phenomenon can be attributed to the greater thickness of BiVO,_1.00M (ca.
850 nm in comparison to ca. 320 nm for BiVO,_0.50 nm, estimated from the SEM
images), at which photogenerated electrons have to diffuse a longer distance of about
265 nm from bulk to the {010} surface. The longer distance of diffusion increases the

probability of photogenerated electrons encountering and being trapped by crystal

defects.
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Figure 3.10. (a) Time-resolved PL spectra of the band edge emission of BiVvO,_1.00M and
BiVO,_0.50M. The solid lines are fitted lines using biexponential functions. (b) Mott-
Schottky plots measured under visible light (of wavelength, A > 420 nm) illumination with
a frequency of 500 Hz.

3.3.5. Proposed Crystal-Facet-Dependent Charge Transfer Kinetics

The activity of a photocatalyst is highly dependent on its physicochemical properties
such as specific surface area, particle size, crystal structure, and crystallinity.® ***? XRD

analysis has confirmed the two BiVOy,’s in this work have similar scheelite-monoclinic
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structure with high crystallinity. Additionally, according to Table 3.1, both BiVO,’s
also have comparable crystallite sizes and specific surface areas. These experimental
facts reinforce the difference of photocatalytic activities between BiVO,_1.00M and
BiVO,_0.50M originating primarily from their distinct relative exposure extent of {010}
and {110} facets, validated through SEM micrographs. Evidently, the photocatalytic
performances of BiVO, 0.50M with dominant reduction functional {010} facets

surpass that of BiVO,_1.00M.

On the basis of the difference in surface available charge population and charge
trapping, the charge transfer kinetics contributing to the difference in photocatalytic
activities of BiVO,_1.00M and BiVO, 0.50M are postulated and depicted in
Figure 3.11. Owing to the extended {010} facets exposed on BiVO,_0.50M, the greater
population of photogenerated electrons available on its surface (as substantiated by the
steady-state PL measurements in the presence of charge scavengers) can facilitate
electron transfer to electron acceptor. This is supported by the greater amount of
metallic Ag being loaded on BiVO,_0.50M in comparison to that of BivVO,_1.00M
during water photooxidation in aqueous AgNQOj3 solution (Figure 3.12). This improved
rate of electron extraction simultaneously minimizes charge recombination and

promotes the photooxidation activities of BiVO,_0.50M.

On the contrary, in addition to the impeded electron transfer due to the limited
photogenerated electrons available on the smaller {010} surface, the greater extent of
electron trapping signifies that photogenerated electrons are preferentially accumulated
within BiVO,_1.00M. These trapped electrons can recombine with holes and thus
diminishes the holes available for oxidation reactions. Studies related to charge

recombination reported that electrons and holes recombine on a nanosecond time
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scale.** On the other hand, Tang et al. suggested that the oxidation process, in
particular the oxygen evolution reaction only occurs in ca. 1s.** It can thus be inferred
that electron-hole recombination occurs much faster than holes’ reaction with electron
donors (water). As such, the inferior performance of BiVO,4_1.00M in photooxidation
reactions is ascribed to holes loss due to increased charge recombination induced by
trapped electrons. The better charge separation of BiVO,4_0.50M in comparison to that
of BiVO,4_1.00M is also corroborated by the higher apparent quantum vyield of the
former (1.04 % and 0.90 %, respectively), measured for O, generation from aqueous

AgNOQO; solution at 400 nm.
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Figure 3.11. Schematic illustration of the different photoactivity of (left) BivO,_0.50M and
(right) BiVO,_1.00M due to their difference in electron transfer efficiency and greater

extent of electron trapping in the latter BiVO,.
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Figure 3.12. Time profile of the amount of Ag being loaded on BivVO, 0.50M and
BiVO,_1.00M, resulting from photoreduction of Ag” ions which is the reaction happens
concurrently with water photooxidation during illumination of the BiVO, particles in

aqueous AgNO; solution under visible light (of wavelength, A > 420 nm).
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3.4. Summary

Given that photogenerated electrons and holes are spatially driven to the {010} and
{110} facets of BiVO, upon excitation, manipulation of the relative exposure extent of
the two facets was revealed to affect the surface charge population, charge transfer
efficiency, and photoactivity of the dual-faceted BiVO,. Although BiVO,_0.50M has
considerably larger reduction functional {010} facets, it was shown to have superior
photooxidation activities than BiVO,_1.00M with dominating oxidation functional {110}
facets. The difference in photocatalytic activity was ascribed to different electron
transfer efficiency, which relies on the number of surface available photogenerated
electrons that is proportional to the exposure extent of BiVO, {010} facets. Steady-state
PL measurements in the presence of electron or hole scavenger manifested that
BiVO,_0.50M with dominant {010} facets has larger population of electrons in relative
to holes available on the surface, whereas the surface of BiVO,_1.00M with dominant
{110} facets has more holes than electrons. Additionally, greater extent of electron
trapping was found to present in BiVO4_1.00M, as evidenced by the shorter lifetime of
the fast component of time-resolved PL and negative shift of Vfb in comparison to
those of BiVO,_0.50M. The limited number of electrons available on the small {010}
surface and the greater degree of electron trapping thus hamper efficient electron
extraction from BiVO,4_1.00M and results in its poor photoactivity due to augmented
holes loss through electron-hole pair recombination. It is hereby shown that
enlargement of {010} facets relative to {110} in BiVO, is indispensable for better
suppression of electron trapping not only to improve photoreduction efficiency, but also

for effective photooxidation reactions.
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Chapter 4
Interfacing BiVO, with
Reduced Graphene Oxide for
Enhanced Photoactivity: A Tale
of Facet Dependence of Electron
Shuttling

4.1. Introduction

Graphene-based semiconductor photocatalysts have garnered extensive research interest
due to their great potential in energy and environmental applications such as
photoelectrochemical water splitting," photocatalytic hydrogen generation,>> and
photodegradation of pollutants.®® The merit of coupling a semiconductor with graphene
is attributed to the latter’s renowned unique characteristics. For instance, large specific
surface area and hydrophobicity of graphene promote organic adsorption to assist
effective photodecontamination of organic pollutants.” Facile surface modification of
graphene via chemical approach also allows design and development of graphene-based
materials for targeted applications.’® The main attribute that contributes to the
preeminence of graphene-based semiconductor in photocatalysis however, arises from
the excellent electron conductivity of graphene which facilitates improved charge

transport properties in the composite.
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With its n-m conjugation structure, graphene has been widely reported as good electron
acceptor and transporter,! suppressing the undesirable charge recombination in
semiconductor that vitiates their photocatalytic efficiency. Using ultraviolet-visible
(UV-vis) spectrophotometry, Kamat and co-workers demonstrated the mechanism of
electron transfer pathway from photoexcited titanium dioxide (TiO,) to graphene oxide
(GO), resulting in reduction of GO.*? Following this discovery, the ability of reduced
graphene oxide (RGO) in shuttling electrons was substantiated through selective
deposition of silver (Ag) nanoparticles on RGO sheets, triggered by Ag” ions reduction
by the electrons previously stored in RGO.*® Such outstanding electron-accepting and
shuttling features of graphene are believed to facilitate slower charge recombination and
longer electron lifetime of graphene-BiVO, and -TiO, composite materials in
comparison to their bare semiconductor counterparts.™** Addition of graphene has also

been shown to improve the charge transfer ability of other semiconductors.®”’

To date, research on graphene-based semiconductor photocatalysts have been mainly
dedicated to streamlining their synthesis methods and manifesting their superiority
against bare semiconductors in various applications.* Given the key role of graphene as
an electron mediator, efficient interfacial charge transfer between semiconductor and
graphene is essential. Hence, better understanding of the factors, particularly the
morphology of semiconductor in dictating the interfacial charge transfer between the
two components is indispensable for advanced development of functionalized graphene-
semiconductor composites. Morphology control such as shape and size manipulation is
emerging as a prominent method to tailor the electronic and optical properties of
semiconductors.’**® More specifically, different crystal facets on a semiconductor were

observed to instigate selective photoreduction and photooxidation reactions.?®**

126



Chapter 4 Intefacing BiVO, with Reduced Graphene Oxide for Enhanced Photoactivity: A Tale of Facet
Dependence of Electron Shuttling

Owing to the difference in energy levels of different crystal facets, Li et al.
demonstrated that photoreduction and photooxidation of metal ions and oxides occur
selectively on the {010} and {110} facets of monoclinic BiVO,, signifying that
photogenerated electrons are spatially driven to the former and holes to the latter.?
They also showed water oxidation via photoelectrochemical (PEC) and photocatalytic
systems could be greatly improved only when the reduction/oxidation cocatalysts were
selectively deposited on the corresponding reduction/oxidation facets. This concept of
spatial separation of electrons and holes on {010} and {110} facets were further
extended to the other studies related to BiVO,??* For example, Au or Ag was
selectively deposited on {010} facets of BiVO, to extract electrons to be transferred to
the photosystem | (PSI) protein in a Z-scheme system composed of platinized PSI and
BiVO, for hydrogen evolution.”? Previously in Chapter 3, we have reported better
photooxidation activities of {010}-dominant BiVO, in comparison to that of
{110}-dominant BiVO, due to the presence of more photogenerated electrons on the
larger {010} surface, which allows more efficient electron transfer to abate charge
recombination. Additionally, BiVO,-TiO, heterojunctions with different interfacial
contact facets of TiO, with dual-faceted BiVO,4 (namely {010} or {110}) were shown to
have different energy band alignments to result in different PEC photocurrent
generation and photocatalytic degradation activity.* These studies collectively indicate
crystal facet dependence of the charge transfer and charge separation efficiency of
BiVO, or BiVO4-containing composite materials and thus triggered our interest in
investigating the role of different facets of BiVO, on its interfacial charge interactions

with graphene.
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By exploiting the redox functional {010} and {110} facets on BiVO.,* we demonstrate
in this chapter that the presence of increased surface area of {010} facets relative to that
of {110} facets expedites electron transfer from BiVO, to graphene. The more
pronounced photocurrent density in conjunction with improved charge transfer ability
of RGO incorporated with BiVO, of larger {010}/{110} relative exposure extent
strongly signify the constructive role of {010} facets in facilitating the interfacial charge
transfer in graphene/BiVO, composite. Density functional theory (DFT) calculations
reveal the difference in the electronic structures of graphene/BiVO4{010} and
graphene/BiVO,{110} interfaces. Due to the smaller Schottky barrier, higher interface
binding energy, and metallic nature at the interface, charge is easier to be transported

from {010} facets of BiVO, to graphene than from {110} facets.

4.2. Experimental

4.2.1. Synthesis of Graphene Oxide

Graphene oxide (GO) was prepared using Hummers method, in which 1 g of graphite
was first reacted with 500 mg of sodium nitrate (NaNO3) in 23 mL of concentrated
sulfuric acid (H,SO,) at a temperature of ~ 0 <C by using an ice bath. 3 g of potassium
permanganate (KMnQO,) was then added slowly to the mixture to obtain a dark green
suspension. Subsequently, the suspension was removed from the ice bath and heated at
35 — 45 < for an hour, during which the suspension turned into brownish color. The
suspension was diluted by first gradually adding 40 mL of distilled water, followed by
10 mL of 10 % hydrogen peroxide (H,O,). The as-produced GO was filtered and
washed twice using a mixture of 5 % H,SO, and 5 % H,0, and three times with
distilled water. The remaining brown solid product was dried in a vacuum desiccator at

room temperature and grounded into fine powder.
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4.2.2. Synthesis of BiVO, and RGO-BiVO,

In addition to BiVO,_0.50M and BiVO,_1.00M as described in Chapter 3, another
BiVO, prepared using 0.75M of HNO3 (identified as BiVO,_0.75M) was used for this
chapter of work. The RGO-BiVO, composite was obtained by suspending 100 mg of
BiVO, and 5 mg of GO in 25 mL of solvent-grade ethanol and irradiating the
suspension for 3 h. The photoreduction was done under argon (Ar) atmosphere with the
suspension being constantly stirred. A color change of the suspension from yellow to
dark green was observed, indicating successful reduction of GO to RGO. Upon

completion of reaction, the product was dried at 110 <C.

The powder sample (BiVO, and RGO-BiVO,) was thereafter made into thin-film
electrode by dropcasting on the FTO slides. Typically, a well-dispersed 0.5 mg cm™
suspension in ethanol was deposited onto 2 x 1.5 cm area of FTO slide dropwise. A side
stream of flowing air assisted in quick drying to generate a homogeneous film with

surface density of 2 mg cm™ on the FTO surface.

4.2.3. Material Characterization

Morphology, band gap energy, crystal structure, and surface area of the BiVO, and/or
RGO-BiVO, were respectively analyzed using SEM and TEM microscopes, UV-vis
spectroscopy, X-ray diffraction (XRD), and Brunauer-Emmett-Teller (BET) methods as
described in Chapter 3. Likewise, steady-state and time-resolved fluorescence spectra
were obtained as previously done without the addition of charge scavengers. For
analysis of the distribution of degree of truncation for BiVO, 50 particles were

randomly selected from the SEM micrographs of BiVO,.
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X-ray photoelectron spectroscopy (XPS) was performed in a vacuum chamber (< 2 X
10-9 mbar) using a Thermo Scientific ESCALAB250Xi probe with monochromated Al
Ka radiation (hv = 1486.68 eV) set at 150 W and a pass energy of 20 eV. The binding

energy was calibrated using the C 1s peak at 284.8 eV as reference.

