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Abstract

The increase in both emissions and pollutants is a direct consequence of an increase in urbanization
and industrialization. Degradation of these pollutants can be achieved by the use of photocatalysts.
A photocatalyst attracting attention is the 2D ternary layered BiOCl material. This structure has
a wide tunable band gap, controllable growth of (001) facets favorable for photocatalytic activity
and a stable structure which can also be tuned to better fit photocatalytic applications. Cur-
rent methods of synthesizing BiOCl are associated with certain limitations such as the utilization
of organic solvents, longer reaction time, lower production rate which makes them incompatible
with industry-scale production. A space-confined, microwave-assisted method is currently being
researched as an alternative approach.

In this thesis, a conventional microwave oven was utilized in order to synthesize 2D BiOCl crystals
on silica and mica substrates. This method is fast, clean, applicable to industry, has low cost and
low energy consumption and is environmentally friendly. The aim is to synthesize uniform, large-
area, atomically thin, stoichiometric, and crystalline BiOCl. A variety of parameters were changed
to investigate their eventual influence on crystal size and morphology. This was done to contribute
to a categorization of growth parameters for the method and to achieve a controllable method of
synthesizing BiOCl with a microwave oven. Characterization of the as-synthesized crystals was
done with optical microscope, scanning electron microscope, energy-dispersive X-ray spectroscopy,
Raman spectroscopy, atomic force microscopy and X-ray diffraction.

The parameters studied were microwave time, distance from the magnetron, microwave power,
growth on mica substrates while changing microwave power and amount of precursor BiCl3. Dif-
ferent morphologies were detected, among the most prominent were squares, octagons, and flowers.
The resulting BiOCl squares had a size range of 11 to 24 µm with a thickness of 40 to 153 nm.
For octagons the size was around 3 to 13 µm and thickness range of 40 to 170 nm. The flowers
petals exhibited a thickness of 280 to 480 nm. These also had an enhanced exposure of (001) facets
compared to a standard random-oriented BiOCl sample, and this facet is favorable for photocata-
lytic activity. The largest squares were generated by using a large amount of precursor on silica
substrates in a confined space placed in the center of the microwave oven, and heated for 1 min at
a power of 900 W. From the results it is hypothesized that octagons formed first when the diffu-
sion of atoms was low, then squares grew which upon further diffusion resulted in a self-assembly
process generating flowers. Octagons and squares were predominating on silica, whereas flowers
were mostly observed on mica.
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Sammendrag

Økningen i b̊ade utslipp og miljøgifter har vært en direkte konsekvens av den økende graden av
urbanisering og industrialisering i verden. Nedbryting av disse forurensingene kan oppn̊as ved å
bruke fotokatalysatorer. En fotokatalysator som har vekket interesse p̊a dette omr̊adet er 2D BiOCl
materiale med en ternær lagdeling. Denne strukturen har et stort justerbart b̊andgap, kontrol-
lerbar vekst av (001) gitterplan gunstig for fotokatalytisk bruk og en stabil struktur som ogs̊a kan
justeres til å bedre passe fotokatalytiske anvendelser. De eksisterende metodene for å syntetisere
BiOCl kommer med en rekke begrensinger, som for eksempel, bruk av organisk løsemidler, lang
reaksjonstid og lavere produksjonsrate, noe som gjør de inkompatible for produksjon p̊a et indus-
trielt niv̊a. En mikrobølge-assistert og plass-begrenset metode er under utvikling som et alternativ
til de tradisjonelle metodene.

I denne avhandlingen ble en konvensjonell mikrobølgeovn brukt for å syntetisere 2D BiOCl krys-
taller p̊a silica og mica substrater. Denne metoden er rask, ren, billig, bruker lite energi og er
miljøvennlig. Dermed kan den være mer aktuelt for industriell produksjon. Målet er å syntetisere
uniformt tynne, støkiometrisk og krystallinsk BiOCl med stort overflateareal. En rekke parameter
ble justert under syntetiseringen for å kartlegge effekten p̊a de syntetiserte krystallenes størrelse
og morfologi. Dette ble gjort med m̊al om å danne en kategorisering av parametere for vekst
for denne metoden og for å oppn̊a en kontrollerbar metode for syntetisering av BiOCl ved hjelp
av en mikrobølgeovn. Karakterisering av de syntetiserte krystallene ble gjort ved bruk av optisk
mikroskop, skanning elektronmikroskop, energidispersiv røntgenspektroskopi, Ramanspektroskopi,
atomkraftmikroskopi og røntgendiffraksjon.

Parameterne studert var tid i mikrobølgeovnen, avstand fra magnetron i ovnen, effekt p̊a ovnen,
vekst p̊a mica substrat ved varierende effekt p̊a ovnen og mengde forløper BiCl3. Forskjellige
morfologier ble oppdaget, hvor de mest fremtredende var firkanter, åttekanter og blomster. BiOCl
firkantene hadde en størrelse i rekkevidden 11 til 24 µm med en tykkelse p̊a 40 til 153 nm. For
åttekantene var størrelsen i rekkevidden 3 til 13 µm med tykkelse p̊a 40 til 170 nm. Blomster
”bladene” hadde en tykkelse p̊a 280 til 480 nm. Disse hadde ogs̊a en økt eksponering av (001)
gitterplan sammenlignet med en ordinær tilfeldig orientert BiOCl prøve, som er gunstig for fo-
tokatalytiske anvendelser. De største firkantene oppstod ved å bruke stor mengde forløper plassert
p̊a silica substrat i midten av mikrobølgeovnen og varmet i 1 min med en effekt p̊a 900 W. Res-
ultatet viser at det kan antas at åttekanter formes først n̊ar diffusjon av atomer var lav, deretter
formes firkanter som ved økende diffusjon resulterer i en sammensl̊aingsprosess og dannelsen av
blomstrer. Åttekanter og firkanter var dominerende p̊a silica og blomster dominerte p̊a mica.

iii





Preface

This thesis is performed in aspiration of further investigating the research done in TMT4500
Specialization Project during Fall semester of 2021 [1]. Parts of the theory and method sections
are based on the work conducted in the Specialization Project.

The research carried out in the Specialization Project was conducted during Fall semester 2021 in
lab 148, Hearst Memorial Mining Building at UC Berkeley under supervision of professor Zakaria
Al Balushi and by remote supervision from professor Ingrid Hallsteinsen, NTNU. During Spring
semester 2022, the research and subsequent characterizations were done in Nanolab, Chemistry
Block 1, Natural Science Building at NTNU in Trondheim under supervision by professor Ingrid
Hallsteinsen.

Acknowledgments

The Research Council of Norway is acknowledged for the support to the Norwegian Micro- and
Nano-Fabrication Facility, NorFab. Appreciation is given to fellow Al Balushi research member
Jiayun Liang who shared preliminary research results aiding the discussion. Thanks to Jennifer
Toy for making an initial step-by-step method. I would also like to thank my supervisor Ingrid for
valuable input and support.

Last but not least, I would like to thank my supportive parents.

Vibeke Rogde
Trondheim, June 2022

v





Table of Contents

Abstract i

Sammendrag iii

Preface v

List of Figures x

List of Tables xiii

1 Introduction 1

1.1 Proposed technical approach and contribution . . . . . . . . . . . . . . . . . . . . . 1

1.2 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Theory 3

2.1 2D materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.1 Different structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2 BiOCl properties and applications . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.1 Photocatalysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.2 BiOX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2.3 BiOCl structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.4 Band gap engineering and photocatalytic properties of BiOCl . . . . . . . . 9

2.2.5 Defects and their influence on properties . . . . . . . . . . . . . . . . . . . . 11

2.3 Synthesis of BiOCl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.1 Wet-chemistry approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.2 Dry-chemistry approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3.3 Space-confined synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3.4 Microwave oven synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.5 Space-confined microwave oven synthesis . . . . . . . . . . . . . . . . . . . . 18

2.3.6 Hydrolysis of BiCl3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3.7 Silica and mica substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4 Crystallization of BiOCl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.4.1 Growth mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.4.2 Solid-state decomposition in a microwave oven . . . . . . . . . . . . . . . . 23

2.4.3 Nanoframes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.4.4 Surface cracks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

vii



2.4.5 Flower-like structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.5 Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.5.1 Scanning electron microscopy (SEM) . . . . . . . . . . . . . . . . . . . . . . 30

2.5.2 Energy dispersive spectroscopy (EDS) . . . . . . . . . . . . . . . . . . . . . 30

2.5.3 Raman spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.5.4 X-ray diffraction (XRD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.5.5 Atomic force microscopy (AFM) . . . . . . . . . . . . . . . . . . . . . . . . 35

3 Experimental 36

3.1 Substrate preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.2 Glovebox . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.3 Synthesis method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.4 Parameter change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.4.1 Synthesis challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.5 Optical microscope (OM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.6 Scanning electron microscopy (SEM) . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.7 Energy dispersive spectroscopy (EDS) . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.8 Atomic force microscopy (AFM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.9 Raman spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.10 X-Ray diffraction (XRD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4 Results 42

4.1 Synthesis results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.1.2 Morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.1.3 Synthesis parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.1.4 Microwave time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.1.5 Distance from magnetron . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.1.6 Microwave power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.1.7 Mica with microwave power change . . . . . . . . . . . . . . . . . . . . . . . 54

4.1.8 Amount of source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.1.9 Substrate location . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.1.10 Size distribution of silica N . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.2 Energy dispersive X-ray spectroscopy (EDS) results . . . . . . . . . . . . . . . . . 62

4.3 Atomic force microscopy (AFM) results . . . . . . . . . . . . . . . . . . . . . . . . 66

4.4 Raman spectroscopy results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

viii



4.5 X-ray diffraction (XRD) results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5 Discussion 79

5.1 Growth trend . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.2 Observed structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.2.1 Squares, Octagons and Flowers . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.2.2 Nanoframe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.2.3 Surface cracks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.2.4 Stacked structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.3 Synthesis conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.3.1 Microwave time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.3.2 Distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.3.3 Microwave power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

5.3.4 Mica with power change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5.3.5 Amount of source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.3.6 Precursor treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.3.7 Confined space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.3.8 Microwave oven . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.4 Sources of error . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

6 Conclusion 95

6.1 Further work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

Bibliography 97

Appendix 111

A Additional OM images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

B SEM size analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

C Additional EDS results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

D Additional AFM images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

D.1 Observations done . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

D.2 Large octagons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

D.3 Nanoframes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

D.4 Color and thickness analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

E XRD calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

F Synthesis with varying amount of source . . . . . . . . . . . . . . . . . . . . . . . . 123

G Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

ix



List of Figures

1 The figure illustrates the categorization of nanomaterials based on dimensionality
[24]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 A schematic simplification of the working principle of a photocatalyst. . . . . . . . 6

3 The application of various BiOX structures [13]. . . . . . . . . . . . . . . . . . . . 8

4 The figure displays the structure of BiOCl [38], illustrating a) front view, b) top
view and c) decahedral geometry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

5 The figure illustrates the structure of mica. . . . . . . . . . . . . . . . . . . . . . . 20

6 The figure illustrates the structure of silica, SiO2/Si [116]. . . . . . . . . . . . . . . 21

7 The figure illustrates proposed growth direction of octagons and squares in literature
[123]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