Raman spectra of GO, BiVO, and RGO-BiVO, were recorded using Renishaw inVia
Raman microscope with 1800 I/mm grating and 514 nm argon ion laser as the excitation

source.

4.2.4. Photoelectrochemical Measurements
4.2.4.1. Photocurrent Measurements

Photoelectrochemical (PEC) characterization was done in a standard three-compartment
cell, comprising of a sample electrode as the working electrode, a platinum foil as the
counter electrode, and a saturated Ag/AgCI electrode as the reference electrode. 0.1 M
sodium sulfate (Na,SO4, pH 6) saturated with N, was used as the electrolyte. The
irradiation source was a 300 W Xe lamp (Oriel) with a light intensity of 390 mW cm™
and coupled with a 420 nm cutoff filter. The linear sweep voltammetry (LSV) and
chronoamperometry were measured via backside illumination of the working electrode
(from the FTO side) under chopped irradiation using an Autolab potentiostat (Model

PGSTAT302N) and its GPES software. The voltage scan rate for the LSV was 0.01 Vs™.

4.2.4.2. Electrochemical Impedance Spectroscopy Studies

Electrochemical impedance spectroscopy (EIS) measurements were conducted on
Autolab potentiostat (model PGSTAT12) with its frequency response analyzer FRA2

modules, at similar conditions as described above for PEC analyses and 0.5 M Na,SO,
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as the electrolyte. The Nyquist plots were acquired at 0 V vs. Ag/AgCl with AC

amplitude of 5 mV in the frequency range of 100 kHz to 0.01 Hz.

4.2.5. Theoretical Calculations

All calculations were performed using DFT as implemented in the Vienna ab initio
simulation package (VASP)® using the projector augmented-wave approach® and a
plane-wave energy cutoff of 500 eV. The energy and forces are converged with
tolerances of 1 x 10 eV and 0.01 eV A™. To account for weak van der Waals, we
employed the semiempirical DFT-D2 correction due to Grimme.”” To build the
graphene/BiVO, composites, we transformed the graphene cell into a rectangular cell
with lattice vectors 2.46 A x 4.27 A. A (2 x 6) graphene sheet was matched with a (1 x 5)
and (1 x 2) BivVO,{010} and BiVO,{110}, respectively. In each case the lattice
mismatch was less than 2.5 %. Solvation effects were taken into account by using an
implicit solvation model recently implemented model in VASP.? This was tested
against an explicit treatment of water and with BiVVO, {0103} for which previous work?®
showed that the ionization potential was 6.22 eV close to our calculated value of 6.13
eV. All energies were aligned relative to the energy far from the slab surface. The DFT
calculations were performed by Dr. Hassan A. Tahini and Prof. Sean C. Smith from the

Integrated Materials Design Centre.

4.3. Results and Discussion

4.3.1. Physical and Optical Properties of Bare BiVO,

The BiVO, particles obtained using three concentrations of nitric acid (1.00, 0.75, and
0.50 M) as the reaction medium exhibit sharp edges and well-defined crystal facets, as

imaged using scanning electron microscopy (SEM) shown in Figure 4.1a-c, respectively.
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While having similar decahedron shape in the form of truncated tetragonal bipyramid,
there is an apparent reduction in the particle thickness as the acid concentration
decreases. The top and bottom flat surfaces of each particle are assigned to be {010}
facets and the isosceles trapezoidal sides are characterized as {110} facets
(schematically illustrated in the insets in Figure 4.1a-c), as previously indexed in
Chapter 3. With these geometrical assignments, the decrease in thickness of the BiVO,
particles signifies the increase in the exposure extent of {010} surfaces with respect to
{110} that is ascertained by measurement of the degree of truncation (represented by
B/A, the length parameters as defined in the insets). The B/A values analyzed for
samples BiVO,_1.00M, BiVO, 0.75M, and BiVO,_0.50M are correspondingly
displayed in Figure 4.1d-f. Evidently, the average B/A value of the BiVO, increases as
the concentration of nitric acid decreases, confirming the improved growth extent of

{010} facets on BiVVO, using lower acid concentration.
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Figure 4.1. Scanning electron microscopy (SEM) micrographs of BiVO, prepared using
different concentrations of nitric acid as the reaction medium: (a) 1.00 M, (b) 0.75 M, and
(c) 0.50 M. The insets present the schematic morphology of each BiVO, with the assigned
{010} and {110} facets. Histograms (d-f) represent the respective distribution of the degree
of truncation (B/A) of the BiVO, particles displayed in panels a, b, and c.
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Apart from the distinctively different morphologies, other physicochemical and optical
properties of these BiVO, samples were determined to be comparable. As depicted in
Figure 4.2a, all samples exhibit similar X-ray diffraction (XRD) peaks with splitting at
around 18.5 < 35 < and 46 <of 20, which correspond to the single phase scheelite-
monoclinic structure of BiVO,. Their Raman spectra (Figure 4.2b) display typical
vibrational bands of BiVO, which are positioned at around 210, 324, 366, 710, and
818 cm™ ***! without observable shifts, suggesting no change in their local structure.
Their BET specific surface areas were also found to be comparable with 2.3 m? g™ for
BiVO,_1.00M, 2.1 m*g™ for BiVO,_0.75M, and 2.1 m?g™ for BiVO,_0.50M. On the
other hand, the band gap energies of the three BiVO, samples were estimated to be
similar as 2.5 eV since their optical absorption edges are located closely at wavelength

of ca. 500 nm (Figure 4.2c).
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Figure 4.2. (a) XRD diffraction patterns, (b) Raman spectra, and (c) UV-vis diffuse

reflectance spectra of the bare BiVO,s with different relative exposure extents of

{010}/{010} facets.
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4.3.2. Preparation of RGO-BiVO, Composites

The three BiVO, samples were separately made into composite with RGO via
photocatalytic reduction of GO using BiVO,, which feasibility was first demonstrated
by Ng et al." As GO was introduced into the system containing BiVO,, attraction of the
carboxylic groups on GO towards the surface hydroxyl groups of BiVO, intensified,

thus enabling attachment of BiVO, on GO sheets™* *

and allowing the ensuing electron
transfer between the two components during photoreduction process. The higher flat
band potential of BiVO, at -030 V* than that of GO around
~ 0V vs. NHE at pH 7 is expected to drive efficient electron transfer from the former to
the latter. Upon light irradiation, photoinduced electron-hole pairs are generated within
BiVO, and migrated to the surface. With the presence of ethanol as hole scavenger,

excited electrons are injected into GO to partially restore its n-m network to result in the

reduction of GO to RGO.

4.3.2.1. Morphological Properties

Figure 4.3a,b displays the representative SEM and TEM images of RGO-BiVO,
obtained from photoreduction of GO using BiVO,4_0.50M. Clearly, thin and translucent
RGO sheets are incorporated into the matrix of BiVO, particles. The unique 2D free-
standing and highly flexible properties of RGO facilitate adhesion of BiVVO, particles on
both sides of the RGO sheets and allow close interactions of RGO with the different
facets exposed on the dual-faceted BiVO,, namely {010} and {110}. HRTEM image of
the contact surface between RGO and BiVOy, represented by RGO in contact with the
(110) plane of BiVO, displayed in Figure 4.3c, manifests the tight adhesion of RGO

with the exposed facets of BiVO,. This graphene-scaffold BiVO, structure suggests that
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effective charge interactions are possible between RGO and the two exposed facets of

BiVO,.

C (002
34A-

BiVO, (110)
4.75 A

Figure 4.3. (a) SEM and (b) Transmission electron microscopy (TEM) images of RGO-
BiVO, attained by BiVO,_0.50M-induced photoreduction of GO. (c) The corresponding
high-resolution TEM (HRTEM) image exhibiting the close contact surface between RGO
and BiVO,, where the lattice spacings of 3.4 and 4.75 A conform to the (020) plane of

carbon and (110) plane of monoclinic BiVO,, respectively.
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4.3.2.2. Surface Chemical States and Optical Properties

The efficient reduction of GO in the obtained RGO-BiVO, composite is verified by the
substantial decrease of its C-O bond intensity compared to that of GO, as demonstrated
by their respective C1s X-ray photoelectron spectroscopy (XPS) spectrum demonstrated
in Figure 4.4a. Generally, each of the C1s spectra of GO and RGO-BiVO, shows the
presence of non-oxygenated C-C bond at ca. 285 eV and the additional oxygenated-C
components at higher binding energies. By comparing the relative area of C-C peak to
the total area of all carbon components (C-C and oxygenated-C), the RGO’s
incorporated with BiVO,’s of different relative exposure extents of {010}/{110} have
reasonably good degree of reduction in the range of 66 — 73 % C-C restoration. Such
reduction degree is consistent with that of previously reported GO reduction using other
semiconductors such as TiO, and WO, in addition to that of BiVO,.** 3 UV-vis diffuse
reflectance spectra (Figure 4.4b) indicate that the position of the adsorption edge of
RGO-BiVO; is similar to that of BiVO, at ca. 500 nm. However, the former exhibits
stronger absorption in the visible light region at wavelengths longer than 480 nm due to
the black color of RGO. This is in agreement with the darker shade of color of RGO-

BiVO,, which appears as dark green in contrast with the vivid yellow of pure BiVO..
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Figure 4.4. (a) C1s XPS spectra of GO and RGO-BiVO, and (b) the representative UV-vis
diffuse reflectance spectra of BiVO, and RGO-BiVO, using BiVO,_0.50M and its

corresponding RGO composite.

4.3.2.3. Structural Properties

XRD and Raman spectroscopic analyses were used to further investigate the
physicochemical properties of RGO-BiVO, in comparison to that of BiVO,. As
displayed in Figure 4.5, the XRD diffraction pattern and Raman bands of RGO-BiVO,
are akin to that of BiVOy,, in which RGO-related peaks and bands are absent. While a
C(002) diffraction peak at region of 25 ©— 26 <is generally exhibited by the XRD
pattern associated with RGO in which the peak position is depending on the RGO’s

%% only the characteristic diffraction peaks of scheelite-monoclinic

structural quality,
BiVO, are shown in the diffraction pattern of RGO-BiVO, (Figure 4.5a). Despite
presence of two distinct D and G bands in the Raman spectrum of GO as illustrated in
the inset in Figure 4.5b, these typical peaks of graphene®’ also vanished in that of RGO-
BiVO,, which merely depicts BiVO,-related bands. The untraceable C(002) diffraction

peak and D and G Raman bands, albeit successful incorporation of RGO in the sample
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as validated by the XPS results discussed earlier, can be attributed to the low loading of

RGO (5 wt % with respect to BiVOy,).
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Figure 4.5. (a) XRD diffraction patterns and (b) Raman spectra of BiVO, and RGO-
BiVO,. The inset in panel b shows the Raman spectrum of GO.

The UV-vis, XRD, and Raman results collectively suggest that the electronic, crystal

30, 38 are

phase and local structure of BiVO,, which can significantly affect its activity,
maintained in the resultant RGO-BiVVO, composite after incorporation of RGO. Hence,
this allows us to probe the interactions of RGO with BiVO, on the basis of physical
interfacial charge transfer, particularly the effect of {010}/{110} relative exposure
extent of BiVO, on its charge interactions with RGO at their interface. For this, PEC
method was employed to evaluate the performance of BiVO,’s with different exposure
extents of {010} relative to {110} and to compare with their graphene counterparts. The
powder samples (BiVO, and RGO-BiVO,) were therefore made into thin film

electrodes via a dropcast method using fluorine-doped tin oxide (FTO) conducting glass

as the substrate.
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4.3.2.4. Photoelectrochemical Photocurrent

In the PEC system, while holes migrate to the BiVVOy-electrolyte interface to conduct an
oxidation reaction at the illuminated photoanode, electrons flow through the external
circuit to generate photocurrent. The magnitude of the anodic photocurrent illustrates
the rate of electrons transported from BiVO, or RGO-BiVO, to the FTO collecting
electrode, indicative of the photoconversion efficiency and hence the photoactivity of
the photocatalyst on the illuminated photoanode. The PEC performance of BiVO, has
been demonstrated to be restricted by its poor electron transport properties.>® This
limiting factor can be overcome by illuminating the BiVO4/FTO electrode from the
FTO side (backside illumination) such that electron-hole pairs are generated closer to
the electron collector (FTO substrate), minimizing the travel distance of electrons.
Hence, all PEC measurements performed in this work were obtained via backside
illumination of the electrode. Figure 4.6a displays the photocurrent-voltage profiles of
the representative BiVO, and RGO-BiVO, during on-off illumination cycle with visible
light (of wavelength, A > 420 nm). Although both samples portray rapid photoresponse,
substantial photocurrent enhancement of RGO-BiVO, compared to that of BiVO, is
readily discernible across the range of biases being applied. Such superior
photoresponse of RGO-BiVO, was affirmed by the ninefold increase of its photocurrent
density relative to its bare BiVO, counterpart determined under applied bias of 0 V vs.

Ag/AgCl, as presented in Figure 4.6b.