8 Illustration of a nanoframe [132]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

9 Illustration of the different types of cracks forming on square BiOCl and rounder
square BiOCl [142]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

10 Illustration of three simultaneously prepared parallels for each parameter change. . 37

11 Illustration of a quartz combustion boat with stacked substrates inside the mi-
crowave oven. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

12 Schematic outline of the parameter changes during the synthesis scheme performed
in this thesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

13 Squares, octagon and flowers on a silica substrate imaged with OM and SEM. . . . 43

14 The three most common morphologies in this thesis [1]. . . . . . . . . . . . . . . . 43

15 Octagon and circle observed in SEM and OM. . . . . . . . . . . . . . . . . . . . . . 44

16 Squares imaged with OM and SEM. . . . . . . . . . . . . . . . . . . . . . . . . . . 44

17 Various BiOCl nanoframes detected in OM and SEM. . . . . . . . . . . . . . . . . 45

18 Layered BiOCl crystals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

19 Flowers imaged in OM and SEM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

20 Broken or cracked BiOCl crystals images with OM and SEM. . . . . . . . . . . . . 47

21 Screw dislocation noticed in SEM. . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

22 Various layered BiOCl shapes discovered in SEM and OM. . . . . . . . . . . . . . . 48

23 Irregular shapes of unreacted precursor discovered in SEM and OM. . . . . . . . . 48

24 Layered crystals exhibiting various morphology. . . . . . . . . . . . . . . . . . . . . 49

25 Illustration of how the substrate was divided for size distribution analysis. . . . . . 49

26 Illustration of size difference of 1 min vs 3 min at 1.1 with a scale bar of 50 µm. . . 50

(a) 1 min . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

(b) 3 min . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

27 Size analysis of microwave time synthesis. . . . . . . . . . . . . . . . . . . . . . . . 50

(a) Squares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

x



(b) Octagons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

28 Shape comparison between Si-9.5cm and Si-15.5cm in section 1. . . . . . . . . . . . 51

(a) Irregular shapes with stacking Si-9.5cm. . . . . . . . . . . . . . . . . . . . . 51

(b) Well-defined squares Si-15.5cm. . . . . . . . . . . . . . . . . . . . . . . . . . 51

29 Size analysis of distance synthesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

(a) Squares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

(b) Octagons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

30 Shape comparison between Si-900W and Si-750W at 1.2. . . . . . . . . . . . . . . . 53

(a) Si-900W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

(b) Si-750W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

31 Size analysis of microwave power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

(a) Squares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

(b) Octagons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

32 1.1 overview images showing shape comparison between Mica-750W and Mica-500W. 54

(a) Mica-750W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

(b) Mica-500W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

33 Shape comparison on Mica-500W, Mica-750W and Mica-900W at section 2. . . . . 54

(a) Mica-500W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

(b) Mica-750W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

(c) Mica-900W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

34 Size analysis of mica and microwave power. . . . . . . . . . . . . . . . . . . . . . . 55

(a) Squares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

(b) Flower petals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

35 Comparison between Si-small and Si-large in section 1. . . . . . . . . . . . . . . . . 56

(a) Vacant space at Si-small. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

(b) Crystals on Si-large. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

36 Size analysis of amount of source synthesis. . . . . . . . . . . . . . . . . . . . . . . 56

(a) Squares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

(b) Octagons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

37 Schematic illustration of the growth trend across N silica. . . . . . . . . . . . . . . 57

38 Observed trend on silica N taken at UC Berkeley. . . . . . . . . . . . . . . . . . . . 59

38 Observed trend on silica N taken at UC Berkeley. . . . . . . . . . . . . . . . . . . . 60

39 Illustration of how morphology and size changed towards the center of silica N
substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

40 Size analysis of silica N of source synthesis. . . . . . . . . . . . . . . . . . . . . . . 61

xi



(a) Squares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

(b) Octagons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

41 EDS analysis of a flower-like structure and surrounding squares of BiOCl on silica
N performed at UC Berkeley. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

42 The EDS analysis of squares with flower-like BiOCl on silica L substrate done at
UC Berkeley. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

43 Illustration of EDS analysis of mica L at NTNU with Pd and Pt. . . . . . . . . . . 64

44 Illustration of EDS analysis of mica L at NTNU without Pd and Pt. . . . . . . . . 64

45 Illustration of signal from pre-determined elements of area in Figure 44a. . . . . . 65

46 Illustration of AFM analysis of a nanoframe. . . . . . . . . . . . . . . . . . . . . . 66

47 Illustration of a typical AFM analysis of an octagon. . . . . . . . . . . . . . . . . . 66

48 Illustration of AFM thickness profiles for square. . . . . . . . . . . . . . . . . . . . 67

49 Illustration of ZSensor image and thickness profile for an octagon. . . . . . . . . . 67

50 Illustration of AFM analysis of a cracked crystal. . . . . . . . . . . . . . . . . . . . 67

51 Raman analysis of BiOCl flower-like structure on silica. . . . . . . . . . . . . . . . 69

52 Illustration of square crystal on silica N for Raman analysis done at UC Berkeley. . 69

53 The figure illustrates the Raman spectra of BiOCl on silica substrate N performed
at UC Berkeley. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

54 The figure illustrates the Raman spectra of clean silica substrate performed at UC
Berkeley. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

55 Illustration of square crystal on silica D for Raman analysis done at NTNU. . . . . 70

56 The Raman spectra of BiOCl on silica D done at NTNU with 6 accumulations and
10 seconds integration time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

57 Flower on mica F where Raman analysis was performed. . . . . . . . . . . . . . . . 71

58 The Raman spectra of BiOCl flower mica F substrate with 5 accumulations and 40
seconds integration time done at NTNU. . . . . . . . . . . . . . . . . . . . . . . . . 72

59 Illustration of the Raman active Bi-Cl bond in BiOCl marked in red [38]. . . . . . 73

60 XRD spectra of BiOCl on silica I with wavelength contamination and corresponding
facets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

61 XRD spectra of mica J with wavelength contamination and corresponding facets. . 76

62 XRD spectra of mica F (black) and mica J (red). . . . . . . . . . . . . . . . . . . . 77

63 XRD spectra of silica I (black) vs mica J (red). . . . . . . . . . . . . . . . . . . . . 78

64 A proposed morphology development. . . . . . . . . . . . . . . . . . . . . . . . . . 79

65 Proposed mechanism of nanoframe development. . . . . . . . . . . . . . . . . . . . 87

66 A proposed flower formation mechanism. . . . . . . . . . . . . . . . . . . . . . . . . 89

67 Irregularities and cracks observed on the mica substrate by using OM at UC Berkeley111

68 Si-15.5cm displaying low crystal density substrate section 1. . . . . . . . . . . . . . 112

69 Si-3min section 3 displaying medium crystal density. . . . . . . . . . . . . . . . . . 112

xii



70 Si-1min section 1 showing large crystal density. . . . . . . . . . . . . . . . . . . . . 113

71 Mica-900W section 1 showing crystal growth on mica. . . . . . . . . . . . . . . . . 113

72 Image showing an area of the silica substrate that was covered in white powder. . . 113

73 Illustration of EDS results on silica L, where the aim was to identify elements in the
flower-structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

74 Irregular shapes with a hole in the center. . . . . . . . . . . . . . . . . . . . . . . . 116

75 Figure of a smooth surface crystal. . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

76 Picture of large octagon used in analysis. . . . . . . . . . . . . . . . . . . . . . . . 117

77 Picture of large octagon used in analysis. . . . . . . . . . . . . . . . . . . . . . . . 117

78 Picture of large octagon used in analysis. . . . . . . . . . . . . . . . . . . . . . . . 118

79 Illustration of AFM images of a large nanoframe used in analysis. . . . . . . . . . . 118

80 Illustration of AFM images of nanoframe used in analysis. . . . . . . . . . . . . . . 118

81 Illustration of AFM images of a large nanoframe used in analysis. . . . . . . . . . . 119

82 Illustration of AFM images of a large nanoframe used in analysis. . . . . . . . . . . 119

83 Illustration of AFM image of yellow square. . . . . . . . . . . . . . . . . . . . . . . 119

84 Illustration of AFM image of blue and red square. . . . . . . . . . . . . . . . . . . 120

85 Illustrations of AFM analysis of a yellow and red square. . . . . . . . . . . . . . . . 120

86 Illustration of AFM image of blue square. . . . . . . . . . . . . . . . . . . . . . . . 120

87 Illustration of AFM analysis of blue square. . . . . . . . . . . . . . . . . . . . . . . 121

88 AFM analysis of a yellow square. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

89 AFM analysis of a blue, red and yellow square. . . . . . . . . . . . . . . . . . . . . 121

90 Illustration of the amount of precursor used in each individual parallel for the syn-
thesis changing amount of precursor. . . . . . . . . . . . . . . . . . . . . . . . . . . 123

91 Illustration of the quartz combustion boats used in parallel 1 and 3. . . . . . . . . 124

List of Tables

1 Synthesis schemes and parameter change throughout this thesis. . . . . . . . . . . 39

2 Density of squares and octagons/circles in each section for each parallel in the mi-
crowave time synthesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3 Density of squares and octagons/circles in each section for each parallel in the dis-
tance synthesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4 Density of squares and octagons/circles in each section for each parallel in the mi-
crowave power synthesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5 Density of squares and octagons/circles in each section for each parallel in the mica
and microwave power synthesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

6 Density of squares and octagons/circles in each section for each parallel in the
amount of source synthesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

xiii



7 Density of squares and octagons/circles in each section for each parallel in the silica
N synthesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

8 Results of AFM measurement analysis for octagons, nanoframes, squares and a
cracked crystal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

9 AFM thickness measurements of crystals with varying colors. . . . . . . . . . . . . 68

10 Raman modes for BiOCl grown on silica and mica substrates. . . . . . . . . . . . . 72

11 Unmatched peaks from mica J with database diffraction angle and facets. . . . . . 77

12 All the observed diffraction angles for silica and mica as well as corresponding facets
and database diffraction angle, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

13 Silica 2θ values, facets and calculated lattice spacing . . . . . . . . . . . . . . . . . 122

14 Mica 2θ values, facets and calculated lattice spacing . . . . . . . . . . . . . . . . . 122

xiv



1 Introduction

Along with the observed increase in industrialization and urbanization, there is a subsequent
increase in pollutant emissions such as organic, polymer, and biological compounds. There will be
a need to accommodate the problems arising from these releases, where a preferred solution would
be within the field of green technology. One approach would be to chemically transform these
pollutants into non-hazardous and non-toxic components, ideally with no additional emission [2,
3]. These chemical transformations could be facilitated by a photocatalyst, preferably one which
displays renewable energy conversion due to the environmental advantage.

Photocatalysis is a chemical reaction that is enabled by a photocatalyst which acts as an active
site for inducing the chemical reaction. In order to have more active sites which facilitates more
chemical transformation, an advantageous property of a photocatalyst is a large surface area.
Further advantageous aspects would be if the process could be driven by visible light, instead of
ultraviolet (UV) light. This is because UV light is only 10% of the solar radiation, thus in order
to utilize more of this energy the photocatalyst should be responsive within this energy range. By
increasing the utilization of solar radiation energy, the process of degrading organic pollutants in
wastewater would become more environmentally friendly.

A type of material which has been studied and synthesized for use in photocatalytic applications
is 2D materials. This is due to the fact that these structures show superior properties compared
to their 3D bulk counterparts. What distinguishes 2D materials from 3D materials is that one
of the three dimensions is restricted to a nano-size range, and this dimension is often thickness
[4]. The 2D materials could be stacked together in a variety of ways, to tune the properties
and thickness as desired for the specific application. Furthermore, this restriction and structural
confinement provide the 2D materials with a higher surface-to-volume ratio and a higher surface
activity compared to 3D materials [5]. All these favourable aspects make them advantageous in
the application as a photocatalyst.

A type of 2D material showing great promise as a photocatalyst is a ternary layered structure, which
provides structural and compositional tunability. Compared to binary 2D layered materials, the
extra element contributes to more variations within the structure in addition to different properties
[6]. More specifically a ternary 2D layered material obtaining an interest in the emerging field
of study of visible-light-driven photocatalysis is bismuth oxyhalides, BiOX. The BiOX with the
largest band gap is BiOCl, which is responsive within the UV light range. BiOCl has favourable
structural features such as an open structure, layered structure, and internal electric field. The
band gap is also thickness and morphology dependent thus it displays a tunable band gap, p-type
conductivity, and exhibits good reduction-oxidation capacity. Due to these features, the structure
has good prospects as a photocatalyst. If a material has a tunable band gap the application
range will improve as it could then be responsive to both UV light and visible light, depending on
the aimed use. A tunable band gap entails that by altering certain aspects of the material in a
process called band gap engineering, the resulting band gap will either be narrowed or broadened.
Band gap engineering can be achieved by doping, introducing defects, adjusting the thickness, and
multiple other strategies. In order to perform band gap engineering, there is a necessity for a
controlled synthesis.

When synthesizing BiOCl photocatalysts the most common ways are by a wet-chemistry approach.
These are known, reliable methods but offer some disadvantages. The limitations include the use
of organic solvents, longer reaction time, higher energy consumption, and lower production rate
thus less suitable for large industry-scale production.

1.1 Proposed technical approach and contribution

The work in this thesis aims to achieve uniform growth of large-area, stoichiometric and crystalline
BiOCl with a controlled synthesis method by utilizing a conventional household microwave oven.
The method relies on a microwave oven which differs from conventional heating by the use of an
electromagnetic field affecting dipoles within the material. The utilization of a confined-space and
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a microwave oven will affect the synthesized crystals in diverse ways. Prospects of the microwave-
assisted method will be simplicity, rapidness, less energy consumption, and no use of organic
solvents thus a more environmentally friendly approach. Compared to a wet-chemistry approach
this method has the potential of being scalable to industry-level production of photocatalysts.

This thesis aims to contribute with an evaluation of the microwave-assisted method as well as an
analysis of how the crystal growth can be influenced by systematically changing synthesis paramet-
ers. The parameters investigated are microwave time, distance from the magnetron, microwave
power, utilization of mica substrate while changing microwave power, and changing amount of
precursor.

1.2 Outline

The thesis is organized as follows: Section 2 presents a literature study and theory on the topics of
2D materials, properties and synthesis of BiOCl, crystallization of BiOCl and some characterization
methods. Section 3 describes the experimental setup used to conduct the experiments presented.
In Section 4 the results from the experiments are presented and are then discussed in Section 5.
The thesis ends with a conclusion and some suggestions for further work in Section 6.
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2 Theory

This section details different aspects of two dimensional (2D) materials, properties and application
of BiOCl, issues with the current methods both wet-chemistry and dry-chemistry approach, and
the crystallization of BiOCl.

2.1 2D materials

2D materials are materials where one of its three dimensions is compressed to the atomic thick-
ness and these sheets differ from their 3D material counterparts as they display different physical
properties, a direct consequence of size and dimensionality being important defining factors of
the properties of a material [7, 8, 9]. 2D materials are ideally 1 unit cell thick, but can include
thickness up to 10 atoms [10, 9]. Thus, these materials can theoretically replicate infinitely in
two dimensions, but the thickness remains in an atomic size range [4]. The definition of 2D ma-
terials also involves that the sheets can be isolated as free-standing 1 unit cell thick layers that
can be isolated from bulk material and exist without the need for a substrate [10, 9]. Depending
on the composition and structural configuration these materials can be classified as insulators,
metallic, semimetallic, semiconductors, or superconductors, emphasizing the vast range of possible
applications [5, 7]. Characteristics of 2D materials are that they have a higher surface-to-volume
ratio and higher surface activity than 3D bulk material [5]. 2D layered materials have relatively
recently sparked interest in research fields when single-layer graphene was successfully separated
from graphite crystals in 2004 [7, 10]. The atomically thin graphene sheets were mechanically
exfoliated and peeled off from the crystal, earning researchers Geim and Novoselov the 2010 Nobel
Prize in physics for their work [7, 11].

The reason why 2D materials are interesting and worthy of research is the properties these thin
sheets possess as a result of the spatial confinement in one dimension. Thus by tuning the thickness
there is a possibility of altering these properties as desired [4]. Optical, electrical, chemical, and
mechanical properties of 2D materials differ from 3D bulk counterparts [7, 9]. The optical and
electronic properties are impacted by the fact that electron movement is confined in an atomically
thick dimension and there is no interlayer bonding between the 2D materials. As there is no
interaction between layers, the electrons will be restricted to move along the 2D material, and the
movement of electrons is an important factor in deciding upon the band structure [9]. Thin layers
of 2D materials behave as elastic films hence this geometric effect alters the mechanical properties
[7]. Furthermore, the chemical property change originates from the high surface to volume ratio
[9].

All the observed effects of the 2D materials happen near or at the surface of the material. This is
because all of the atoms are either situated on the surface or a few Ångstroms into the material,
thus compared to 3D materials the atoms are generally more exposed to the external environment
[4]. For instance changes in melting and critical point behavior, quantum confinement, and out-of-
plane bending are observed upon reducing the dimensionality from 3D to 2D, as well as changes in
short and long-range interactions [4]. Short-range interaction involves the symmetry of chemical
bonding and coordination number. The latter is reduced when reducing dimensionality, thus
leading to the rehybridization of valence electrons in the material. This can lead to a new symmetry
appearing or structural transformation such as surface reconstruction where coordination number
and symmetry may be affected as the confinement induces changes in electronic structure [4].
There was a discovered shift in band gap from indirect to direct upon thinning bulk MoS2 by
microexfoliation to semiconducting monolayer [12]. Long-range interactions include electrostatic,
magnetostatic, and elastic interactions and prevail longer than interatomic distance [4].

As these 2D materials are thin layers or sheets, they can be stacked together to form a 2D layered
material [10]. Intrinsically the 2D layered structures consist of a layered structure with strong
intralayer bonding in the (001) plane by either covalent or ionic bonding and interlaminated weak
van der Waals nonbonding interaction [13]. Each layer is free of dangling bonds, thus integration
with adjacent layers is only facilitated through these weak interactions [7]. The weak vdW enables
easy separation of each layer from bulk material by for instance exfoliation, and these layers can
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then be re-stacked into flat structures according to preferred design, without the need to consider
lattice matching [7, 10, 4]. This feature of the 2D material is facilitated by them being free of
dangling bonds, allowing stacking and incorporation even in heterostructures with nanostructures
of other dimensionalities [7].

The aim of stacking different materials is to extend their light-response because the resulting
composites will have a larger range of photocatalytic responses than each individual layer [14].
The reassembled layers can be used in nanoelectronic devices and sensitivity biosensors and as
supercapacitors, photoconductive cells or p-n junction all depending on different factors taken into
account when stacking the structure [9, 7]. It is also possible to stack organic-inorganic layers
together forming a material that has vast potential with its multifunctional properties [15]. The
quality and type of 2D material, stacking order and the stacking technique play crucial roles in
improving the devices’ performance and discovery of eventual new phenomena [7]. From the use
of different materials and stacking order, unconventional characteristics may appear as different
stacking angles gives rise to a change in lattice structure and energy band type. Furthermore, in-
ternal defects, surface cleanliness, dimensions, and the number of layers that make up the structure
are all parameters that influence the physical and chemical properties of the resulting 2D layered
material [7].

There are different 2D layered materials and the most commonly known is graphene. Graphene are
free standing monolayers of carbon atoms, thus a monoelemental 2D layered material. By stacking
the graphite together, graphite will be created [16]. Then there are binary 2D materials such as
transition metal carbonitrides (MXene) which exhibits a layered structure where two or multiple
layers of the transition metal (M) are intervened by layers of carbon and or nitrogen (X) [17].
Furthermore, transition metal dichalcogenides (TMDCs) are also binary 2D layered materials.
These are semiconductors of type MX2 where M represent a transition metal atom and X is a
chalcogen atom. These are layered in a structure where there is alternation between layers of is
chalocogen atoms and metal atoms [18]. Then there is ternary 2D layered materials which is a
type of 2D material that is comprised of one metal and two non-metals. The additional element
compared to binary 2D layered material provides other properties such as intrinsic ferromagnetism
and higher electron mobility [19].

Separating of single layers from a layered crystal can be done by techniques such as mechanical
exfoliation, surface assisted in situ growth and exfoliation into colloidal solutions also called liquid
exfoliation [9]. 2D layered materials are being synthesized by different methods, chemical vapor
deposition (CVD), physical vapor deposition (PVD), magnetron sputtering, and plasma laser de-
position (PLD) to produce large-area materials. It has been proven difficult to synthesize these
structures via a solid source due to the buckled elemental material having an anisotropic rhom-
bohedral or trigonal crystals system [20]. Additionally, the growth conditions in a CVD system
are highly influential on both the size and quality of the resulting material. Conditions such as
temperature, confined space, precursor amount, and distance between precursor and substrate,
therefore for a CVD system trials have to be made as each temperature provides a different flow
pattern which is also linked to the placement of the substrate and so on [21]. Large-area 2D ma-
terials can be fabricated by facilitating a reduction in the metal-ion precursors melting point by
using salts, such that the growth edges will be passivated [4]. Additionally, for a PLD system, it
is reported that large area growth and high uniformity can occur if conditions facilitate for free
migration of reactive atoms. This is achieved by using a low-power laser providing low energy for
the impinging atoms [22]. Controllable synthesis of these by wafer-scale growth is being researched
and is promising, but crystalline orientation and growth mechanism must be investigated further
to get full control [20]. Of these, CVD and mechanical exfoliation are most commonly used [7].
Micromechanical exfoliation involves physically rubbing the crystal surface against another surface,
leaving behind flakes among which there exists a few single high-quality layers at a time [7, 9].
CVD on the other hand grows large size 2D materials, but of poor quality [7].

2.1.1 Different structures

There are different classifications of nanomaterials, and within the 2D material, there exist mor-
phologies and structural varieties as can be seen in Figure 1. Nanoplates are classified within the

4



2D category, as one dimension is confined in the range of nanoscale and usually this dimension is
thickness. While nanosheets are similar to the nanoplates, they possess extended lateral dimen-
sions meaning that both length and width are increased while thickness remains in the nanoscale
[23].

Throughout this thesis, the synthesized product is denoted as crystals when talking about un-
specified morphology and when talking about how the structures are stacked together the as-
synthesised BiOCl are denoted as nanoplates.