Despite the discernible photocurrent enhancement of BiVOy, in the presence of RGO, the
overall photocurrent of RGO-BiVOj is lower than that reported by Ng et al. This could
be due to the significantly larger size of the BiVO, microcrystals that were employed in

this study. Larger particle size deteriorates the charge transport and charge collection
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efficiencies of the RGO-BiVO, photoanodes used in this study due to poor interparticle
contacts between the immobilized BiVO, particles and poor BiVO4/FTO contact, which
will be detailed in Chapter 6. Note that the apparent increasing dark current of RGO-
BiVO, with higher applied bias (i.e., baseline of the LSV curve in Figure 4.6a) is
attributed to the specific capacitance of RGO incorporated in the composite. A
relatively larger area under the photocurrent-voltage curve has been commonly
observed for RGO material, which is associated with the capacitance possessed by

RGO.%
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Figure 4.6. (a) Linear sweep voltammetry (LSV) curves under intermittent illumination
and (b) chronoamperometry measurements at 0 V vs. Ag/AgCl of a representative BiVO,
and its corresponding RGO-BiVO,.

4.3.2.5. Photoluminescence Measurements

The effective improvement in photocurrent generation by RGO-BiVO, is ascribed to the

ability of RGO to receive and transport electrons away from the excited BiVO,,**™**
which are otherwise susceptible to recombination with holes. This is corroborated by

the perceptible quenching of the band edge emission band of RGO-BiVO,at ca. 500 nm
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in the steady-state fluorescence spectra (Figure 4.7a) that reflects diminution of
electron-hole pair recombination. To delve into the quenching mechanism by RGO, the
band edge fluorescence lifetimes for BiVO, and RGO-BiVO, were determined using
time correlated single photon counting (TCSPC) technique. Each time-resolved
fluorescence decay curve can be divided into two decay components, in which the fast
and the slow components can be related to nonradiative and radiative recombination of
electron-hole pairs, respectively.*! In the absence of RGO, BiVO, has a lifetime of 2.93
ns for the fast component (t1) and a lifetime of 8.61 ns for the slow component (1), as
depicted in Figure 4.7b. Note that these lifetimes decrease in the case of RGO-BiVO,
(2.02 ns and 6.58 ns for 11 and 1, respectively), resulting in the decrease of average
lifetime from 8.03 ns for BiVO, to 6.05 ns for RGO-BiVO, The shorter 1, of RGO-
BiVO, can be ascribed to the efficient transfer of electrons from BiVO, to RGO,
supporting the beneficial role of RGO in shuttling electrons and suppressing charge
recombination in BiVO,. This electron transfer-mediated lifetime decrease of the fast
component in the presence of graphene is consistent with that observed by other

research groups.***?
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Figure 4.7. (a) Steady-state and (b) time-resolved fluorescence spectra of a representative
BiVO, and its corresponding RGO-BiVO,. Inset in panel b shows the parameters of the
fitted biexponential functions represented by solid lines.

4.3.3. Effect of BiVO, {010}/{110} Relative Exposure Extent on

Photoelectrochemical Performance

Comparison of the photoactivity of BiVO,’s with different growth extents of {010}
facets (lower nitric acid concentration produces BiVO, particles with higher exposure
proportion of {010} facets) and with reference to their corresponding graphene
composites, via PEC approach at applied bias of 0 V vs. Ag/AgCl, is plotted in Figure
4.8a. Variation in the relative exposure extent of {010}/{110} facets on BiVO, barely
affects its photoresponse as demonstrated by the comparable magnitude of photocurrent
density amongst all the bare BiVO, samples. Conversely, incorporation of RGO into
these BiVO,’s exhibits different degrees of photocurrent enhancement. A correlation
between the exposure extent of BiVO,{010} facets and its photocurrent improvement in
the presence of RGO is revealed; the larger the exposed {010} facets on BiVO,, the
greater the extent of photocurrent enhancement after incorporation of RGO.

Additionally, a similar correlation also exists in the presence of 0.50 and 0.75 V of
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applied biases, as respectively depicted in Figure 4.8b,c. Collation and evaluation of the
RGO-induced photocurrent enhancement in the BiVO,’s (Figure 4.9a) unambiguously
show that BiVO,_0.50M with the largest exposure extent of {010} facets has the
greatest enhancement, followed by BiVO,4_0.75M and BiVO,_1.00M, regardless of the

magnitude of applied bias.
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Figure 4.8. Photocurrent generation by the bare BiVO,s with different relative exposure
extents of {010}/{110} in comparison to their RGO-BiVO, composites measured at (a) 0 V,
(b) 0.50 V, and (c) 0.75 V vs. Ag/AgCI. Note that the BiVO, particle synthesized in lower

acid concentration has larger area of {010} facets.
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Figure 4.9. (a) Degree of photocurrent enhancement by coupling RGO with the three
BiVO, samples, determined using three applied biases, namely 0 V, 0.50 V, and 0.75 V vs.
Ag/AgCl. (b) Electrochemical impedance spectra of BiVO, and RGO-BiVO, samples
measured at 0 V vs. Ag/AgClI under light condition.

In order to relate PEC performance to charge transfer properties of the photoanodes,
electrochemical impedance spectroscopy (EIS) was performed at similar conditions of
photocurrent measurement (visible-light-illuminated, 0 V vs. Ag/AgCl) and the results
are presented as Nyquist plots in Figure 4.9b. On the one hand, the arcs of the RGO-
BiVO, composites are markedly smaller than those of bare BiVO,’s. Given that the arcs
in Nyquist plot are associated with charge transfer resistance at the photoelectrode-

electrolyte interface,***

the smaller arc radii of the composites suggests that the charge
transfer ability of these materials is improved in the presence of RGO, which suppresses
charge recombination and renders their enhanced photocurrent densities as opposed to
the bare BiVO,’s. On the other hand, while the arc radii of the bare BiVO,’s are
comparable, the ones exhibited by the RGO-BiVO, composites (denoted as RGO-y,

where y represents the BiVO, sample in which the RGO is incorporated with) follow a

decreasing trend of RGO-BiVO,_1.00M > RGO-BiVO,_0.75M > RGO-BiVO,_0.50M,
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indicating that the charge transfer from RGO-BiVO, to FTO substrate becomes easier
down the list. This difference in charge transfer ability of the RGO-BiVO, composites
is in perfect agreement with their activity trend in PEC photocurrent generation,
suggesting that different extents of photocurrent enhancement of the composites is
originated from their disparity in charge transfer ability. On the basis of intimate
interactions between RGO and the {010} and {110} facets of BiVO,, the well-
correlated PEC and EIS results provide a compelling evidence for the constructive
effect of having enlarged {010} facets on BiVVO, to promote charge transfer to the RGO

sheets, an electron shuttle.

4.3.4. Density Functional Theory Calculations

Density functional theory was performed to gain insights into the interactions between
RGO with the {010} and {110} facets of BiVO,. For ease of calculation, RGO was
assumed as pristine graphene. Figure 4.10a shows the band edges of the BiVO,{010},
BivVO,{110} and graphene relative to vacuum before contact. Previous theoretical
studies have predicted that it is thermodynamically favorable for an electron to transfer
from the {110} facets of BiVO, to the {010}.* This is in agreement with our
calculations which show that the conduction and valence band edges of the {010}
surface are about 0.6 eV lower than that of the {110} surface. The electron effective
mass has also been demonstrated to be much lower for the {010} surfaces, implying
higher drift velocities of photogenerated electrons on {010} in comparison to on
{110}.*° In general, the n-type properties of BiVVO, suggest that its Fermi level (FL) is
close to the conduction band edge. The requirement that the FL should be equal across
the interface between two materials results in a band bending. From the band edge

positions shown in Figure 4.10a, one can estimate the height of the Schottky barrier (¢p)
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formed when contact is made, which can be reasonably approximated using equation

4.1:%

By =0 — X (.1)

where ¢, is the metal (in this case graphene) work function and X is the electron
affinity of the semiconductor which is surface dependent. Based on the estimated
electron affinity of 4.31 eV for BiVO,{010} and 3.69 eV for BiVO,{110}, ¢y is 0.09
and 0.71 eV for the graphene/BiVO,{010} and graphene/BiVO,{110} interfaces,
respectively. The smaller ¢, suggests that charge transport from the {010} surface to

graphene is easier than from the {110} surface, supporting our experimental observation.
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Figure 4.10. (a) The band positions of graphene, {010} and {110} facets of BiVO, with
respect to vacuum. The small separation in the conduction band minimum (CBM)
energies of BivO,{010} relative to graphene leads to a small Schottky barrier height. (b)
graphene/BivVO,{010} and (c) graphene/BiVO,{110} interfaces showing the optimized
separations along with the DOS, where the blue lines are the contribution of V d orbitals

and the green shaded areas are the contributions of the graphene p orbitals.
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The most bound interfaces between graphene/BiVO4{010} and graphene/BiVO,{110}
are depicted correspondingly in Figure 4.10b,c. Here, the binding energies are

calculated as follow

Eb = Egraphene/BiVO4 - EBiVO4 - Egraphene (42)

Where E . penegivo, » Esivo, » @10 Ejpnene are the total energies of the graphene/BiVO,

composite system, the bare BiVVO, slab and a graphene sheet, respectively. The binding
energies were found to be -2.75 eV for the graphene/BiVO,{010}interface and -1.96 eV
for the graphene/BiVO.{110}interface. This is also reflected by the shorter surface
distance between BiVO4{010} and graphene as compared to BiVO,{110} and graphene.
Additionally, the density of states (DOS) calculations reveal that the
graphene/BiVO,4{010} is metallic. The decomposed DOS (for clarity the Bi and O states
as shown in Figure 4.11) shows that states belonging to graphene are responsible for the
closure of the gap. On the other hand, the band edge position of {110} facets relative to
graphene’s FL renders graphene ineffective in completely closing the gap, leading to a

gap for the interfacial system of about 0.3 eV.
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Figure 4.11. Contributions of Bi s, Bi p, O p, V d, and C p orbitals of the (a)
graphene/BivV0O,{010} and (b) graphene/BiVO,{110} interfaces.
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4.4, Summary

Interfacial contact facet of BiVO, with RGO was demonstrated to govern the electron
transfer ability between the two components. Three dual-faceted BiVO, samples with
different relative exposure extents of the {010} and {110} facets were separately
coupled with RGO via photocatalytic reduction method. The difference in photoactivity
of the RGO-BiVO, composites was probed using PEC approach. Despite the apparent
improvement of photocurrent density magnitude after incorporation of RGO, the
enhancement degree was found to correlate with the exposure extent of {010} facets on
the dual-faceted BiVO,. Such a correlation was attributed to the decrease of charge
transfer resistance of the RGO-BiVO, composite with the presence of larger BiVO,
{010} surface, as confirmed via EIS measurements. DFT calculations on the electronic
properties of the interfaces between graphene and the two facets of BiVO, were carried
out to support the experimental results. Consistently, the charge transport from BiVO,
to graphene was calculated to be preferable through the {010} facets than through {110}
due to the smaller Schottky barrier, higher binding energy, and metallic characteristic of

the graphene/BiVO,{010} interface.
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Chapter 5
Enhancing the Photoactivity of
Faceted BiVO, via Annealing In

Oxygen-Deficient Condition

5.1. Introduction

Earlier studies on thermal annealing have manifested the treatment as a facile route to
tailor the grain size, phase composition, and morphology of metal oxide photocatalysts.
Provision of thermal energy promotes crystal grain growth for improved crystallinity,
thus reducing the number of recombination centers to result in better charge
separation.’® The temperature dependence of phase transformation processes also
allows such heat treatment to facilitate the formation of the more thermodynamically
stable photocatalyst.*® Furthermore, the lowering of surface free energy in response to
heat treatment can also instigate morphological changes in terms of particle size and
shape.”® " Alteration of these physicochemical properties affects the charge generation
and the Kkinetic behaviors (including charge separation and transport) of the
photoinduced electron-hole pairs, rendering thermal annealing a promising method to

improve the activity of various photocatalysts.

In addition to the above-mentioned variation in properties, more recent studies on
thermal annealing revealed that the environment in which the treatment occurs has an
impact on the defect states of the treated metal oxides.®® Generally, annealing

atmospheres can be classified into two categories: oxygen-rich and oxygen-deficient.
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The typical examples of the former are oxygen (O,) and air atmospheres, whereas the
latter includes nitrogen (N.), hydrogen (H>), and argon (Ar) gases. Annealing of metal
oxide in oxygen-rich atmosphere was demonstrated to behave differently from that in
oxygen-deficient atmosphere: oxygen-rich suppresses oxygen vacancy formation, while
oxygen-deficient favors it. Mtangi et al. showed that subjection of ZnO to H, and Ar
annealing introduced a new defect (possibly oxygen vacancy), which on the other hand
was absent after O, treatment.’ Likewise, Yamada et al. suggested that the oxygen
vacancies in nitrogen-doped TiO, were increased via N, treatment, but decreased after
air treatment.'® While oxygen vacancies are the most prevalent surface structural defects
of an oxide material, they are known as the shallow donors in metal oxide
photocatalysts.'"* Augmentation of oxygen vacancies is therefore beneficial for
improving donor densities and facilitating charge transport to enhance the photoactivity
of metal oxide materials. Formation of oxygen vacancies has also been claimed to

introduce subgap states to extend the light absorption ability of various metal oxides.**

14

H, annealing or hydrogenation has been utilized as a general strategy to introduce
oxygen vacancies in several metal oxides such as ZnO, TiO, and WOQOg;, resulting in
significantly enhanced photoelectrochemical (PEC) performance.’! Despite being
simple and effective, extra care has to be exercised during its experimental setup as H,
gas is hazardous. The strong reducing ability of H, may also result in undesirable
reduction effects. For example, hydrogenation of TiO,/FTO (fluorine-doped tin oxide)
photoelectrode at high temperatures (> 450 <C) was reported to cause damage to the

1
|.1°

FTO conducting layer due to SnO; reduction to Sn metal.”™ This thus restricts the

hydrogenation temperature, which then limits the extent of improvement attainable for
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the physicochemical properties of a material. Considering these issues, annealing
treatment in alternative oxygen-deficient conditions (e.g., N, and Ar gases) can be a

safer option for controlled generation of oxygen vacancies in metal oxides.