Figure 1: The figure illustrates the categorization of nanomaterials based on dimensionality [24].
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2.2 BiOCl properties and applications

2.2.1 Photocatalysis

Photocatalysis is defined as a photonic energy-driven chemical reaction that is induced by and
accompanied by a catalyst. The catalyst is not being consumed or reproduced in the reaction
occurring, and only acts as an active site enabling the chemical transformation and increasing the
reaction rate. Photocatalysts are usually semiconductors that have an electronic structure where
the valence band (VB) is filled with electrons while the conduction band (CB) is empty [25]. The
basic working principle of a photocatalyst is that photons of equal or greater energy than its band
gap is absorbed which generates electron-hole pairs known as charge carriers. Then these are
separated by different methods such as structural engineering to prevent unwanted recombination.
Ultimately there is a transfer of the photogenerated charge carriers to the surface to partake in
various reduction-oxidation (redox) reactions. This is illustrated in Figure 2.

Solar light is an inexhaustible energy source and using this will be a more environmentally friendly
approach than synthetic ultraviolet (UV) light source [26]. Additionally, band gap engineering is
done to overcome the obstacle of recombination of charge carriers, so they are not prevented from
partaking in the redox reactions at the surface [27]. However, in successful photocatalytic processes
UV light is still mostly used which limits its possible application and environmental benefits [25].
The challenge then remains to boost photocatalytic efficiency under visible light, by enhancing the
kinetics to shorten the total reaction time [26].

Figure 2: A schematic simplification of the working principle of a photocatalyst.

Gas absorption is analyzed in a BET (Brunauer, Emmett, and Teller) surface area analysis, where
nitrogen gas is usually used. The gas is released into a container with the material and surface
absorption happens under constant monitoring of pressure changes as absorption will alter the
pressure. Layers of absorbed gas on the surface are then heated, released, and quantified. The
amount of gas adsorbed is plotted versus relative pressure, and a BET isotherm is derived. With
this information, a specific surface area of the sample is calculated. This process is used to determ-
ine the surface area for small particles of 1 to 100 nm since the surface area is of high importance
for their properties [28]. A smaller BET surface area will be linked to limited exposure of active
sites on the surface and this will restrict the adsorption capacity of the surface [29]. In performance
evaluation of synthesized photocatalysts, various dyes are normally used such as Methyl orange
(MO) and Rhodamine B (RhB). This is done as the degradation mechanism of these organic dyes
have been previously studied and is straightforward [2].

The most investigated, commercially used photocatalyst is TiO2 and there exists established know-
ledge of both properties and structure. It is a nontoxic compound with photostability, high oxid-
izing activity, and low-cost [30, 14, 3]. However, there is some limitation with this photocatalyst.
Any facet-engineering of TiO2 proved difficult as the highest percentage of exposed facets was
only 80% in a study [31, 32]. Furthermore, the biggest limitation of this compound lies within the
wide band gap of 3.0-3.2 eV which restricts the response to solar energy in the ultraviolet (UV)
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range [30, 14, 3]. Therefore, it is deemed necessary to design other photocatalysts with a visible
light-responsive band gap or a wide band gap material that can be easily narrowed [14].

In general, bismuth-based 2D layered structures exhibit a stable structure, tunable band gap, and
high carrier mobility advantageous for band gap engineering aimed to adjust certain properties
such as photocatalytic performance [33]. Compared to TiO2, BiOX also exhibits greater electron
mobility. The structure has interesting light absorption capabilities as it can photo excite in
different energy ranges, depending on the choice of halogen. This can be exploited in electronics
and other fields of applications as photons from incoming radiation will be transformed into an
electric signal by the photoelectric effect that was first described by Albert Einstein [34]. Due
to the stacking of the layered structure, there is a high portion of exposed surfaces that can be
utilized for the investigation of an eventual facet effect on the photocatalytic activity. Investigation
of these ternary layered structures is therefore of interest for photocatalytic applications.

2.2.2 BiOX

There exists various studies on 2D layered bismuth oxyhalides, BiOX (X=I, Br or Cl) as they
possesses an interesting ternary layered structure for photocatalytic applications [13, 30, 32, 35, 2,
3]. For instance, it is found that the photocatalytic activity of BiOCl single-crystalline nanosheets
is facet dependent [32]. A study done by Zhao et al discovered that the (001) facet has higher
activity in direct semiconductor photoexcitation driven pollutant degradation under UV light, than
other facets. The same study discovered that for indirect degradation of dye photosensitization
under visible light, the (010) surface showed the highest activity [36]. Investigation of these ternary
layered structures is therefore of interest for photocatalytic applications.

The variable band gap of BiOX makes it interesting as changing the X will consequently change
the band gap from the values of 1.8 eV (X=I), 2.7 eV (X=Br), and 3.3 eV (X=Cl), which can be
exploited when exploring new light-harvesting materials [13]. By having atomically thin 2D layered
materials with different band gaps alloyed together and carefully controlling composition ratios, the
result could be various semiconducting materials with different, selective band gaps. Displaying a
tuneable band gap is in general favorable as the structure can then be used in functional electronics
or optoelectronic devices [37]. BiOX also possesses a thickness-dependent band gap, which can
make it easy to influence optical and physicochemical properties only by altering the size [13].
The gradual decrease in band gap across the series of halogens is coherent with a reduction in
electronegativity. Additionally changing the halogen in the structure will induce a change in the
composition of the valence band (VB) [30]. Furthermore, in a study done by Zhang the band gap
of BiOCl was 3.20 eV, BiOBr was 2.76 eV and BiOI was 1.77 eV. In this study it was discovered
that the energy level of the VB was discovered to be influential on certain properties of BiOBr. In
the study it was observed that BiOBr could absorb photons within the visible light region, which
BiOCl is unable to do because of its large band gap, However, BiOBr exhibited a redox capacity
poorer than that of BiOCl. This is due to the fact that BiOBr has a VB with a higher energy level
than BiOCl, which negatively impacted the redox capacity of BiBr. From the same study, it was
found that BiOI was the compound that was able to absorb most of the visible light as it has the
smallest band gap. However, since the energy level of the VB is high in BiOI, this limits its ability
to facilitate redox reactions [30].
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Figure 3: The application of various BiOX structures [13].

2.2.3 BiOCl structure

The atoms within the layers of BiOCl are held together by strong covalent interactions, while the
interlayer interaction of the stacked structure consists of weak van der Waals forces through the

chlorine atoms. Furthermore, the BiOCl layers consists of [Bi2O2]2+ and sandwiched between
double plates of these layers are halogen ions [Cl] – interlaced in the c- direction [6, 27, 38, 30, 32,
39, 40]. The BiOCl structure is illustrated in Figure 4. In the direction of the c-axis the structure
is not closely packed, thus BiOCl has an open structure which can also be observed in Figure 4
[40]. Additionally, facilitated by the open structure, an internal electric field will form between

the [Bi2O2]2+ and the [Cl] – due to the charge difference. This can enable more transport of
charge carriers and reduce the recombination rate of photogenerated charge carriers, ultimately
leading to a higher photocatalytic efficiency [32, 40, 26]. As the BiOCl has an open structure it
will promote polarization of orbitals, and in addition to the electric field, this results in higher sep-
aration rates of the charge carriers thus further enhancing the photocatalytic efficiency [30, 40, 13].

Figure 4: The figure displays the structure of BiOCl [38], illustrating a) front view, b) top view
and c) decahedral geometry.

BiOCl is a multicomponent metal oxyhalide belonging to the group V-VI-VII compounds and has
a high chemical stability even under UV light with nontoxicity and is resistant towards corrosion
[6, 41]. It has a tetragonal matlockite structure (PbFCl type) with the space group P4/nmm

(D7
4h ) [27, 42, 38]. This means that there are 6 atoms in the primitive cell with lattice parameters

a=b=0.3891 nm and c=0.7369 nm, and with angles α = β = γ = 90 °[27, 39, 32, 43, 44, 45,
46]. The structure of BiOCl will make it crystallize easily into a single-crystalline 2D nanosheets
anisotropically through a hydrothermal or solvothermal method [27]. It is reported that one BiOCl
nanosheet have a thickness of about 2.7 - 2.9 nm, consisting of four stacking units of [Cl - Bi - O
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- Bi -Cl] [13, 47].

For BiOCl the successfully synthesized morphologies range from zero-dimensional (0D) nano-
particles and quantum dots, one-dimensional (1D) nanorods, nanowires, two-dimensional (2D)
thin films, nanoplates, layered structures, nanosheets, nanobelts and lastly three-dimensional (3D)
bulk materials and hierarchical architectures [48].

Furthermore, BiOCl has a p-type conductivity that in combination with n-type semiconductors,
allows the formation of p-n heterojunction that enhances the charge carrier separation thus enhan-
cing the photocatalytic performance of the combined material [33]. P-type conductivity is a term
used for materials where the majority of the photogenerated charge carriers are holes, and electrons
are the minority charge carriers. Thus there is a larger concentration of holes than electrons [49].

2.2.4 Band gap engineering and photocatalytic properties of BiOCl

To summarise, the wide band gap of BiOCl accompanied by other favorable features makes it a
good candidate for photocatalysis. It has an internal electric field and open structure facilitat-
ing transport and separation of charge carriers, better redox capability because of a lower energy
valence band (VB) compared to BrOI and BiOBr, and p-type conductivity facilitating the gen-
eration of p-n heterojunctions which are all favorable for photocatalysis. It is also discovered
that the photocatalytic activity of BiOCl single-crystalline nanosheets is facet dependent [32]. A
study found out that the (001) facet has higher activity in direct semiconductor photoexcitation
driven pollutant degradation under UV light, than other facets. The same study discovered that
for indirect degradation of dye photosensitization under visible light, the (010) surface showed
the highest activity [36]. Investigation of these ternary layered structures is therefore of interest
for photocatalytic applications. However, the limitation of BiOCl photocatalytic activity resides
within the wide band gap which absorbs UV light, thus band gap engineering is needed [30, 13,
32, 40, 26, 33].

Band gap engineering involves controlling or changing the band gap energy of a material, to fit
the energy of a specific electromagnetic radiation wavelength, and by this also induces changes to
certain properties of the material. In the specific case of narrowing a wide band gap semiconductor
by various ways, is to improve the poor solar energy conversion efficiency by overcoming the
semiconductor’s poor absorption within the visible light range, stated at 47% . This will result in
the development of efficient visible-light photocatalysts for environmental applications using solar
radiation.

BiOCl has an optical indirect band gap ranging from 3.0 to 3.5 eV where the value depends on the
thickness, synthesis method, morphology, and other features. The indirect band gap will hinder the
recombination of the excited electron with the hole, as the excited electron has to travel a k -space
distance in order to reach the valence band (VB) before subsequently being emitted. Furthermore,
because of its large band gap, the photocatalytic property of BiOCl under visible light is deemed
negligible [50]. Despite this, the open layered structure of the BiOCl, internal electric field, and the
indirect band gap are beneficial for the separation and transport of photogenerated charge carriers
which is advantageous for a photocatalyst, making BiOCl a great candidate for photocatalysis.
The photogenerated electrons and holes can then make their way unhindered to the surface, and
partake in reactions with for instance an organic pollutant molecule [31, 51, 52].