Crystal-facet-engineered BiVO, with exposed {010} and {110} facets have been
discovered by Li et al. to assist in charge separation of the material.*® Manipulation of
the relative exposure extent of the two facets were found to affect the surface charge
population and photoactivity of bare BiVO, as well as the interfacial charge interactions
between BiVO, and graphene, as respectively reported in Chapter 3 and 4. However,
such crystal facet engineering approach does not modify the optical and electronic
properties of BiVO, that can fundamentally enhance its photoactivity. On the contrary,
annealing in oxygen-deficient atmospheres such as and H,** " and N, was shown to be
effective in reducing the band gap and increasing the donor density of BiVO, via
introduction of oxygen vacancies as well as hydrogen impurities in the former and N-
doping in the latter. These variations in properties were demonstrated to improve photon

absorption and charge transportation for enhanced PEC performance of BiVO,.

To the best of our knowledge, there is yet any studies investigating the influences of
annealing treatment in oxygen-deficient conditions (particularly Ar treatment) on the
physicochemical and electronic properties of faceted BiVO,. Better understanding of
the effects can help to further optimize the photoactivity of faceted BiVO,, which has
been demonstrated to possess better charge separation. In this chapter, Ar treatment is
elucidated to substantially affect water oxidation activities (both powder suspension (PS)
and PEC systems) of dual-faceted BiVO,, which is highly dependent on the annealing

temperature in the range of 300 to 700 <C. This is attributed to the variation in
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crystallinity, local structure distortion, optical and electronic properties, and

morphology of the BiVO, upon heat treatment.

5.2. Experimental

5.2.1. Synthesis of BiVO,

For this chapter of work, BiVO,_1.00M as described in Chapter 3 was used. For
annealing treatment, the BiVO, powder was heated at different temperatures (300, 500,
and 700 <C) for 2 h in a tube furnace equipped with continuous flow of Ar gas.

Subsequently, the sample was allowed to cool under Ar flow.

5.2.2. Photocatalytic O, Evolution

Photocatalytic O, evolution was performed in a closed gas circulation system.'® 300 mg
of BiVO, powder was dispersed in 150 mL of aqueous 0.05 M AgNQO3 solution (pH 4.5)
in a top-irradiation cell with a Pyrex window. Prior to irradiation, the suspension was
evacuated to ~ 2 kPa and refilled with Ar. This process was repeated at least five times
to remove dissolved gases. For visible light illumination, a 300 W Xe lamp (Oriel)
coupled with a 420 nm cutoff filter was used. The light intensity at the flask was 389
mW cm™. The oxygen gas evolved during light illumination was analyzed by an online

gas chromatograph (Shimadzu GC-8A, TCD, Ar carrier gas).

5.2.3. Photoelectrochemical Measurements

The BiVO, powder samples were first made into thin-film electrodes by dropcast
method. An electrode was prepared by depositing 6 mL of 1 mg cm™ BiVO./ethanol
suspension onto 2 cm x 1.5 cm area of FTO conducting substrate. Thereafter, the

electrodes were heated in an oven at 150 <C for 2 h. Chronoamperometry measurements
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were carried out as described in Chapter 4 with a constant applied potential of

0V vs. Ag/AgCl.

5.2.4. Facet-Selective Photodepositions of Pt/MnOy

The facet-selective photodepositions of Pt/MnOy were done via two approaches: (a)
single reduction of PtClg* and (b) simultaneous reduction of PtCl¢* and oxidation of
Mn*. In case (a), 100 mg of BiVO, powder was dispersed in 100 mL of aqueous
solution containing predetermined amount of chloroplatinic acid (HPtClg; 2 wt% Pt
with respect to BiVO,). The suspension was irradiated using visible light for 5 h under
continuous stirring and deaeration using Ar gas. The product was retrieved by suction
filtration, washed with distilled water and dried at 60 <C. Same steps were repeated for
case (b) by using an aqueous solution containing both H,PtCls and manganese (I1)
nitrate tetrahydrate (Mn(NOs).*4H,O) with calculated amounts of 2 wt% Pt and
0.5 wt% Mn with respect to BiVO,. Loadings of Pt and Mn were thereafter determined
using inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis,

whereby the sample was digested using aqua regia.

5.2.5. Material Characterization

X-ray diffraction (XRD), UV-vis, and Brunauer-Emmett-Teller (BET) surface area
analyses were performed as described in Chapter 3, whereas Raman and X-ray
photoelectron spectroscopy (XPS) spectra were measured as done in Chapter 4. The
crystallite size was estimated from the Scherrer equation using the full width at half-

maximum height of the XRD peak at 20 = 30.6 °.

Scanning electron microscopy (SEM) images were obtained on a FEI Nova NanoSEM

450 FE-SEM microscope with an operating voltage at 5 kV.
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Electron paramagnetic resonance (EPR) measurements were carried out on Bruker

EMX-plus operating in the X-band (9.52 GHz) with a microwave power of 2 mW.

5.2.6. Surface Photovoltage Spectroscopy

The BiVO, powder samples were first dropcast onto Au substrates to make films. Au
substrates were cleaned by sonicating in ethanol, then hydrogen peroxide and potassium
hydroxide, and then water for 10 minutes each. BiVO, suspensions with concentrations
of 5 mg BiVO,/1 mL water were sonicated for 15 minutes and then 0.05 mL of a
suspension was dropcast onto the Au substrate covering a 0.5 cm x 0.5 cm square (the
area was controlled with polymer tape). Films were left to dry at room temperature
before being heated in an oven at 60 T for 1 h. Before SPS was performed on the films,
each film was treated with a drop of methanol and left to dry at room temperature. All
SPS measurements were performed using a gold mesh Kelvin probe (3 mm diameter,
Delta PHI Besocke) as the reference mounted inside a home-built vacuum chamber
(10™* mbar) by a Pfeiffer HiCube 80 Eco turbo pump station. A sample placed in the
chamber was illuminated with monochromatic light from a 150 W Xe lamp filtered
through an Oriel Cornerstone 130 monochromator (1-10 mW cm™). The measured CPD
spectra were corrected for signal drift due to variations in vacuum conditions during the
measurements by subtracting a drift background from the raw data. This resulted in the
reported CPD values being referenced against the dark CPD voltage. All SPS
measurements were taken under vacuum with a scan range of 1 eV to 5 eV. The SPS
measurements were performed by Ms. Alexandra T. De Denko and Prof. Frank E.

Osterloh from the Department of Chemistry at University of California, United States.
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5.3. Results and Discussion

5.3.1. Photocatalytic O, Evolution and Photoelectrochemical Photocurrent

Dual-faceted BiVO,4 with dominating oxidation functional {110} facets was synthesized
using solid-liquid state reaction described in Chapter 3 with 1.00M of HNO3 solution
and annealed under Ar atmosphere at different temperatures, namely, 300, 500, and
700 <C. Herein, the treated BiVO, samples are denoted as ArT, where T represents the
annealing temperature. The effect of Ar treatment on the photoactivity of BiVO, was
determined using the water oxidation reaction via two approaches: PS and PEC method.
In the PS system, BiVO, powder was suspended in an aqueous silver nitrate (AgNO3)
solution in which the O, gas evolved during visible light (A > 420 nm) illumination was
monitored. Evidently, Ar treatment affects the photocatalytic water oxidation activity of
BiVO,, as depicted in Figure 5.1a. While annealing at a moderately low temperature of
300 <C barely altered the water oxidation photoactivity of BiVO,as compared to the as-
synthesized (untreated) BiVO,, the water oxidation rate was greatly improved for the
BiVO, annealed at 500 <C, but considerably impaired when the annealing temperature
was further increased to 700 <C. In contrast to other samples that showed ongoing O,
gas evolution throughout 4 h illumination, the amount of O, gas generated by Ar700

sample plateaued after 1 h of illumination.

For the PEC system, the BiVO, powder samples were made into electrodes via dropcast
method using FTO as the substrates. Upon light irradiation on the BiVO, photoanode,
concurrent with hole-mediated water oxidation reaction on the surface of the
photoanode, electrons are drawn off as current through the external circuit to the counter
electrode. Comparison of the photocurrent magnitude is thus another technique to

evaluate the BiVO,’s photoactivity in response to the annealing treatment under Ar
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environment at different temperatures. Figure 5.1b compares the anodic photocurrent
densities of the untreated BiVO, with the Ar-treated samples, measured at an applied
potential of 0 V vs. Ag/AgCl at pH 6 under visible light (A > 420 nm) irradiation from
the backside. Interestingly, the BiVO, samples exhibit similar behavior in PEC
photocurrent generation with that of PS water oxidation activity trend, that is Ar700 <

untreated = Ar300 < Ar500.
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Figure 5.1. (a) Photocatalytic O, evolution normalized with respect to BiVO, surface area
and (b) PEC photocurrent generation from BiVO, samples annealed at 300, 500, and
700 <C under Ar atmosphere in comparison to the as-synthesized (untreated) sample.

5.3.2. Structural, Physical, and Optical Properties at Different Annealing

Temperatures

To understand the interplay between Ar annealing treatment and the structural, physical,
and optical properties of BiVO,, X-ray diffraction (XRD), Brunauer-Emmett-Teller
(BET) surface area, Raman, and UV-vis diffuse reflectance measurements were carried
out for each BiVO, sample, as delineated below. XRD patterns in Figure 5.2a show that

the single-phase scheelite-monoclinic structure of the as-synthesized BiVO, was
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preserved after Ar annealing treatment at different temperatures in the range of 300 —
700 <C. Crystallite size (Table 5.1) estimation using the Scherrer equation indicates the
BiVO, crystals enlarge with the increase of annealing temperature, particularly for those
with relatively higher temperatures of 500 and 700 <C. Consistently, BET
measurements also show a gradual decrease of the specific surface area of the treated
BiVO, samples with increasing annealing temperature, suggesting an increase of
particle size upon heating. In particular, the specific surface area is halved from
2.3 m? g for the untreated BiVO,4 to 1.1 m? g* for Ar700 (Table 5.1). The increase of
crystallite size that is indicative of improved crystallinity has been commonly reported
for thermal treatment of oxide semiconductors, be it in air or oxygen-deficient ambient.™
1921 gych enhanced crystallinity ensuing from Ar treatment is supported by the
substantially narrower Raman peaks of the Ar-treated BiVO, samples compared to the
untreated BiVO,,'" ?* as displayed in Figure 5.2b. In fact, the peak width gradually

decreases as the annealing temperature increases.

The Raman spectra of all samples exhibit the characteristic vibrational bands of
BiVO,.” Specifically, the 324 and 366 cm™ bands are related to the deformation modes
of VO, tetrahedron, whereas the bands at 710 and 818 cm™ correspond to the
respective asymmetric and symmetric stretching modes of V-O bond.”* ?* Raman
spectroscopy has been demonstrated as a useful technique that is sensitive to the
variation in the local structure of BiVO,."® ?® For this, Raman analysis was performed
and confirmed using more than one arbitrarily chosen location on each of the BiVO,
powder samples. Enlarged view of the dominant 818 cm™ band (inset in Figure 5.2b)
shows that it is shifted to higher frequencies with greater annealing temperatures,

suggesting the decrease of V-O bond length according to the empirical correlation
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between Raman stretching frequencies and V-O bond lengths.?®*" The position of the
dominant Raman band and the corresponding V-O bond length for each sample are
listed in Table 5.1. Owing to the Bi** electron lone-pair-induced distortion of the VO,*
tetrahedron in monoclinic BiVO,, shorter V-O bond length infers greater lone-pair
distortion around the Bi** cation, thus leading to greater overlap between the Bi 6s and
O 2p orbitals at the valence band. Such greater orbital overlap has been reported to
prompt enhanced photogenerated hole migration to the surface of BiVO, to conduct

water oxidation reaction.?

The variation in BiVO,’s local structure distortion (i.e., degree of orbital overlap) by Ar
annealing treatment is reinforced by the change in its optical properties as reflected in
the UV-vis diffuse reflectance spectra (Figure 5.2c). Although all samples display
optical absorption in the visible light region, the absorption edges of the Ar-treated
samples are red-shifted with respect to that of the untreated BiVO, as most
significantly evinced by Ar700. Band gap energy estimation from the absorption edges
indicates the band gap of BiVO, decreases as the annealing temperature increases

(Table 5.1).
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Figure 5.2. (a) XRD diffraction peaks, (b) Raman, and (c) UV-vis spectra of BiVO, before
and after Ar annealing treatment at 300, 500, and 700 <C.
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Table 5.1. Effects of Ar annealing treatment on the crystallite size, specific surface area,
local structure, and band gap energy of BiVO,.

Sample Crystallite Specific Raman | V-O bond Band
size surface area band length? gap

[nm] [m’ g [cm™] [Al [eV]

untreated 81 2.3 818 1.701 2.49
Ar300 85 2.1 819 1.700 2.47
Ar500 112 1.9 819 1.700 2.47
Ar700 272 1.1 823 1.698 2.44

Av[em™] = 21349 exp(-1.9176R[A]). 2%

5.3.3. Surface Photovoltage Spectroscopy

In order to probe the photochemical charge separation in as-synthesized and Ar-
annealed BiVO, samples, surface photovoltage spectroscopy (SPS) measurements were
conducted on thin films of the particles on a gold substrate. SPS sensitively measures

28-29 and defect states.>*

photochemical charge transport and detects interfacial trap sites
1 This is achieved by following the light-induced change in the contact potential
difference (ACPD vs. gold (Au) reference) of the BiVO, films as a function of the
illumination energy, using a Kelvin probe. Measurements were conducted in vacuum
after wetting the films with a drop of methanol. Methanol acts as a sacrificial electron

donor and improves the photovoltage signal from BiVO, by reacting with the

photoholes.*

The SPS spectrum of the untreated BiVO, is shown in Figure 5.3a. A negative ACPD
signal develops at photon energies near the optical band gap of the material and reaches
a local maximum of -0.12 V at 3.0 eV. The spectrum resembles those previously
measured for BiVO, nanoparticles.®® Similarly, the photovoltage signal in Figure 5.3a
can be attributed to the injection of photoelectrons from BiVO, into the Au substrate as

shown in the energy diagram in Figure 5.3c. Based on the difference between the work
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function of the Au substrate (5.3 eV) and the conduction band edge of BiVO, (4.76 eV),
electrons injecting into the Au can produce a maximum photovoltage of
[- 5.3 eV — (- 4.76 eV)]/le = -0.54 V. The lower experimental value of -0.12 V is
ascribed to low electron mobility in the BiVO, particulate film, which restricts charge
separation in BiVO, particles in direct contact with the Au substrate. This is confirmed
by the absence of stronger photovoltage signals in thicker films (data not shown). The
SPS spectrum in Figure 5.3a further shows that the photovoltage does not revert to zero
at the end of the scan. This means that the charge separation is irreversible, likely to
trapping of photogenerated holes near the particle surface or reaction with surface

adsorbed methanol molecules.

Figure 5.3b shows the surface photovoltage spectra for the Ar-annealed samples (data in
Table 5.2). The spectra for the Ar300 and Ar500 samples are similar to the untreated
BiVO,. However, for Ar700, the photovoltage spectrum is inverted. Furthermore,
changes are observed in the photoonset across the sample series, as shown in Figure
5.3d. These variations indicate changes in the defect state concentration in the BiVO,
particles. For example, the Ar500 and Ar700 samples have photoonsets at 2.08 and 2.10
eV, approximately 0.3 eV below their optical band gaps (Table 5.2), whereas the
photoonsets for the untreated BiVO, and Ar300 are at 2.25 eV and at 2.43 eV. This
shows that thermal annealing modifies the electronic structure of the BiVO, particles.
Annealing at 300 €€ removes defects in Ar300, as supported by the slight increase of its
crystallinity based on the XRD results, and pushes the photoonset closer to the optical
band gap of the material. Annealing at 500 <€ or higher produces new subgap states
near the conduction or valence band edge, which are responsible for the earlier onset in

Ar500 and Ar700. In Ar500, these subgap states also improve charge transport through
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the BiVO, film, allowing for a photovoltage of -0.181 V (the largest in the sample

series). However, in Ar700, the subgap states cause trapping of electrons and reversal of

the charge transfer direction. Overall, the SPS results show that argon annealing induces

changes in charge transport and trapping across the BiVO, series, depending on the

temperature.
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Figure 5.3. (a) SPS spectrum for the untreated BiVO, overlaid with its UV-vis absorption

spectrum. (b) SPS spectra for all the samples. (¢) Energy diagram showing charge

separation in the BiVO, /Au system. The position of the subgap states is tentative. (d) A

graph showing variation of the SPS onsets with annealing temperature.
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Table 5.2. The ACPD value at the local maximum and SPS photoonset for each film.

Sample ACPD [V] Photoonset [eV]

untreated -0.123 2.25
Ar300 -0.081 2.43
Ar500 -0.181 2.08
Ar700 +0.057 2.10

5.3.4. X-ray Photoelectron and Electron Paramagnetic Resonance

Spectroscopies

X-ray photoelectron spectroscopy (XPS) analysis was utilized to determine the change
in surface chemical states of the Ar-treated BiVVO, samples. Figure 5.4a-c show the core
levels of V 2p, O 1s, and Bi 4f XPS spectra of the samples. The V 2p XPS spectra
(Figure 5.4a) of all samples exhibit V' 2ps;, and V 2p;, peaks at 516.9 and 524.6 eV,
respectively, that are consistent with the values reported for BiVO,.** Each of the
V 2ps» peak can be deconvoluted into two components V°* and V** with the latter
appearing at lower binding energy. The asymmetric nature of O 1s signal (Figure 5.4b)
indicates the presence of two oxygen species, namely, surface lattice oxygen (Ojs) and
adsorbed oxygen (Oags) With respective binding energies of 530.0 and 531.7 eV. Since

both V** and O, are associated with oxygen vacancies,>*>*

the presence of these two
species confirms that oxygen vacancies exist on the surface of all samples. Despite SPS
photoonset observations suggesting that new subgap states (likely to be oxygen
vacancies) are present on Ar500 and Ar700, a corresponding increase of both the V**
and O,gs Species was not observed in the V 2p and O 1s XPS spectra of the two samples.
This may be attributed to the minute variation of the oxygen vacancy density between
the samples, which is beyond the sensitivity of XPS. As for the Bi 4f XPS spectra

(Figure 5.4c), all samples display two distinct peaks located at around 159.3 and 164.6

eV which can be assigned to Bi 4f-, and Bi 4fs,, respectively, corresponding to Bi**
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typically reported for BiVO,.**" Notably, an apparent broadening of these peaks with
discernible shoulders at a higher binding energy is observed solely for Ar700.
Deconvolution suggests that there are additional peaks at 160.4 and 165.6 eV, which are
indicative of Bi centers with a higher oxidation state and can be attributed to surface
bismuth vacancies.® The result substantiates the presence of bismuth vacancies on the

surface of Ar700.

It is known that the oxygen vacancy-related VV** is paramagnetic. The relative density of
oxygen vacancies of the BiVO, samples could be quantified by comparing their relative
amount of V** using electron paramagnetic resonance (EPR) spectroscopy, which is
highly sensitive for paramagnetic states even at extremely low concentrations.*® Figure
5.4d compares the room temperature EPR spectra of all samples, whereby a signal
centered at g = 1.977 (corresponds to the g value reported for paramagnetic V*")* is
observed for each sample. Importantly, while the EPR signal of Ar300 is comparable to
that of the untreated BiVO,, the signal for Ar500 is markedly increased. These EPR
results are in accordance with the SPS photoonset, inferring that the new subgap states
for Ar500 arises from the formation of more oxygen vacancies. However, further
increase of the annealing temperature to 700 <T diminishes the oxygen vacancy density,
as indicated by the weaker EPR signal of Ar700 relative to that of Ar500. On the basis
of the lower VV** concentration but comparable SPS photoonset of Ar700 in comparison
to Ar500, the subgap states of Ar700 are thus concluded to comprise both oxygen and
bismuth vacancies, whereby the latter was validated by the Bi 4f XPS results discussed

earlier.
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Figure 5.4. High-resolution XPS spectra of the (a) V 2p, (b) O 1s, and (c) Bi 4f core levels
of the BiVO, samples before and after Ar annealing treatment at different temperatures.

(d) The corresponding room temperature EPR spectra of all samples.

5.3.5. Effects of Ar Treatment on the Structural, Electronic, and

Morphological Properties of Dual-Faceted BiVO,

The results of the above-mentioned spectroscopic characterization techniques verify that
Ar annealing treatment improves the crystallinity and affects the local structure
distortion of BiVO,, which play a role in governing the photoactivity of BiVO,. Higher

crystallinity signifies presence of less number of recombination sites to abate charge
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recombination, whereas greater orbital overlap allows better delocalization of
photogenerated electrons and holes. These changes lead to more efficient charge
separation which then explains the best activity exhibited by Ar500, in both the PS
water oxidation reaction and the PEC photocurrent generation. The EPR results also
revealed and confirmed that annealing treatment in the oxygen-deficient Ar atmosphere
boosts oxygen vacancy formation in BiVO,, particularly at a temperature of 500 <C or
higher. The considerable augmentation of oxygen vacancies in Ar500 is another factor
contributing to its superior photoactivity. Oxygen vacancies have been predicted by the
density functional theory (DFT) calculations as shallow donors in monoclinic BiVO,

17,41

with low formation energies, which can increase the donor densities of the material

for enhanced charge transport. These advantages of oxygen vacancies in BiVO, were

demonstrated in numerous studies related to hydrogenation treatment,* " 4243

whereby
the H,-treated BiVO, showed better PEC water oxidation performance than that of the

air-annealed sample.

Likewise, given that the crystallinity of Ar300 is only slightly improved compared to
the untreated BiVO, and they both have comparable density of oxygen vacancies, it is
reasonable to conclude that their photoactivities are comparable. Based on the most
profound changes of structural, optical, and electronic properties exhibited by Ar700, a
corresponding improvement in its photoactivity may be initially envisaged. However,
the performance of Ar700 in the two activity tests executed was considerably poorer
than that of the untreated BiVO,. Normalization of the photocatalytic O, evolution
activity of BiVO, samples with respect to surface area (Figure 5.1a) indicates that the
poor performance of Ar700 was not due to the lost its surface area. Instead, it can be

due to the creation of surface bismuth vacancies as corroborated by XPS analysis.
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Surface bismuth vacancy formation is possibly due to bismuth volatilization at high-
temperature annealing, a phenomenon which has commonly been observed in the
sintering process of bismuth-containing ceramic materials, contributing to the loss of

bismuth element.** This is especially significant at elevated temperatures. DFT

|.4l |.17

calculations by Yin et al.™ and Wang et al.”" collectively suggest that bismuth vacancies
are shallow acceptors in monoclinic BiVO,. The creation of surface bismuth vacancies
thus encourages undesirable electron trapping on Ar700 (as supported by the positive
SPS ACPD signal), confining the photogenerated electrons and impeding their reaction
with Ag" ions, leading to poor O, generation. Similarly, the trapping phenomenon
hampers electron transfer efficiencies of the Ar700 photoanode to result in low

photocurrent generation by this sample.

Aside from the induced surface bismuth vacancies, the exceptionally poor photoactivity
of Ar700 can also be ascribed to the well-defined crystal facets of the BiVO,
diminishing under annealing treatment at high temperature. Figure 5.5 presents the
scanning electron microscopy (SEM) images of the Ar-treated samples along with the
untreated BiVO,4. The morphology of the Ar700 particles has evidently changed with
regards to that of the other samples. As illustrated in Figure 5.5a, the untreated BiVO,
particles are dual-faceted with exposed {010} and {110} facets, where the facet
assignments are schematically depicted in the inset based on Chapter 3. While the well-
developed {010} and {110} facets are conserved in Ar300 and Ar500 (Figure 5.5b, c,
respectively), they diminished in Ar700 (Figure 5.5d) whereby the particles become

rounded with ridged surface.
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{010} ‘?\
o

{011}

Figure 5.5. SEM images of the (a) untreated BiVO, and Ar-treated BiVO, samples
prepared at (b) 300, (c) 500, and (d) 700 <C.

{010} and {110} have been revealed as the redox functional facets of monoclinic
BiVO,, in which photogenerated electrons and holes are spatially separated on the two
surfaces.’® Therefore, the presence of well-developed {010} and {110} facets is
essential for efficient charge separation. In order to validate the crystal-facet-mediated
charge separation, the BiVO, samples with and without the well-defined facets
(represented by the untreated BiVO, and Ar700, respectively) were separately
suspended in an aqueous solution containing platinum (Pt) salt and irradiated with
visible light (A > 420 nm). Reduction of the Pt salt by receiving photogenerated

electrons from BiVO, forms metal Pt on the surface of the photocatalsyst. This is
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generally known as the photoreduction process. After a 5 h illumination, the powder
samples were collected and observed using a SEM microscope. The deposition of Pt
metal is verified with the presence of small particles on the surface of the untreated
BiVO, (Figure 5.6¢) and Ar700 (Figure 5.6d), which surfaces are otherwise particle-free
(Figure 5.6a, b, respectively) prior to their exposure to Pt salt under illumination. Note
that the Pt particles are solely deposited on the {010} surface of the untreated BiVOy,
suggesting that the photogenerated electrons are mainly available on the {010}, which is
in perfect agreement with that observed by Li et al.'® Such discernible selectivity of Pt
deposition on the {010} facet is clearly undermined in Ar700, where the Pt particles are
randomly deposited on the surfaces with diminished {010} and {110} facets. The better
selectivity of Pt deposition on the untreated BiVO, as opposed to Ar700 thus manifests

better charge separation in BiVO, with well-developed {010} and {110} facets.