Band gap engineering of BiOCl can be carried out by adjusting elemental ratios alongside the use of
a precursor, facilitating the creation of various point defects, textural design, constructing hetero-
junctions, metal-metal oxide decoration, doping the structure with other elements, or by adjusting
various growth conditions. Growth conditions that could be changed are different temperatures,
adding solvents, changing reaction time, having a gaseous environment, or having the reaction
occur in a solution [33, 14, 13, 48, 27]. Additionally, trapping of charge carriers by inducing OVs
may improve photocatalytic response. However, in many systems, the reaction scheme is carried
out with the surface OVs themselves and how reactive species interact with the substrate [27].

A study done by Li et al synthesized 3-7 nm thick, square nanosheets of BiOCl with a band gap
of 3.25 eV by the use of a modified solvothermal method assisted by polyols [53]. Different polyols
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can be added to a synthesis scheme to control morphology and particle growth. Li and colleagues
also studied the effect the concentration of Cl and the choice of Cl source had on thickness and
morphology, and thus photocatalytic activity. They found that for both the Cl-sources, NaCl and
CTAC, an excessive concentration resulted in wider and thicker BiOCl nanosheets. The perfect
concentration of Cl source was found when the ratio of Bi:Cl was 1:1. With this ratio, ultrathin
BiOCl with a thickness of 3-7 nm was generated, preferential for photocatalytic performance.
These 3-7 nm thin square BiOCl nanosheets displayed an increased activity of photosensitization
degradation of rhodamine B (RhB) under visible light, compared to thicker nanosheets of BiOCl.
As the band gap of BiOCl in this study is stated to be 3.25 eV, the structure is not active under
visible light. Therefore, the increased activity when reducing the thickness is ascribed to a higher
surface area which is linked to more active sites for dye adsorption and thus degradation [53].

The higher surface area achieved upon reducing the thickness will be associated with an increase in
surface energy, rendering the single, thin nanosheets thermodynamically unstable. This is the driv-
ing force for the nanosheets to stack together, creating a layered nanoplate structure that decreases
the total surface energy during growth [54]. Additionally, one noticeable feature was distinctive
between the two Cl sources. When using the same growth conditions, CTAC resulted in square-like
nanosheets and NaCl gave round-shaped nanosheets where the latter had higher BET surface area,
thus better photocatalytic performance. For the case of insufficient Cl-source concentration the
results were irregular shaped BiOCl [53]. It was discovered that both carrier migration and light
absorption will be enhanced when reducing the thickness of bismuth semiconductors below 10 nm.
This is attributed to the large specific surface area that is a consequence of reducing the thickness
to the nanometer scale and ascribed to the phonon confinement effects [55] [54]. When reducing
size and dimensionality these effects will subsequently occur in the material, and it may lead to
both an increase or decrease of band gap energy [56]. There is still limited knowledge of these
effects that need to be studied further [56]. However, this gives an indication of how thickness and
synthesis schemes can affect the resulting band gap.

The band gap can also be narrowed by doping which also induces changes to the photocatalytic
property of the material [30, 14]. Doping can be done either by pre-treating the precursor or by
post-treatment of the already prepared 2D layered material [14]. Band gap engineering by doping
is also shown in a theoretical study by Zhang et al where Sb and I atoms were co-doped to reduce
the band gap of BiOCl and enhance the optical absorption coefficient. From the theoretical study
with DFT calculations, the effect of the co-doping is ascribed to the electronegativity between
the Sb/I atoms and Bi/Cl atoms. The calculated band gap was 2.90 eV, deviating some from
the experimental value of 3.20 eV [30]. A study doped BiOCl with fluorine ions, and both the
crystal lattice and surface properties were altered and the structure had a band gap of 3.47 eV.
This resulted in a 99.7% photocatalytic degradation of RhB by the doped BiOCl within 35 min
under visible light irradiation [57]. Another study doped BiOCl with boron which resulted in
higher exposure of (001) facets and showed great degradation of RhB under the illumination of a
Xenon lamp. After 100 min of irradiation, pure BiOCl degraded 51.7% of the RhB while B-BiOCl
exhibited a degradation rate of 81.5% [58, 31]. This enhanced photodegradation was explained by
a higher exposure of (001) facets in B-BiOCl which promotes charge carrier separation, as well as
increased specific surface area [58]. Another study synthesized square BiOCl with a thickness of
190 nm by a hydrothermal process which under Xenon arc lamp had a degradation rate of 35%
after 6 min. Using the same process the BiOCl was doped with carbon and only by adding 1 mmol
of glucose did the degradation rate increase to 80% under the same conditions. The two structures
had the same band gap of 3.4 eV thus the difference in photocatalytic performance is based within
the structure where carbon facilitates for separation and transfer of photoinduced charge carriers
[59].

Band gap engineering can also be done by adjusting the halogen ratios of Bi/Cl, where a bigger
ratio gives a smaller band gap, which ultimately alters the optical properties of these crystals
[27]. When changing the atomic ratio of BiOCl the primary aim is to narrow the band gap, but
it will also change the composition of the structure [54]. Through a dehalogenation process the
photoabsorption range could be altered from UV region corresponding to the BiOCl structure, to
visible light region with structures like Bi3O4Cl and Bi12O17Cl2 [27]. The oxygen-rich structures
of Bi12O17Cl2 and Bi24O31Cl10 has band gaps of 2.57 eV and 2.71 eV, respectively [60, 61]. Thus
both structures can absorb visible light [54]. Bi12O17Cl2 was synthesized through a hydrothermal

10



route that was assisted by a water-soluble polymer. The addition of the polymer was deemed
crucial for constructing the oxygen rich BiOCl structure [60]. The other structure, Bi24O31Cl10,
was created in a study by Jin et al, by adding NH3 · H2O to a hydrothermal synthesis of BiOCl.
In the study both Bi24O31Cl10 and BiOCl were synthesising according to this manner with and
without adding NH3 · H2O. It was discovered that Bi24O31Cl10 had a narrower band gap of
2.71 eV compared to the 3.42 eV band gap of the synthesized BiOCl, showing the significance
of NH3 · H2O in the synthesis [61]. Additionally, for chlorine-rich BiOCl, the band gap will be
more narrow [54]. This is shown in nanosheets of Bi12O15Cl6 where the corresponding band
gap is 2.36 eV, also within the visible light region [62]. These nanosheets were fabricated by a
facile solvothermal route before being thermally treated. The nanosheets showed an enhanced
photocatalytic performance compared to synthesized BiOCl nanosheets upon removal of the non-
dye pollutant bisphenol A under visible light. This may indicate that by doping a general structure
with a halogen may lead to a decrease in band gap energy, which can be linked to the previous
statement that there is a gradual decrease in band gap of BiOX across the series of halogens [30].

The reasoning behind the halogens’ effect on the band gap energy could be found in the density
functional theory (DFT) calculations. Based on DFT calculations it is found that the upper valence
band (VB) contains Bi 6s and O 2p orbital states and there is also a small contribution from Cl
3p states [32, 40]. This is because the electronegativity of oxygen is stronger than that of chlorine,
the O 2p states have a lower energy level than Cl 3p thus there is only a contribution from Cl to
the VB. The upper VB is called the highest occupied molecular orbital (HOMO) [40]. The lower
conduction band (CB) is called lowest unoccupied molecular orbital (LUMO) and contains mainly
Bi 6p orbitals [13, 30, 54]. This entails that by changing the bismuth and oxygen halide ratio and
content, the position of the CB and VB can change. Either making the band gap smaller or larger,
depending on the aimed application of the resulting structure [13, 54]. The Bi 6s orbitals have a
greater radial extension meaning these valence orbitals will give a better overlap than 4f and 5d
valence orbitals, which is linked to higher mobility of photoinduced charge carriers. This is one of
the reasons for the enhanced stability of bismuth-based photocatalysts [30]. For instance, as oxygen
content increases the oxygen 2p states become more dominating in the VB, thus giving oxygen-rich
BiOCl structures a band gap energy closer to that of Bi2O3, 2.38 eV [63]. Demonstrating that VB
can be tuned by changing the O/Cl ratio [54].

2.2.5 Defects and their influence on properties

The most important and prominent lattice vacancies in the 2D BiOX structures are oxygen va-
cancies (OVs) and generating these OVs at the surface is the most common method of narrowing
the wide BiOCl band gap [62, 13, 27]. The high fraction of exposed surface makes the 2D nano-
structure ideal for insight on an atomic level into OVs influence on thermodynamics and kinetics
of photocatalytic processes [27]. OVs narrow the band gap because they can function as electron
donors as they have an energy level in between the band gap [64]. The phenomenon of lowering
the band gap energy is also explained by the overlap of nonlocalized OV states with the valence
band (VB), and by this reducing the band gap [65].

The most important and prominent lattice vacancies in the 2D BiOX structures are oxygen va-
cancies (OVs) and generating these OVs at the surface is the most common method of narrowing
the wide BiOCl band gap [62, 13, 27]. The high fraction of exposed surface makes the 2D nano-
structure ideal for insight on an atomic level into OVs influence on thermodynamics and kinetics
of photocatalytic processes. Compared to traditional metal oxides OVs are effortlessly induced
on BiOCl under O2 deficient and ultraviolet (UV) or thermal conditions. This is due to the fact
that at the surface the Bi-O bond energy is low and the bond length is large, thus it takes a small
amount of energy to create an oxygen vacancy at the surface, especially in an environment that
lacks oxygen [27, 66]. The thermal condition creates a higher diffusion of OVs in the xy plane,
enabling the generation of more OVs [33]. At higher temperatures the OVs are generally more
stable at the surface of a structure rather than in the bulk, this is verified both in theoretical and
experimental studies. At low concentrations of OVs, the surface diffusion and hopping between
adjacent oxygen sites dominate. On the contrary, there is a ”traffic jam” when the concentration
of OVs increases and they repel each other making it difficult for additional OVs to be generated.
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This is counteracted by thermal condition as it increases the diffusion of OVs [67]. However, in-
ducing surface OVs has a capacity limit related to how many OVs can be present at the surface,
thus to further narrow the band gap other methods must be utilized [62]. OVs narrow the band
gap because they can function as electron donors as they have an energy level in between the band
gap [64]. The phenomenon of lowering the band gap energy is also explained by the overlap of
nonlocalized OV states with the valence band (VB), and by this reducing the band gap [65].

Point defects like these OVs will in general function as traps for photogenerated charge carriers,
and surface OVs are especially important in mediating photogenerated charge carrier separation
and in photocatalytic processes for transferring charge between the different surfaces [64]. OVs are
also active sites for adsorption of O2 molecules and sites for activation to form superoxide anion
radicals [64]. In the PTT study, BiOCl was synthesized by a hydrothermal method, and OVs were
introduced on the surface by UV light irradiation. In the (001) plane of BiOCl, there is a high
density of oxygen atoms such that OVs are easily generated by UV light energy [66].