Apart from the single photodeposition of Pt metal, the role of {010} and {110} facets in
facilitating charge separation was further substantiated by simultaneous photodeposition
of Pt and manganese oxide (MnOy). In the presence of both Pt and manganese (Mn)
salts, Li et al. have demonstrated that the latter can be oxidized to produce insoluble
sponge-like MnOy by accepting holes from the light-activated BiVO, when the
electrons are involved in the reduction of the former to form Pt particles.* Figure 5.6e,f
displays the SEM images of Pt and MnOy deposited on the untreated BiVO, and Ar700,
respectively. The successful depositions of Pt and MnOx on the untreated BiVO,
(1.33 wt% Pt and 0.53 wt% Mn) and Ar700 (1.51 wt% Pt and 0.58 wt% Mn) were
confirmed using inductively coupled plasma optical emission spectroscopy (ICP-OES)
analysis, whereby loadings of Pt and Mn were found to be comparable between both

samples. In the case of the untreated, well-faceted BiVVO,, sponge-like MnOy deposits
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are primarily formed on the {110} facets, whereas the Pt particles are selectively
deposited on the {010} surfaces. The SEM image clearly shows that other than the
deposition of Pt particles, the {010} surface is completely free of the MnOy deposits.
This highly selective deposition of Pt on the {010} facets and MnOy on the {110} facets
marks good charge separation in BiVO, with well-developed facets, whereby
photogenerated electrons and holes are preferentially driven to the {010} and {110}
surfaces, respectively. On the other hand, the surfaces of Ar700 particles with
diminished {010} and {110} facets are fully covered by sponge-like MnOy with patches

of Pt agglomerates noticeable, indicating the lack of charge separation in this sample.
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Figure 5.6. SEM images of the (a) untreated BiVO,, (b) Ar700, (c) Pt-loaded untreated
BiVO,, (d) Pt-loaded Ar700, (e) Pt/MnO,-loaded untreated BiVO,, and (f) Pt/MnO,-loaded
Ar700. (e) highlights facet-selective depositions of Pt and MnOy on the untreated BiVO,
with well-developed {010} and {110} facets.
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5.4. Summary

Ar annealing was demonstrated to affect the activity of dual-faceted BiVO, for
photocatalytic O, generation and PEC photocurrent generation, attributing to the
variation in physicochemical and electronic properties of the material. XRD, Raman,
UV-vis, SPS, and EPR spectroscopic characterizations revealed that not only did Ar
annealing enhance the crystallinity, local structure distortion, and optical properties of
BiVO,, but also introduces new subgap states attributed to oxygen vacancies. Higher
annealing temperature induces better crystallinity, greater orbital overlap, and smaller
band gap as well as favors oxygen vacancy formation, while improving charge
separation, transport, and photoactivity of BiVO,. Despite Ar700 having the most
significant changes on the aforesaid properties, Ar500 displayed the best activity in both
the PS and PEC systems. This is due to the introduction of additional surface bismuth
vacancies and diminution of well-developed facets upon annealing at a high temperature
of 700 <C, subsequently resulting in the deterioration of photochemical charge

separation and photoactivity of the BiVO,.
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Chapter 6
Exploring Different Roles of
Particle Size In
Photoelectrochemical and
Photocatalytic Water Oxidation
on BiVO,

6.1. Introduction

An ongoing effort in the research community has been devoted into the development of
photocatalysts for solar water splitting to produce H, as a clean and renewable energy
carrier. Because of the limited availability of photocatalyst materials capable of visible-
light-driven water splitting into H, and O,, great attention has thus been directed into
developing visible-light-responsive photocatalyts active for evolution of either H, or O,
from water in the presence of sacrificial reagents to realize the overall water splitting via
a Z-scheme photocatalysis system. The said system involves a two-step photoexcitation
of the H,- and Oj-evolving photocatalysts present in a single medium containing a
suitable electron mediator.** Although H, is the primarily sought after reaction product,
an efficient O,-evolving photocatalyst is equally important to attain effective overall

water splitting.
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Monoclinic BiVOy, with its valence band composed of hybridized Bi 6s and O 2p
orbitals,>® has a relatively narrower bandgap (2.4 - 2.5 eV) compared to other metal
oxide semiconductor photocatalysts and it is highly active for water oxidation. While
early work on BiVO,4 mainly concentrated on the powder suspension (PS) system for
photocatalytic O, evolution,> "® more recent studies have also shown its feasibility for
water oxidation via the photoelectrochemical (PEC) system, in which the n-type BiVO,
is employed as the particulate photoanode.® **® The performance of BiVOy, is generally
limited by its slow water oxidation kinetics*® and poor electron transport properties.™
Despite successful demonstration of the introduction of various water oxidation
catalysts (e.g. Co-Pi,***® NiOOH? and FeOOH* ** %) and donor-type dopants (Mo*??

W 11, 18, 23

and ) in circumventing the respective limitations, the efficiency of BiVO, is

still greatly impaired by its intrinsically low carrier mobility.*

In this regard, nanoscaling has been widely employed to reduce the photocatalyst size to
shorten the charge transport pathways as well as to provide larger surface active sites,
subsequently promoting minority carrier extraction and charge transfer kinetics.*> 22’
However, reduction of particle size is generally achieved at the expense of crystallinity,
at which the density of surface defects is increased and results in augmented surface
recombination. Such conflicting transformation of properties ensuing from nanoscaling

thus renders particle size an intricate issue in governing the photoactivities in particulate

PEC and PS systems.

The charge separation mechanisms in the two systems are essentially different. In PS
system containing n-type semiconductor, charge separation relies on the thickness of
space charge layer (SCL) formed at the photocatalyst/electrolyte interface to drive

photogenerated holes to the electrolyte and electrons to the bulk.?®?® On the contrary,
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charge separation is facilitated by an externally applied potential in the particulate PEC
system to draw electrons out from the illuminated photoanode to the counter electrode.?®
The difference in charge separation mechanisms of the two systems suggests that
different particle qualities (e.g., size and crystallinity) are required to improve their
performance in the respective system. With these, Hong et al. reported that particle size
has an opposite effect on the water oxidation performance of WO; in the PS
(proportional to the particle size) and particulate PEC (inversely proportional)

systems.?

To date, the beneficial effects of nanostructured BiVO, have been extensively shown in

%1215 \whereas studies on the influence

the particulate PEC system for water oxidation,
of particle size on photocatalytic O, generation performance of suspended BiVOy is
relatively scarce. For example, nanosized BiVVO, particles (< 100 nm) prepared by Kho
et al.”® via flame spray pyrolysis showed poor photocatalytic O, evolution activity
despite their high specific surface area. Similarly, Iwase and Kudo® observed poor

photocatalytic performance of small and spherical BiVO, particles in comparison to the

significantly larger and well-crystalline BiVO, particles.

The dual-faceted BiVO, samples being investigated in Chapters 3-5 are microcrystals.
Despite the crystal-facet-engineered BiVO, was demonstrated to facilitate spatial
separation of the photogenerated charges,® the water oxidation photoactivity of the
faceted BiVO,4 microcrystal in comparison to smaller or nanosized BiVO, remains
unclear. In this chapter, we provide an explicit study comparing the nanoscaling effect
on photoactivity of BiVO, in the particulate PEC and PS systems, which are seemingly
similar for water oxidation yet different in the working principle and the charge

separation mechanisms present within the photocatalyst. For this purpose,
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BiVO,_0.50M as described in Chapter 3 was employed in this work in addition to two
other BiVO, samples of smaller particle size. Contrary behavior of BiVO,’s
photoactivity dependence on the particle size was exhibited in the two systems
(inversely and directly dependent on particle size in the PEC and PS systems,
respectively). Detailed investigation on the interplay between the physical properties
(size, crystallinity, interparticle and BiVO4/FTO substrate contacts) and the
photoactivities of BiVO, in PEC and PS systems indicate different features govern the
activity of BiVO, photocatalyst in the two systems, namely, charge transport in the

former and charge separation in the latter.

6.2. Experimental

6.2.1. Synthesis of BiVO,

All BiVO, samples were synthesized using solid-liquid state reaction in which the
bismuth- and vanadium-containing precursors were mixed in an acidic aqueous solution
(50 mL) at room temperature. For Sample A, BiVO,_0.50M as described in Chapter 3
was used. To synthesis sample B, 10 mmol of bismuth (Ill) nitrate pentahydrate
(Bi(NO3)3.5H,0) and 5 mmol of V,0s5 were stirred in 0.75 M of nitric acid for 2 days.
On the other hand, sample C was obtained by stirring equimolar amounts (5 mmol) of
Bi,O3 and V,0s in 1 M of acetic acid for 16 days. The resulting vivid yellow suspension
from each of the preparation methods was collected by suction filtration, followed by
washing with distilled water and dried at 110 <C. Additionally, sample C was treated by

air calcination at 400 <C for 1 h.
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6.2.2. Material Characterization

The morphology of the BiVO, samples was examined using a Hitachi S900 scanning
electron microscope (SEM) operated at 4 kV. The resulting SEM images were then used

for particle size measurements using Image-J software.

Brunauer-Emmett-Teller (BET) surface area, X-ray diffraction, and UV-vis diffuse
reflectance spectra measurements were carried out as described in Chapter 3. The
crystallite size was estimated by Scherrer equation using the full width at half-
maximum height of the XRD peak at 20 = 30.6 °. X-ray photoelectron spectroscopy

(XPS) was performed as described in Chapter 4.

Cross sections of the BiVO,/FTO with different particle sizes of BiVO, were observed
on a FEI Nova NanoSEM 450 field-emission SEM, in which the electrode sample was

tilted by 10 <

6.2.3. Preparation of Electrodes

The particulate electrodes used for PEC measurements, electrochemical impedance
spectroscopy (EIS) and SEM imaging of the BiVO4/FTO cross sections were prepared
by dropcasting the BiVO,4 powder samples on conductive fluorine-doped tin oxide (FTO)
substrates as described in Chapter 5. For improving the adhesion of BiVO, particles
onto the glass substrate, the obtained electrodes were heated at 300 <T in air for 2 h. The

morphology and size of the BiVO, particles were preserved after heat treatment.

6.2.4. Photoelectrochemical Measurements (PEC System)

PEC measurements were performed in a three-electrode cell setup as described in
Chapter 4. Nj-saturated 0.1 M sodium sulfate (Na,SO,4) with or without methanol (10
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vol %) was used as the electrolyte for all the electrochemical measurements. The
current-potential (I-V) curves were recorded using an Autolab potentiostat (Model
PGSTAT302N) at a potential scan rate of 0.02 V s™. Electrochemical impedance
spectroscopy (EIS) measurements were also conducted in the same setup with 0.1 M
Na,SO, as the electrolyte. The Nyquist plots were attained with an AC potential of

5 mV amplitude at 0 V vs. Ag/AgCI in the frequency range of 100 kHz to 0.01 Hz.

6.2.5. Photocatalytic Reaction (PS System)

Photocatalytic O, evolution was carried out in an enclosed top-irradiation cell with a

Pyrex window, as described in Chapter 3.

6.3. Results and Discussion

6.3.1. Morphological, Structural and Optical Properties

BiVO, samples with different particle sizes were prepared via a similar solid-liquid
state reaction at room temperature, at which bismuth- and vanadium-containing
precursors were dissolved and precipitated in acidic aqueous solution to form BiVO..
Stirring of bismuth (I11) oxide (Bi,O3) and vanadium (V) oxide (V20s) in nitric acid
(HNO3) resulted in large and square platelike BiVO, particles with smooth and clear
faces,® denoted as sample A shown in Figure 6.1a. Although replacement of Bi,O3 with
bismuth (II1) nitrate pentahydrate (Bi(NO3)3.5H,0) as the Bi precursor led to the
formation of smaller BiVO, particles with irregular shape (sample B; Figure 6.1b),*
substitution of HNO3; with acetic acid (CH3COOH) as the reaction medium produced
the smallest spherical BiVO, particles (sample C; Figure 6.1c).%° To achieve the same
crystal phase as that of sample A and B, we treated sample C was treated with post-

calcination at an elevated temperature of 400 <C for its phase transition from scheelite-
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tetragonal to scheelite-monoclinic. Size measurement of 200 particles randomly selected
from the scanning electron microscopy (SEM) images indicate that sample A, B and C
have an average size of 833 =249 nm (determined by the width of the square particles),
374 =171 nm and 123 =+ 24 nm, respectively. The histograms corresponding to the
particle size distribution of each sample are displayed in Figure 6.1d-f. BET surface
area analysis shows an increasing trend from 2.1 m? g for sample A, to 2.9 m? g* for
sample B and 5.4 m® g™ for sample C. The average particle sizes of all samples were

also estimated from their BET surface areas by the equation d =6000/(SSAp), where
SSA = BET surface area and p = specific density of BiVO, (6.1 g cm™), as listed in

Table 6.1. Although discrepancies exist between the values estimated from the SEM
images and BET areas, they are in agreement showing the decrease of particle size from

sample A to sample C.
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Figure 6.1. SEM images of (a) sample A, (b) sample B, and (c) sample C. (d-f) Particle size
distribution histograms of sample A, B, and C, respectively. Each histogram was
constructed by the measurements of 200 particles.
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Table 6.1. Physical and optical properties of the as-prepared BivVO, samples.

Bi precursor Acid aqueous Particle size BET Crystallite | Band
solution, [nm] surface size gap
concentration area [nm] [eV]
[M] SEM | BET | [m%g"]
A Bi,0; HNGO;, 0.5 833 +249 | 468 2.1 91 2.49
B | Bi(NO3);.5H,0 HNO;, 0.75 374 £ 171 | 339 2.9 89 2.48
C Bi,0; CH;COOH, 1.0 | 123+24 | 182 5.4 72 2.57

Figure 6.2a displays the XRD patterns of the BiVO, samples. The discernible peak
splitting at 18.5, 35 and 46 <of 26 signifies that all samples have a single scheelite-
monoclinic phase.® Despite the supposedly split peak at 18.5 <as a characteristic
diffraction fingerprint of scheelite-monoclinic BiVO,, the seemingly singlet for sample
C can be attributed to the low crystallinity of the BiVO, particles obtained using
agueous CH3COOH solution.® Note that the peak resolution worsens from sample A to
sample C, which is readily demonstrated by the split peaks at 18.5 <and 35 <(illustrated
in the insets), indicating that the crystallinity deteriorates as the particle size decreases.
This observed particle size dependent crystallinity is supported by the gradual decrease
of crystallite size from sample A to sample C (Table 6.1), as estimated using the
Scherrer equation. The considerably larger particle size of each sample in comparison to
the crystallite size suggests that the BiVO, samples used in this study are composed of
multidomain crystals (i.e., non-single crystal). Although all BiVO, samples exhibit the
typical optical absorption in the visible-light region, the absorption edge of sample C is
slightly blue-shifted compared to that of sample A and B (Figure 6.2b). Such blue shift
in absorption edge of sample C is in agreement with that reported by Iwase and Kudo.*
The band gap energies were estimated as 2.49 eV, 2.48 eV and 2.57 eV for samples A,

B and C, respectively. Table 6.1 summarizes the physical and optical properties of the

as-prepared BiVO, for ease of comparison.
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Figure 6.2. (a) XRD diffraction patterns and (b) UV-vis diffuse reflectance spectra of
sample A (black line), B (red line), and C (blue line). Insets in panel a illustrate the
enlarged XRD diffraction patterns showing the peak splitting at around 18.5 <(left) and

35 =(right).
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6.3.2. Surface Chemical States

X-ray photoelectron spectroscopy (XPS) measurements were carried out to compare the
surface qualities of the BiVO, samples with different particle sizes. Figure 6.3 shows
the core levels Bi 4f, V 2p and O 1s XPS spectra of all samples. The Bi 4f;, Bi 4fs,
V 2p32, V 2pi, and O 1s peaks for both sample A and B are found at 159.4, 164.7,
517.1, 524.9, and 530.2 eV, respectively, which correspond to the Bi**, V**, and O in
BiVO,4.>**® In comparison to sample A and B, these peaks of sample C are consistently
shifted by -0.4 eV. This can be ascribed to the surface effect of nanosized materials,
whereby an increase in the ratio of surface to bulk atoms has been found to result in
negative binding energy shift.*® Deconvolution of the V 2ps, peak (Figure 6.3b)
suggests that there is an additional peak for both sample B and C at higher binding
energies located at 518.3 eV for sample B and 518.0 eV for sample C. These peaks are
attributable to the presence of V°* in V,0s originated from the V precursor.3* Likewise,
deconvolution of the asymmetric O 1s peaks of both samples B and C (Figure 6.3c)
reveals the presence of an additional peak located at the binding energies 1.2 and 1.5 eV
higher than the O 1s peaks of the respective samples. The chemical shift within the
range of 1.2-1.5 eV agrees well with that between hydroxyl oxygen (OH) and lattice
oxygen (O%) of metal oxide,> suggesting that the additional peak for both samples B
and C corresponds to the OH groups present at the defect sites.®® Dissociation of water
molecules preferably occurs at the surface defects of photocatalyst, resulting in the
hydroxylation of the surface where OH groups are bind to the defect sites.® It is
noteworthy that sample C shows a relatively higher OH/O?% ratio compared to sample B
(0.23 and 0.18, respectively), indicating that the former has a higher density of surface

defects ensuing from particle size reduction. These XPS results thus suggest the
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increase of surface defect density from sample A to C, which explains their decreasing

crystallinity as observed from the XRD analysis (Figure 6.2a).
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Figure 6.3. XPS spectra of the (a) Bi 4f, (b) V 2p and (c) O 1s core levels of sample A, B,
and C.
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6.3.3. Photoelectrochemical Measurements

To evaluate the particle size effect on the PEC water oxidation performance of BiVO,
under visible-light illumination (of wavelength, A > 420 nm), the powder samples were
each made into an electrode via a dropcast method using conductive fluorine-doped tin
oxide (FTO) glass as the substrate. Figure 6.4a depicts the current-potential (I-V) curves
of the BiVO, particulate photoanodes under dark and light conditions. Upon light
illumination, all samples exhibit anodic photocurrent which is a typical photoresponse
of the n-type BiVO,. Improved magnitude of photocurrent density was observed as the
BiVO, particle size decreased over the range of potentials studied. As opposed to
sample A that portrays steady growth of photocurrent with the applied potential, sample
B and C reach a saturated photocurrent at a low potential of -0.30 V vs. Ag/AgCl,
suggesting a more efficient charge separation and transportation in the photoanodes
made with smaller BiVO, particles.”> Additionally, the onset potential (estimated by the
interception between dark and light curves*') was found to be progressively shifted to a
more negative potential with the decrease of BiVO, particle size, as evidenced by the
magnified view of I-V curves in the range of -0.65 to -0.35 V vs. Ag/AgCI (inset in
Figure 6.4a). A low onset potential is favorable for efficient PEC water splitting
reactions in view of the requirement of low energy input (i.e., the applied potential).***
The negative shift of both the saturation and onset potentials for the photoanodes with
smaller BiVO, particles thus infers enhanced PEC performance through decreasing
BiVO, particle size. In order to understand the origin of the improved PEC performance
for BiVO, with smaller particle size, the electrochemical properties of each BiVO,
photoanode was determined using electrochemical impedance spectroscopy (EIS).
Figure 6.4b presents the Nyquist plots of all samples measured at 0 V vs. Ag/AgCI
under dark condition. The arc radius decreases from sample A to sample C, suggesting
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an improving charge transfer ability of the photoanode accompanying the BiVO,
particle size decrease, which correlates well with the activity trend in the PEC

photocurrent generation.
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Figure 6.4. (a) I-V curves under dark (dashed line) and light (full line) conditions with a
scan rate of 0.02 Vs and (b) Nyquist plots of samples A, B, and C obtained in 0.1 M
Na,SO, solution. The inset in panel a illustrates the magnified view of the I-V curves

showing the onset potential of each sample.
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The charge transfer efficiency of the photoanode is determined by both the electrons
and holes, whereby the former migrate to the BiVO,/FTO interface to be drawn off as
current and the latter to the BiVOy/electrolyte interface to conduct water oxidation
reaction. The possibility of hole transfer as the limiting factor of the charge transfer
efficiency of a photoanode can be eradicated by the addition of a hole scavenger. Figure
6.5 compares the 1-V curves of all BiVO, photoanodes obtained with and without
methanol (hole scavenger) addition. Consistent with that reported in the literature,® *
significant improvement of photocurrent and negative shift of onset potential were
observed for each sample in the presence of the hole-scavenging methanol as compared
to that measured in the absence of methanol. Importantly, in the presence of methanol,
BiVO, with smaller particle size also exhibits higher photocurrent density as well as
lower saturation and onset potentials, similar to that observed in the absence of
methanol. The results thus infer electron transfer as the governing factor of the

improved charge transfer ability of BiVO, photoanode with smaller particle size.
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Figure 6.5. Comparison of the 1-V curves of (a) sample A, (b) sample B, and (c) sample C
under dark (dashed line) and light (full line) conditions with a scan rate of 0.02 Vs™ in
0.1 M Na,SO, without additives (black lines) and after addition of 10 vol % methanol
(gray lines).
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6.3.4. Effect of Particle Size on Interparticle and Particle/FTO Contacts in
BiVO, Particulate Electrode

Given that the photogenerated electrons have to be transported to the back conducting
substrate at the photoanode to be drawn off as current, the nature of the interparticle
contacts as well as the contact between the particles and the substrate are the key
features controlling the electron transport properties of the photoanode and thus the
electron transfer efficiency at the particle/substrate interface.®® With respect to these
aspects, the cross sections of sample A, B, and C on FTO substrates were observed
under SEM and the corresponding images are displayed in Figure 6.6. At a lower
magnification, void spaces can be observed within the network of sample A particles
(Figure 6.6a). The size of these void spaces shrinks as the BiVO, particle size decreases,
as depicted by the sample B electrode in Figure 6.6b and sample C electrode in Figure
6.6¢, suggesting a more compact particle network and better interparticle contacts with
the presence of smaller particles. At a higher magnification focusing on the BiVO4/FTO
interface, the contact of sample A particles and the FTO substrate (Figure 6.6d) is
evidently poor due to stacking up of the large particles. Such BiVO,/FTO contact is
improved in sample B and C electrodes (Figure 6.6e,f, respectively). Because of the
comparable size of sample C particles with the rough surface of the FTO substrate,
elemental energy-dispersive X-ray spectroscopy (EDS) mapping (Figure 6.7) was
carried out to aid in identifying the interface between sample C particles with the FTO
substrate, as outlined in Figure 6.6f. Clearly, sample C particles with the smallest size
are uniformly distributed on the FTO substrate, establishing the most intimate contact
with the substrate compared to the other two samples. The SEM images of the
BiVO,/FTO interfaces provide compelling evidence that the superior PEC performance

of BiVO, with smaller particle sizes arises from the improved BiVO, particles contact
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with the electron collecting FTO substrate on top of the enriched interparticle contacts.
These contacts ensure effective interparticle charge transport and thus efficient
collection of photogenerated electrons at the FTO back substrate to render higher

photocurrent generation.
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(@)

Figure 6.6. SEM images of the cross sections of (a) sample A, (b) sample B, and
(c) sample C BiVO, particles on FTO conducting glass. (d-f) Higher magnification of the
SEM images of sample A, B, and C interfaces with FTO, respectively.
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Figure 6.7. SEM image of the cross-section of BiVO, particles (sample C) on the FTO

substrate and the corresponding EDS mapping of the Bi, V and Sn elements. The interface
of BiVO, and FTO can be clearly identified as the FTO substrate is Sn-rich, while the
BiVO, particles are recognized as the area rich in Bi and V elements.

6.3.5. Photocatalytic O, Evolution

To delve into the reactivity of the three BiVO, samples with different particle sizes in
PS system, we carried out a separate activity test was carried out for water oxidation
from aqueous silver nitrate (AgNO3) solution under visible light (of wavelength,
L > 420 nm) illumination, in which Ag” ions were the electron scavenger. Figure 6.8
illustrates the amount of O, generated as a function of time for each sample normalized
in relation to per m? of surface area. Sample A unambiguously exhibits the highest
activity with the fastest O, evolution rate followed by sample B and C. Substantial
amount of O, was generated by sample A and B (925 pmol m? and 268 pmol m?,
respectively, over 3 h of illumination) except for sample C with an amount of merely
19 pmol m?, indicating larger BiVO, particles are beneficial for PS water oxidation

activity. This observed trend of O, evolution activities of the suspended BiVO, particles
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(sample C < sample B < sample A) is in stark contrast to their tendency in the PEC

system (sample A < sample B < sample C).

1100 -
1000 +
] Sample A %
o 900 + 5
E 800 | 3
[e) ] §
€ 700 4
= 1
~ 600 + ’ ;
c ]
2 500 + ; ¢
= 400 - s
> 1 Sample B
© 300 + .
S 200 se et
200 ¢ o
100 + : ¢ Sample C
D& 60000000400

0O 30 60 90 120 150 180
Time / min

Figure 6.8. Time profiles of surface-specific O, evolution from agueous AgNO; solution for
sample A, B, and C, under visible light (of wavelength, > > 420 nm) illumination. Every
data point was an average of 3 experimental runs with the error bar corresponding to

standard deviation.