In addition to OVs, other lattice defects might appear. For instance, under bismuth rich rather
than oxygen-rich conditions defects like BiCl and Bii are easily formed. Cl is easily replaced by
an O atom or a Bi atom due to weak interaction between Bi-Cl [33]. The Bi-Cl interaction is quite
weak compared to the strong forces between the electronegative Cl-O, with a bond length of 3.3 Å
[30]. Generally, for all chemically synthesized materials it is impossible to avoid introducing hydro-
gen due to its small radius and size making it easy for the atoms to get in interstitial or vacancy
positions [30]. However, defects in ultrathin BiOCl exists mostly as triple Bi-O-Bi vacancy associ-
ates V′′′BiVO V′′′Bi, and not isolated defects like a bismuth vacancy V′′′Bi. The change in dominating
defects is caused by a reduction of thickness from nanoplates to atomic size-ranged nanosheets,
whereupon reducing the thickness the predominant vacancies become more enhanced. The BiOCl
nanoplates had a valence band (VB) energy maximum of 2.22 eV while the conduction band (CB)
minimum was -1.03 eV vs. normal hydrogen electrode (NHE) consistent with literature [68, 39,
69]. Nanosheets and nanoplates exhibit some distinctive features and as mentioned in Section 2.1
they have different lateral sizes whereas nanosheets have an extended length and width compared
to nanoplates. The nanosheets had an energy up-shift for VB compared to nanoplates, with a VB
of 1.17 eV and a CB minimum of -1.83 eV. Both the width of VB and minimum energy of CB
are noteworthy features when it comes to kinetic and thermodynamic requirements. As the width
of the VB increases, so does the separation of charge carriers as a wider VB gives rise to higher
mobility among the generated holes. Resulting in a better photo-oxidation of holes. The minimum
energy of CB is important to its photocatalytic property. Firstly, an increase in minimum energy of
CB can make the charge carriers more negative thus facilitating a reaction with molecular oxygen
and creating superoxide ions, these superoxide radicals are important for photocatalytic degrada-
tion of for instance RhB [70, 39]. In addition to this, it will promote the transfer of photoexcited
electrons to other reactants thus restricting the recombination of electron-hole pairs. The con-
sequence is that the nanosheets display a higher photocatalytic activity than that of nanoplates,
due to these features of the VB and CB [39]. In summary, the triple vacancy associates reported
in the study made the surface of the BiOCl nanosheets negatively charged as well as decreased the
band gap, and enhanced degradation of phenol compared to BiOCl nanoplates.

Screw dislocations are topological defects of the crystal lattice that can appear. They appear
during facets growth under weak supersaturated conditions [71]. Kossel, Stranski, and Volmer’s
growth theory could not explain why growth could occur at a supersaturation far below the normal
level needed to induce nucleation. It was suggested in a new theory that screw locations appear
on crystal surfaces under these growth conditions, and these screw locations function as a starting
point for further growth of the dislocation [72]. Screw dislocations look like a spiral staircase as
the lattice planes shift by one layer from the starting point, at the end of the dislocation a step or
surface ledge emerges and stretches to the edge of the facet and so on [71]. This enables growth
covering the crystal by step formation emerging from the starting point.
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2.3 Synthesis of BiOCl

Preparation technique is, as stated earlier, crucial as it affects structural features including size,
morphology, and exposed facets [73, 74]. It will also have an impact on the environment, cost
of production, necessary safety precautions and synthesis scale [74]. For synthesizing BiOCl 2D
materials the most common ways are by wet-chemistry methods such as hydrothermal and solvo-
thermal methods, and the most frequently used bismuth source is bismuth nitrate pentahydrate,
Bi(NO3)3 · 5 H2O, [73, 74]. Other traditional wet-chemistry methods include chemical etching
and deposition-precipitation [75]. Methods such as solid-state milling at room temperature and
microwave-assisted route can also be utilized. The latter uses a solution and microwave reactor
[75, 73].

The difficulties with controlling stoichiometry comes from the use of precursors BiCl3 and Bi(NO3)3
which are easily hydrolyzed in air, thus will decompose to BiO when the control of heating is un-
suitable [6]. When using bismuth nitrate pentahydrate, Bi(NO3)3 · 5 H2O, to create bismuth-based
photocatalysts the compound gives rise to some challenges concerning the reaction time. The pre-
cursor is inexpensive and available but has a low water solubility thus the reaction with anions,
for instance, ceCO˙3ˆ2-, in an aqueous solution, will be a heterogeneous reaction. Hence the re-
action will take a long time to reach completion. A way of assuring that the reaction can happen
homogeneously and thus rapidly is by adding acids, urea, or organic solvents to prevent hydrolysis
of the Bi(NO3)3 compound. However, this can affect the products. For instance, could incorpor-

ation of acid into the solution inhibits the growth of (Bi2O2)2+ cations, which is advantageous
for tunability of synthesis of certain morphologies and hierarchical structures of bismuth-based
photocatalysts with a layered structure. This is because such structures are formed as a result

of combination of (Bi2O2)2+ cations and X– and CO3
2– anions, and ultimately X-Bi-O-Bi-X

nuclei growth [73]. Additionally, can the choice of acid also affect the product and its microstruc-
ture. The surface of a crystal responds differently to different acids, and the adsorption capacity
will vary whether an inorganic or organic acid is being used. As the crystal surface adsorption
capacity varies for different acids, the growth sites will not be covered uniformly, thus leading to an
affected nucleation and growth rate of the facets [76]. The reaction kinetics can also be tuned by
conducting it in solvothermal or hydrothermal conditions, which simulate an atmosphere of high
pressure and temperature thus increasing the reaction process [76, 48].

2.3.1 Wet-chemistry approach

The main difference between hydrothermal and solvothermal methods is the use of organic solvents
in the reaction in a solvothermal approach. Normally various organic solvents are used in this
process, and among these ethylene glycol is the most frequently used [66, 77]. An advantage to
both methods is that particle size, morphology, surface defects, facets, and crystalline phase of the
product can be tuned by altering reaction conditions such as solvent type, precursor, temperature,
pH, and additives such as surfactants [73, 74, 77]. The vast ways of controlling the features and
thus properties with these wet-chemistry methods indicate that there is a high level of control of
the resulting material, which is a great advantage for utilization of these approaches [74].

For instance to control the microstructure, dulcitol, C6H14O6, was used as a surfactant in a
hydrothermal synthesis of BiOCl nanosheets. By having an excessive amount of dulcitol present
it induced a decrease of exposed (001) facets, this was due to an excessive amount of surfactant
making the mixture more viscous thus restricting the growth of said crystal facets. However,
dulcitol also significantly decreased the thickness of the nanosheets, but the concentration was
imperative. From the study, it was deduced that pH and dulcitol did have a significant impact
on the thickness of the nanosheets and growth of facets, but if both parameters were increased
too much the grain size became non-uniform and the nanosheet became thick [78]. A study using
the hydrothermal method concluded with acidic conditions of pH equal to 4 resulted in thinner
BiOCl nanosheets with a superior photocatalytic degradation of RhB under visible light. This was
due to the small thickness, high oxygen vacancy concentration, and exposed (001) facets of BiOCl
synthesized under acidic conditions [78].
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Advantages of using wet methods such as hydro- and solvothermal processes are that the photocata-
lysts produced will have greater photocatalytic performance with regards to quality, characterized
by the Brunauer-Emmett-Teller (BET) surface area. Generally, wet-chemistry methods produce
materials of higher quality compared to dry-chemistry methods, thus these are preferred for usage
in specialized applications [74, 79]. These specialized applications include use in electrical industry
as semiconductor materials or as photoelectric converters [79, 6].

Furthermore, by using a solvothermal method harmful compounds from the organic solvents could
potentially be released into the environment making, it a less environmentally friendly route than
hydrothermal synthesis [79, 74].

Generelly, there is a consensus that wet production methods will be restricted by a longer reac-
tion time and thus lower production rate, making them unsuitable for large-scale production for
industry. The low production rate is ascribed both to the longer reaction time and to the batch
character of the processes. For hydro- and solvothermal methods the batch character is especially
significant as they often utilizes autoclaves [79, 74, 73]. Thus, in order to commercialize this
method and produce in a large scale quantity, there is a need for large amounts of water to make
this happen which is neither environmentally friendly nor easily applicable [74]. Furthermore, both
methods will have a disadvantage related to leakage of particles into the water used [74]. Gen-
erally, all the traditional synthesis methods listed above; precipitation, hydro- and solvothermal,
and chemical etching are limited by longer time consumption and operational difficulties caused
by multiple-step synthesis [75].

The precipitation method is based on hydrolysis reaction either at room temperature or in water-
bath conditions [73]. The technique is based on removing dissolved compounds from a solution
by inducing a chemical reaction. The chemical reaction makes the compound insoluble, which can
then be removed from the solution by filtering. The success of the method depends on a number
of a parameter such as concentration of participating compounds, pH, surfactants, thermal energy,
or presence of any constituents that could potentially inhibit the precipitation reaction [80]. An
advantage to this method is that it is easy to control the morphology of the synthesized bismuth-
based photocatalysts. This can be done by adding surfactants or shape-controlling agents which
also controls the size of the products. Polyvinylpyrrolidone (PVP) have been utilized to decrease
BiOI nanoplate thickness and thiourea was used to introduced oxygen vacancies which narrowed
the BiOCl band gap to visible light [81, 82]. A disadvantage to this method is that high crystallinity
products with active facets exposed on the surfaces are rarely synthesized. It is also difficult to
obtain products with desired defects [73]. The precipitation method is also linked with having
higher production costs as there are many conditions that need to be in place to successfully
use this method and has an insufficient production rate, hence the method is not applicable for
industry-scale production [79].

Another method mentioned initially for synthesizing BiOCl is a microwave-assisted route, which
has attracted growing interest due to several advantageous attributes. It is a clean procedure,
straightforward, low cost, low energy consumption, and environmentally friendly. Microwave-
assisted heating can be used for hydrothermal, solvothermal, or direct heating of a solvent and the
method gives control of the simultaneous growth of the crystals. In addition to this, compared to
the methods mentioned above there is rapid heating, lower temperatures, highly selective heating,
and a large reduction of reaction time, there is an equivalent reduction in energy use, cost and im-
proved production efficiency [83, 77, 73]. It can also be easily scaled up to industry levels. Another
advantage of the process of microwave heating is that it gives a uniform nucleation environment
for the BiOCl facilitated by the uniform heating method. This results in narrow size distribution
for the produced crystals and with higher purity than the other synthesis methods [73, 83]. In
addition to this, it may increase the crystallinity of the material resulting in large surface areas
with larger pore widths and volumes [83]. The use of microwaves can also induce phase transform-
ations within the material, which could be useful to investigate further [73]. There is also reports
of more oxygen vacancies (OVs) on the surface being induced when using a microwave-assisted
solvothermal method compared to conventional solvothermal method or precipitation route. Thus
the microwave heating is the factor that is inducing these OVs [83]. Depending on the aimed use,
this can both be an advantage or disadvantage.
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2.3.2 Dry-chemistry approach

In general, the synthesis of BiOCl has mainly focused on liquid phase schemes [6]. This gives rise
to certain issues that stem from the synthesis method, and that will affect the field of application
for the resulting BiOCl.

Based on mentioned disadvantages, proposing a synthesis without the need for organic solvents as
well as simplifying the process could potentially be advantageous for the field of fabricating pho-
tocatalysts. One of the synthesis methods mentioned was solid-state milling at room temperature
which is a grinding process. It is an eco-friendly and solvent-free method that utilizes mechanical
energy in order to facilitate a chemical reaction between the powders that are milled together or
induce changes to elemental composition and structure [84, 73, 85]. The advantage of this method
is that the milling could cause defects in solids and thus creating cores of nanoparticles. It may also
increase the surface energy by decreasing the particle size of the precursor, leading to structural
transformation with for instance the exposed facets and chemical reactions. This could potentially
lead to the formation of intermediates [73]. If changes in size and morphology are the desired
outcome, there is a necessity to form an intermediate that will then undergo further treatment
such as hydrolysis.