6.3.6. Different Governing Factors in Powder Suspension and

Photoelectrochemical Systems

The opposing behaviors of PEC and PS photoactivity dependence on the particle size of
BiVO, indicate different governing factors in the two systems, as schematically
depicted in Figure 6.9. Despite having more surface recombination centers arising from
the higher density of surface defect sites, BiVO, particulate photoanode with smaller
particles was shown to have better PEC performance. This is attributed to the presence
of an externally applied potential to facilitate charge separation in the PEC system, in
which the performance of the BiVO, photoanode is predominated by its charge

transport properties. Smaller BiVO, particles immobilized on FTO substrate were found
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to have shorter interparticle distance (i.e., enriched interparticle contacts) and better
particle/FTO contact, allowing efficient interparticle charge transport and electron
collection efficiency at the substrate to result in an enhanced PEC photocurrent. In
contrast, the increased photocatalytic O, evolution activity for suspended BiVO, with
larger particle size demonstrates charge separation as the key issue in the PS system
rather than charge transport. The charge separation of a suspended photocatalyst is
mainly dependent on the SCL formation. A thicker SCL is typically developed in larger
particles to induce greater band bending beneficial for electron-hole pairs separation.®
In nanoparticle where its size is smaller than the SCL thickness, the resulting SCL and
band bending are negligible. In fact, significantly higher photocatalytic water oxidation
activity of large rutile TiO, particles in comparison to that of small anatase particles has
been attributed by Ohno et al. to the presence of band bending in the large particles.***
Additionally, the photogenerated electrons and holes have to be present on the surface
of the same particle to conduct redox reactions on the suspended photocatalyst in the PS
system. These electron-hole pairs are prone to recombination at the surface defects,
which was shown to be particularly rich on the surfaces of small BiVO, particles with
low crystallinity. The presence of band bending and fewer surface defects in large
particle thus signifies enhanced charge separation to improve photocatalytic O,

evolution.
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Figure 6.9. Schematic of the different roles of particle size in governing the photoactivity
of BiVO, in PEC and PS systems, at which the former is predominated by charge
transport properties and the latter is dominated by charge separation efficiency. SCL

denotes the space charge layer.
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6.4. Summary

Nanoscaling was demonstrated to render opposite effects in the water photooxidation
activity of BiVO, particles via PEC and PS systems. Specifically, improved PEC
photocurrent generation was observed as the size of the BiVO, particles immobilized on
the photoanode decreased. SEM images illustrated enriched interparticle contacts and
better contact between the particles and the FTO substrate in the presence of BiVO,
with smaller particle size, resulting in better charge transport and charge collection
efficiency that were supported by the EIS results. On the other hand, the photocatalytic
O, evolution activity of the suspended BiVO, particles deteriorated with decreased
particle size due to the loss of crystallinity and band bending necessary for charge
separation. This work elucidates that the water oxidation efficiency in the PEC and PS
systems relies on different key issues, namely, charge transport and charge separation.
While particulate electrode composed of nanosized BiVO, particles is needed for
improved PEC performance, faceted BiVO, microcrystals show better prospect for

greater water oxidation activity in the PS system.
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Chapter 7
Conclusion &

Recommendations

7.1. Conclusion

The three key steps related to charge kinetics (i.e., charge separation, transport, and
transfer) of BiVO, were determined to be reliant on the surface and bulk properties of
the material. They include the exposed facets, crystallinity, introduction of mid gap
states, and particle size. While strategies such as morphology control and post-synthesis
treatment have been shown to be effective in improving the photocatalytic performance
of BiVO,, they are often found to have limited capabilities in targeting simultaneous
enhancement toward all three aspects of charge kinetics that are complementary. It is
hereby demonstrated the potential concurrent optimization of all three steps via a

combination of multiple strategies.

The influence of exposed crystal facets on the charge transfer efficiency of BiVO, was
first probed using dual-faceted BiVO, particles with distinctly different relative
exposure extents of {010} and {110} facets. The two facets have been proven to be the
respective active reduction and oxidation functional facets of BiVO, due to spatial
separation of photogenerated electrons and holes. However, the BiVO, with dominating
{010} reduction functional facets outperformed the {110}-dominant BiVO, in
photooxidation  reactions (i.e., photocatalytic water oxidation and 2,4-

dichlorophenoxyacetic acid degradation). Steady-state PL measurements (in the
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presence of charge scavengers) revealed that the population of photogenerated electrons
and holes on the surface are proportional to the respective surface areas of {010} and
{110} exposed on BiVO,; {010}-dominant BiVO, has relatively more electrons than
holes available on the surface, while {110}-dominant BiVO, surface has more holes
than electrons. On the other hand, time-resolved PL analysis and flat band potential
estimation based on Mott-Schottky relationship suggested that a greater extent of
electron trapping is present in the {110}-dominant BiVO,. This was attributed to the
longer distance electrons have to diffuse from the bulk of the thick {110}-dominant
BiVO, particle to the {010} surface, increasing the probability of electrons being
trapped in the defects along the way. With the restricted numbers of electrons on the
small {010} surface and greater degree of electron trapping, the inefficient electron
extraction led to increased charge recombination, which resulted in poor photooxidation
activities of {110}-dominant BiVO, despite the presence of large oxidation functional
surface. This study shows that enlargement of {010} facets is essential to facilitate
electron transfer, not only for effective photoreduction reactions, but also to improve

photooxidation efficiency.

The dual-faceted BiVO, particles with different relative exposure extents of {010}/{110}
facets were subsequently coupled with RGO to examine the crystal facet dependence of
charge transfer between BiVO, and RGO. RGO has been widely reported as a good
electron mediator to suppress charge recombination in photocatalysts. In the present
thesis, the PEC photocurrents of all BiVO, samples were observed to be enhanced after
incorporation of RGO, consistent with literature findings. Although the overall
photocurrents of the RGO-BiVVO, samples were lower than that reported in the literature

due to the significantly larger BiVO,4 microcrystals, the extent of enhancement was
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found to correlate with the exposure extent of {010} on BiVO,. EIS measurements
indicated that the greater extent of enhancement in RGO-BiVO, is aroused from the
decrease in charge transfer resistance, indicating the beneficial role of {010} facets to
expedite electron transfer from BiVO, to RGO. DFT calculations were also performed
to determine the difference in electronic properties between graphene/BiV0,{010} and
graphene/BiVO,{110} interfaces. It was predicted that the former interface has metallic
characteristics with smaller Schottky barrier and higher binding energy than the latter
semiconductive interface, supporting that electron transfer between BiVO, and RGO is

favorable through the {010} facets of BiVO,.

Although the charge transfer efficiency of the dual-faceted BiVO, can be controlled by
manipulating the relative exposure extent of {010}/{110}, the charge transport aspect of
the material remained unaltered. The ability of annealing, particularly in oxygen-
deficient Ar environment, as post-synthesis treatment to overcome the charge transport
limitation and optimize the charge separation efficiency of the faceted BiVO, was then
investigated. The photoactivities of the faceted BiVO, for photocatalytic O, evolution
and PEC photocurrent were shown to be affected by Ar annealing in the temperature
range of 300 — 700 <C. SPS measurements showed that the higher temperature treatment
(both 500 and 700 <C) favor formation of new sub gap states, which were confirmed to
be oxygen vacancies (i.e., shallow donors that have been widely reported to effectively
improve electron transport in BiVO,) using EPR analysis. Additionally, XRD, Raman,
and UV-vis spectroscopy analyses revealed that while treatment at 300 <T has little to
no effect, higher temperatures of 500 and 700 <C also enhance the crystallinity, induce
greater local structure distortion, and reduce the band gap energy, all of which are

advantageous for charge separation in the treated BiVO,. However, it was shown here
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that the charge separation, transport, and photoactivity of the faceted BiVO, are
optimized by Ar treatment at 500 <C. Further increase of the temperature to 700 <C was
found to be undesirable due to diminution of well-developed facets and creation of

surface bismuth vacancies, which are detrimental for charge separation.

Lastly, the effect of particle size on the water oxidation activity of BiVO, in powder
suspension (PS) and PEC systems, which are the two approaches commonly employed
for water splitting reaction, was explored by comparing the performance of the faceted
BiVO, microcrystal with two other BiVO, particles of smaller size. While water
oxidation in PS system (known as photocatalytic O, evolution) was quantified by the
amount of O, being produced, the performance of water oxidation at the photoanode in
the PEC system was evaluated by the magnitude of the photocurrent being generated.
Particle size of BiVO,4 was shown to have opposing effect on its photoactivity in the PS
and PEC systems. Large BiVO, particles were found to improve O, generation owing to
the higher crystallinity and the presence of band bending to render a built-in electric
field, both of which are essential for efficient charge separation in the PS system
(without the assistance from an externally applied potential). In contrast, small BiVO,
particles were shown to generate higher photocurrent, attributing the shorter
interparticle distance to facilitate charge transport and better particle/FTO contact for

improved electron collection efficiency of the particulate electrode.

In summary, this thesis reveals that while the charge transfer efficiency of dual-faceted
BiVO, can be facilitated by the enlargement of {010} facets, simultaneous
improvements of the charge transport and separation aspects of the material can be
achieved via Ar annealing. The water oxidation performance of the microsized faceted

BiVO, was also found to surpass those of smaller BiVO, particles in the PS system.
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Despite the microscale particle size which could have been envisaged as the major
limitation of the charge transport and transfer efficiencies of the faceted BiVOQy, it is
hereby shown to have the best performance for water oxidation in the PS system due to

effective charge separation.

7.2. Recommendations

7.2.1. Dual-Faceted BiVO,: Further Studies, Material Optimization and
Potential Application

The results of this work demonstrated the potential of crystal facet engineering to
enhance the charge transfer efficiency of BiVO,. While manipulation of the relative
exposure extent of {010} and {110} facets exposed on BiVO, was found to affect the
surface population of photogenerated charge carriers, enlargement of {010} surface was
revealed to be advantageous for facilitating electron transfer that is essential for both
photoreduction and photooxidation reactions. The exposure extent of {010}/{110}
facets on BiVO, was also shown to impact on its interfacial charge interactions with
RGO, in which electron transfer from BiVO, to RGO is favorable through the {010}
surface relative to the {110}. These intriguing results thus warrant further investigation

on this material with potential optimization and applications as elaborated as follows.

Comparison of the time-resolved fluorescence lifetimes and fermi levels (based on flat
band potentials) between {110}-dominant BiVO, and {010}-dominant BiVO, in
Chapter 3 suggested that a greater extent of electron trapping is present in the former.
The difference in carrier dynamics between the two BiVO, samples could be further
verified using other techniques. Electron trapping affects the charge separation, charge

carrier mobility and charge lifetime of the material. Surface photovoltage spectroscopy
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(SPS) that was employed in Chapter 5 can potentially be used to reveal the charge
transfer direction associated with charge trapping and the difference in charge
separation efficiency of the two BiVOy,’s. In terms of carrier mobility and lifetime
quantifications, time-resolved microwave conductivity (TRMC) study that has been
previously demonstrated by Abdi et al. on BiVO, can be conducted. For better
sensitivity however, optical-pump-terahertz (THz)-probe (OPTP) spectroscopy, which
is a higher-frequency technique, is preferable. OPTP is not only capable of determining
carrier mobility down to sub-picosecond timescales, it is also well-suited to probe the

ultrafast charge trapping effect in photocatalysts.?

Given that {010} surface was demonstrated to be beneficial for enhancing the
photoactivity of BiVO, and its interfacial electron transfer ability with RGO, further
study on faceted BiVO, is recommended to be focused on fabrication of BiVO, with
extended {010} exposed surface. To this end, the solid-liquid state reaction employed in
this work for the synthesis of dual-faceted BiVO, with controllable {010}/{110}
relative exposure extent could potentially be explored to obtain thin BiVO,4 with highly
exposed {010} facets. Apart from being a green approach that produces zero byproducts,
the solid-liquid state reaction is a favorable method because it is free of template and
surfactant, both of which are generally needed to produce facet-controlled
photocatalysts.>” For this purpose, understanding of the formation mechanisms of the
BiVO, particles with respect to nitric acid concentration in the solid-liquid state reaction
is needed. While the acid concentration may influence the dissolution and precipitation
rate to govern the exposure extent of {010} and {110} facets on the resulting BiVO,
particles, examination of the roles of NO3 anions in the crystal growth process of

BiVO, may also be useful.
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In Chapter 4, the RGO-BiVO, composite fabricated from photocatalytic reduction of
GO using dual-faceted BiVO,4 was shown to have the RGO sheets randomly attached to
the {010} and {110} facets of BiVO,. Such random orientation of BiVO, particles on
the RGO sheets would have undermined the interfacial charge transfer efficiency
between the two components since electron transfer from BiVO, to graphene was
revealed to be more effective from the {010} facets compared to from the {110} facets.
Optimization of the RGO-BiVO, composite structure could thus be considered by
selective attachment of RGO sheet to the {010} facets of BiVO,. By exploiting the
functionality of {010} facets as the electron accumulating sites of BiVVO,, the surface
could be functionalized with functional groups via photoreduction approach. These
functional groups are aimed to react with the various oxygen groups on GO such that
the GO sheet is mainly attracted to the {010} surface of BiVO, prior to light

illumination for RGO-BiVO, composite formation.

The demonstration of Ar annealing as a post-synthesis treatment to effectively improve
the photoactivity of dual-faceted BiVO, in Chapter 5 highlighted the needs of using a
combination of multiple strategies to optimize the performance of a photocatalyst.
While crystal facet engineering is effective to improve the charge separation and
transfer aspects of BiVO,, charge transport remains as the major limitation of this
material. Despite the proven efficacy of Ar annealing to enhance electron transport in
dual-faceted BiVO, via oxygen vacancy formation, it is still necessary to explore other
approaches to circumvent this limitation. One potential approach would be to introduce
n-type dopants in the faceted BiVO,. In this regards, W and Mo are recommended as
the dopant candidates since they have been widely reported to be efficient in promoting

electron transport in BiVO,.2*?
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Comparison of the water oxidation performances of dual-faceted BiVO,4 microcrystals
and smaller BiVO, particles in the powder suspension system has also validated the
superiority of the faceted BiVO, particles (Chapter 6). As mentioned in Chapter 2
(Literature Review), the functionality of BiVO, as the O,-evolving photocatalyst in
combination with Rh-doped SrTiO3; or metal sulfides as the H,-evolving photocatalyst
has been demonstrated to achieve Z-scheme overall water splitting.***® Extending the
application of the faceted BiVO, particles into Z-scheme system would be beneficial.
One possible research area is to combine a selected H,-evolving photocatalyst with
BiVO, particles of different {010}/{110} relative exposure extents to gain insights into
the crystal facet dependence of the charge interactions between the two photocatalysts.
On the other hand, given that RGO can be used as a solid-state electron mediator, the
functionality of the RGO-BiVO, composite with optimized structure as previously
proposed can be compared with the RGO-BiVO, composite of randomly oriented

BiVO, particles using the Z-scheme system.
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