Another advantage is that it has good prospects of being scaled up to industry volumes at a low
cost compared to wet-chemistry methods [85]. One of the reasons is that there is no utilization
of expensive organic solvent like in the solvothermal route or need for a large amount of water
like in hydrothermal synthesis [74]. The process happens at room temperature so there is no
requirement for additional thermal energy. Additionally, milling may as mentioned produce cores
of nanoparticles by defect formation in solids. This leads to an enhancement in the physicochemical
properties of the resulting material. Overall the method is more eco-friendly than solvothermal
method, and there are no complicated preparation steps and neither harmful nor harsh reaction
conditions [85, 73].

However, there are certain disadvantages linked to this method. It has for instance proven difficult
to regulate the microstructure and morphology of photocatalysts by the means of milling. Addi-
tionally, when the aim is to produce bismuth-based photocatalyst with a decreased particle size
and enhanced photocatalytic activity, there is a need for high-energy mills to make this happen,
which is less fortunate from the energy consumption perspective. The choice of the precursor is
also a critical factor as both composition and microstructure are determined by this, which has to
be taken into consideration when using this method [73]. This is demonstrated by a study where
Bi2O3 and BiBr3 were milled with different molar ratios, resulting in Bix Oy Brz with different
atomic composition and microstructure [86].

Another critical factor in the method is time, which is an additional parameter that has to be
considered as it controls the morphology of the resulting material [73, 87]. This is demonstrated
in a study where BiOBr was synthesized using Bi(NO3)3 · 5 H2O and KBr and by changing the
milling time from 15 min to 60 min, resulted in an altered morphology from welded plates to
uniformly thin single nanoplates [87]. Furthermore, a disadvantage of this method is the high risk
of leakage of nanoparticles into the air, which consequently makes the method less environmental
friendly [88]. Compared to liquid synthesis methods this solid reaction method generally gives
a broader size distribution, which is attributed to the restricted production control this method
gives [74]. Liquid synthesis method, hydro- and solvothermal, has vast ways of control during the
process which is not applicable to solid reaction methods.

2.3.3 Space-confined synthesis

With a solution-free, space-confined chemical vapor deposition (CVD) synthesis, large-area and
atomically thin BiOI crystals were successfully prepared on freshly cleaved fluorophlogopite mica
substrates placed in a furnace. The sides of the square-shaped crystals were >100 µm, displaying
a large area and a thickness of 1 to 4 nm for monolayer, bilayer, trilayer and tetralayer. The
confined space was obtained by stacking two mica substrates together, creating a narrow gap
between the substrates where the precursor was placed. As the substrates were stacked randomly
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together, there was no reassurance of uniform gap distance. The obtained crystals were tested as
a light photodetector functioning in the visible light range, resulting in good photo response and
high sensitivity. The photo response under 473 nm light, which is within the visible light range,
was discovered to be 26 mA W−1 and a sensitive detectivity of 8.2 · 1011 Jones. Furthermore,
the photoresponse time was 0.12s for the rise and 0.25s for decay. For expanding the squared
synthesized BiOI, a transfer from mica substrates to another substrate must be achieved. In this
study the crystals were transferred onto SiO2/Si substrates [89].

For chemical vapor deposition (CVD) growth in a confined space, a fluidic model was designed.
It was discovered that an entrapment, in this case of O2 gas molecules, increased the growth
rate of 2D material hence decreasing the synthesis time [90]. The trapping effect will also shield
the confined space from the external atmosphere, making it more unaffected and less sensitive
to external conditions that may not be fully controlled during the synthesis [89]. The confined
space effects on graphene growth on copper were studied, where the initial growth rate was < 0.4
µm/sec, and when a copper foil was placed on top of an oxide substrate creating a narrow gap the
growth rate was increased to 60 µm/sec. The oxide substrate used was SiO2/Si where the thickness
of the SiO2 was approximately 5 nm. It is discovered that the oxide from the substrate coating
continuously releases oxygen in the confined space that entraps these gas molecules and contributes
to the increased growth rate by lowering the decomposition energy barrier for the precursor [90].
However, the SiO2/Si substrate will release oxygen if the heating temperature exceeds 800°C [91].
Another study fabricated TiO2 nanowires from a TiCl3 solution and the water vapor generated
in the confined space was trapped. This lead to a pressure high enough to favor crystallization in
the confined space [92].

The gap that the confined space creates is normally in the CVD method used strategically to alter
the concentration fields of the reactants within the gap. This is executed on the basis that a narrow
gap induces a reduction of both the concentration and flow velocity of reactive compounds within
the confined space. This will subsequently induce a decrease in nucleation density and growth
rate of the deposited compound. A larger gap will consequently result in the opposite outcome
[93, 94]. Furthermore, in a CVD system the confined space can be simulated by a space-confined
reactor, instead of stacked substrates [94]. For this setup, the boundary layer thickness is of special
significance. The boundary layer thickness δ, represents the length between the bulk gas flow and
the substrate surface [93]. This boundary layer thickness will usually in CVD systems be larger
than the length of the space-confined reactor, meaning that the confined space and thus growth
space will be within the region of δ. Based on this, a stable gas flow will be prompted that will
generate a controllable and stable growth environment for the material. A simulation was carried
out for a confined-space reactor in a CVD system, which confirmed that the gas flow velocity
decreased within the confined space while the δ increased. This indicates that the mass transport
of reactive compounds to the substrate was significantly reduced within the confined space. In
regards to growth kinetics, this means that it moves towards a more mass transport limited region
as opposed to surface-reaction. Mass-transport (diffusion) limited is favored for synthesizing large-
area, high-quality 2D single crystals. Diffusion-limited growth kinetics for the confined space can
be obtained by having a uniformly distributed concentration of reactive species and by reducing
the substrate surface roughness [94]. This can be done by reducing the concentration of reactive
species, having a lower flow rate in a CVD system, and stabilizing the growth conditions as much as
possible. Furthermore, the substrate surface is a critical factor in 2D material growth in a confined-
space method, and reducing the roughness is favorable. Substrates should be atomically flat to
ensure free migration of atoms and chemically inert so that no reaction involving the substrate
occurs [93].

2.3.4 Microwave oven synthesis

Heating by a microwave oven is considered a newer method, but reported to be quick and efficient
with a more rapid heat transfer compared to conventional methods [95, 96]. A microwave oven
synthesis shares the same benefits as a microwave-assisted method but with easier synthesis steps
and a decreased time consumption. A benefit of using the microwave to heat the precursor is
that the process is rapid and simple, thus offering more choices for structure-control growth of
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2D material [83, 6]. Additionally, a microwave oven offers volumetric and selective heating, the
equipment is compact and space-effective and the heating could be switched on and off swiftly.
The environment will not be polluted as there is no combustion compounds being produced [95].

The microwave oven utilizes polar molecules rotating in an electromagnetic (elmag) field to convert
elmag energy to thermal energy within the structure [6]. This type of heating is a process within
electroheat-techniques among induction, radio frequency, direct resistance, and infrared heating
[95]. The elmag irradiation of a microwave oven operates within the frequency of 0.3 GHz to
300 GHz, which corresponds to a photon energy of 0.0016 eV. This energy is insufficient for breaking
chemical bonds, thus microwave irradiation can not induce chemical reactions [97, 96]. Microwave
heating is based on dielectric heating effects which are dependent on the capacity of the material
to absorb microwave energy, and subsequently convert it into thermal energy.

Microwave radiation with distinctive frequencies hit the material during heating, then the perman-
ent dipole molecules or ions in the material will align in the applied electric field. The electric field
oscillates and creates an alternating electric field that changes direction, subsequently, this affects
the aligned dipoles that will try to realign themselves with the changing electric field. This con-
stant realignment causes molecular friction and dielectric loss, which is energy loss that is released
as heat [97]. The loss mechanism is based on how capable the material polarisation is to keep
up with the rapid alternating electric field [95]. The material’s ability to realign the dipoles to
the applied field frequency will impact the amount of heat that is generated through this process.
In the case that the dipoles do not have sufficient time to realign themselves, there would be no
heat generated within the material [96]. A domestic microwave oven normally has a frequency of
2.45 GHz which is within a frequency regime where the dipoles have time to align themselves with
the electric field but not sufficient time to follow the alternating field precisely [98, 97]. However,
the thermal and nonthermal effects of the microwave during synthesis procedures remain poorly
understood [99].

Some studies have been performed with the aim to outline the effects of size, volume and position
of the irradiated material on the microwave power and how the electric field propagates in the
equipment [100, 101, 102]. The is a nonuniform heating problem within household microwave
ovens where the temperature distribution is nonhomogenous and can vary by a dozen °C which
can cause safety problems in food with regards to microbes [102, 100]. This non-uniformity problem
expands to both temperature and moisture and will be enhanced when the volume of the irradiated
material increases [101].

In a recent study done in 2016, it was discovered that both the location and shape of the irradiated
material, denoted as load, affected the operating frequency of the various microwave ovens tested.
In the research, an experimental heating pattern was compared with simulation models for rotary
and stationary settings, and an input frequency of 800W was used although the actual input was
discovered to vary with load specifications. It was discovered that for the rotary model the heating
pattern of the load was less sensitive to the experienced shift in microwave frequency than in the
stationary model. This is because the constant rotation facilitated an equal probability of the
load edges receiving the same amount of incoming electric field. Oppositely, the stationary model
resulted in distinctive and individual focus points of the electric field. In general, the operating
frequency differed from the input frequency and constantly changes with time in terms of load
geometry, size, and location [100].

This is supported by another study that concluded with the electric field is particularly dependent
on the load position in the cavity. In this study, a dielectric, water, was used as the load and the
position was changed from farther away, at the center, or close to the wave-input position. The
average temperature rising rate was calculated for the ”far away” position to be 0.086 °C/min.
The center position has a rate of 0.31°C/min, while the close position had a rate of 0.018 °C/min.
Clearly, the center had a greater temperature rising rate as the farther away position had a rate
of 28% of the center and the close only had 6% of the center rate value [102].
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2.3.5 Space-confined microwave oven synthesis

Square BiOCl crystals were synthesized by Kang et al. by placing the precursor BiCl3 in a confined
space between two stacked SiO2/Si substrates. A distinctive difference was the utilization of a
conventional household microwave oven as a heating element. The stacked substrates were placed
in the center of the microwave oven and subsequently heated for 1-3 min at 700W after being
hydrolyzed in air. The substrates were then washed in water to secure any unreacted precursor was
removed. Resulting in BiOCl flakes with edge size 10 µm and thickness around 248 nm with good
crystalline morphology as there were no observations of granular deposits on the surface. While
illuminated with a 266 nm laser, which is in the UV light range, the responsivity was calculated to
be 8 A W−1 and a photoresponse time of 18ps. For a growth time exceeding 5 minutes or an open
space synthesis, the resulting crystals were inhomogeneous and thicker. Thus the study reported
that the confined space and growth time were critical factors to obtain uniform crystals. In this
study, there were also some observations of terrace structures on the BiOCl crystals [6].

This method by Kang and colleagues is the basis of the synthesis strategy performed in this thesis.
Two substrates are stacked together and the precursor, BiCl3 powder, is placed in the confined
space between them. Both mica and silica SiO2/Si are used to investigate earlier statements about
growth on these substrates. The precursor hydrolyzes easily in air, so it must be kept in inert
conditions before it is ready to be heated. The system is then left in ambient air for 1 minute,
giving the solid precursor time to react with the moisture in the air resulting in the formation of
the intermediate hydrate BiCl3 · H2O. The intermediate hydrate between the two substrates is
then heated in the microwave oven by molecular interactions with the elmag field. During this
heating, the hydrate molecule will decompose into square BiOCl crystals on the substrate.

BiCl3 (s) + H2O (g)
Air−−→ BiCl3 ·H2O

Δ−−→ BiOCl (s) + 2 HCl (g) (1)

2.3.6 Hydrolysis of BiCl3

A study performed in 2010 analyzed the mechanism in which BiCl3 was hydrolyzed into an interme-
diate hydrate BiCl3 ·H2O [103]. This intermediate hydrate has a monoclinic crystal structure with
a layered structure with a stacking direction [001]. Between the crystal structures of BiCl3 ·H2O
and BiCl3 there is a topological relation when considering the cations structure, where they have
monocline angle β = 106.6°and η = 106.7°, respectfully. Upon uptake of the water molecule the
BiCl3 increases in volume by 26.5 · 106 pm3 per formula unit. The study performed X-ray powder
diffraction to analyze the kinetics of the two consecutive heterogeneous reactions of formation of
BiOCl from BiCl3 via the intermediate hydrate BiCl3 · H2O. First the hydrolyzation reaction of
BiCl3 to BiCl3 ·H2O, then the decomposition to BiOCl. The reactions were studied at room tem-
perature by quantitative analysis of time-dependent powder diffraction pattern. When exposed to
moisture in the air, the precursor BiCl3 reacts immediately and forms the hydrate. According to
the Johnson-Mehl-Avrami equation the induction period was determined to be around 8 minutes,
after this, the reaction accelerates. The half-life time of the reaction is determined to be around
45 minutes. The second reaction, decomposition to BiOCl, is a slower reaction and is 99% com-
pleted at 622 min. Thermogravimetric (TG) analysis was also performed of the gas atmosphere
at different and increasing temperatures. From this Wosylus et al discovered that below 50°C the
topochemical reaction between BiCl3 powder and H2O gas results in an intermediate hydrate.
Upon constant conditions, there is then a slow and irreversible decomposition occurring of the
intermediate hydrate to the final products BiOCl and HCl. However, above 50C °there is a direct
reaction from BiCl3 to the product BiOCl, thus not generating an intermediate compound [103].

The electronegativity difference, ΔEN between atoms in a single bond can be used to give an
indication of which bonding type that exist between them. There are certain values of ΔEN that
accounts for which bonding type exists in a molecule, although it is debated and not recognized
by scientist throughout. There are some deviation to the specific numbers but a ΔEN around
0.4-0.5 indicates a purely covalent bond. With a difference in electronegativity, ΔEN, of 0.4 to
1.8 a polar covalent bond will most likely exist. Lastly, a ΔEN above 1.8 will be calculated for
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ionic bonding, thus non-covalent [104]. For the decomposition from BiCl3 · H2O to BiOCl there
are certain bonding and structural rearrangement that must occur. There will be breaking and
formation of covalent bonds and breaking of hydrogen bonds within the water molecule. Two of
the Bi-Cl bond must be broken in the intermediate hydrate and with using the Pauling’s scale an
ΔEN of 1.26 indicates that these are polar covalent bonds. It is also a stronger bond than the
H-Cl bond as the electronegativity is increased.

Furthermore, hydrogen bonds within the water molecule must be broken in order to create BiOCl
with the oxygen atom from the water molecule. These bonds, H-O, have a bond length of 97 pm
and bond enthalpy of 463 kJ mol−1. Bond enthalpy for single bonds is defined as the enthalpy
change that is needed in order to break one mole of bonds. For diatomic molecules this follow
directly of a dissociation, while and average is calculated for polyatomic molecules. Lastly, one of
other the major structural aspects is the formation of the H-Cl bond, which has a ΔEN of 0.96
according to Pauling’s scale indicating a polar covalent bond. The bond length is 128 pm and
bond enthalpy of 431 kJ mol−1 [105].

The concentration of precursor has been proven to be of significance for the resulting crystals. In the
study performed by Zeng et al of BiOI grown in the confined space between two mica substrates, the
effect of precursor concentration BiI3 was investigated. The inner space is referencing the confined
space, while the external space refers to the neighbouring substrates of the two stacked substrates.
When the external concentration of precursor was low, the trapping effect of the confined space
induced an increase in concentration of BiI3 at the inner space. This enhanced concentration gave
rise to a higher collision frequency of the precursor molecules in the inner space. The higher collision
frequency lead to an increased amount of absorbed precursor molecules within the confined space.
In the occurrence where the external precursor concentration was high, the concentration at the
inner space was nevertheless relatively low, thus suitable conditions for 2D nucleation and growth
of crystals. However, as a consequence of the high concentration there was a massive vapor phase
nucleation occurring at the external space which facilitated growth of particles on this external
surface. These are unwanted particles [89].

2.3.7 Silica and mica substrates

Two different substrates have been used in this thesis, in order to compare how growth of BiOCl
was influenced by the different properties of each material. Both substrate are known, commonly
used substrates which will give established structural knowledge, and basis of comparison with
various synthesis done in other studies. These substrate were also utilized in previous research
performed at UC Berkeley, therefore it is deemed beneficial to use these in order to work further
on the preliminary research obtained in the Specialization Project [1].

Muscovite is an atomically flat, layered, easily cleaned, thin and brittle substrate and is the most
common type of mica mineral group [106]. The chemical composition of muscovite is somewhat
complex and depending on the quality classification of the substrates. In general muscovite contains
different percentage of silica SiO2, alumina Al2O3, potassium oxide K2O, ferric oxide Fe2O3 and
sodium oxide Na2O. There may be traces of titanium oxide TiO2, calcium oxide CaO, magnesia
MgO, phosphorus P, sulphur S and graphite C [107]. The structure is shown in the Figure 5
where two layers are illustrated [108]. Furthermore, muscovite is an insulator which makes it not
applicable as a substrate for some applications within the field of nanoelectronics [106].
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Figure 5: The figure illustrates the structure of mica.

Muscovite has a monoclinic crystal system with lattice parameters a=5.201Å, b=9.022Å, c=20.0430Å,
β=95.78°while α = γ=90°. The space group is C 2/c [109, 110]. The material consists of a layered
structure where sheets of minerals are separated by intercalating ions, as seen in Figure 5, this ion

is potassium, K+. Each layer consist of a tetrahedral layer that is confined by alternating sheets of

K+ ions and octahedral layers [111, 112]. In the octahedral layers Al3+ occupy the M2 octahedral

sites while the M1 sites are unoccupied. Each Al3
+ ion is coordinated by two OH molecules and

four non-bridging O atoms. Furthermore, in tetrahedral layers a random occupancy of 75% silicon
and 25% of aluminium at T1 and T2 tetrahedral sites is to be expected [112]. Throughout this
thesis, muscovite will be denoted as mica.

As this layered structure is held together by weak van der Waals interaction between ions it makes
it easy to cleave the mica into its consisting layers resulting in thin sheets that can be readily
used as highly elastic substrates. Cleaving of the mica happens along its natural cleavage layers
along the K ions in Figure 5, thus cracks typically develop along any direction that differs from
the cutting direction [111]. Upon cleaving, the mica may become negatively charged hence there
is a need for a positive ion to bind compounds to the surface. The net negative charge also give
rise to contamination from positive charged particles from the environment [111].

A contamination study on muscovite analyzed the surface composition where it was concluded
that carbon or a carbon compounds are the biggest contaminants when mica is exposed to air.
However, CO2, CO and CH4 from air does not adsorb on the mica surface without the presence
of an extra adsorption component, most likely H2O. Additionally, if the cleaved mica sheets are
left in ambient air hours after cleaving, it is of no importance if the cleaving process occurred in
atmospheric air or in ultra high vacuum. The contamination will be similar [113].

Silica substrate, SiO2/Si, is structured with silicon atoms passivated by a native oxide. These
wafers are have either a thick or a thin oxide layer of SiO2 with a high particulate count, making
them desirable for their electronic properties [114]. The SiO2 function as a high quality, electrically
insulating protective layer on the surface of the silicon wafer. The SiO2/Si wafer has a dominant
role in the silicon device industry and is a well-known, widely used semiconductor material.

For instance in metal-oxide-semiconductor (MOS) where a crucial part is that Si (100) i thermally
oxidized, resulting in growth of thin SiO2 layers that has a high electrical quality. Thermally
oxidation usually takes place at temperatures of 900 to 1300 in the presence of oxygen compounds.
The high quality of both the layer and the interface is important for the MOS technology to
function well [115].

Figure 6 shows the silica substrate structure with silicon atoms bonding to the silicon dioxide layer.
This is a proposed model for the interface structure in the silica substrate. At the surface some
silicon atoms stay unbonded, and the unpaired electrons will remain in the vicinity of these atoms.
This forms dangling bonds on the silicon surface atoms [116].
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Figure 6: The figure illustrates the structure of silica, SiO2/Si [116].

A study compared the growth of BiOI on mica to growth on, SiO2/Si, silica substrates. From
the study the crystals grown on mica were around 1 to 4 nm thick, while on silica the plates were
bent and twisted. It is known that silica has dangling bonds on the surface while mica does not,
which could be influential considering growth mechanism on the substrates [89]. It is proposed that
these dangling bonds introduces a high energy barrier for the adatoms to migrate over thus the
barrier obstruct the free migration and diffusion growth of these adatoms on the substrate surface
[117]. The dangling bonds will pin the nuclei and obstruct growth in the lateral direction [22].
Additionally, with the dangling bonds the nucleation density will serve as reactive sites for further
nucleation which is unfavorable for growth of 2D crystals. On the contrary, it is advantageous
for growth of 3D materials and out-of-plane nanosheets which is more likely to happen on these
unpassivated surfaces [89, 22]. As growth of 2D materials on silica substrates is challenging due to
abundance of reactive sites, it is the exact opposite on mica substrates. On an inert mica surface
it is difficult to start nucleation as a consequence of the absence of high-energy nucleation centers
and absorption of reactants [118, 119]. At areas with low density of dangling bonds there will be
free migration of atoms that will attach to nuclei and grow in-plane nanosheets [22].

Another study reported similar findings where BiOCl were grown on silica and mica and a compar-
ison was given. According to this study BiOCl crystals that were grown on silica had a size of 10
µm with a thickness of 248 nm determined from an atomic force microscope (AFM) image. While
on mica substrates the BiOCl crystals had a reported thickness of 8.7 nm and with a size smaller
than silica synthesized BiOCl [6]. This was also explained on the basis that silica substrates has
dangling bonds on the surface, whereas mica does not. It is stated in the study that on mica surface
the free migration of adatoms during growth is easier than on the SiO2/Si surface. Comparison
between silica grown crystals and mica grown crystals found that the former will give improved
optoelectronic performance. It is also stated that the range of applications of crystals synthesized
on silica are broader as integrated circuits often are rooted in silicon substrates and any transfer
to silicon based industry is simplified [120].
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2.4 Crystallization of BiOCl

2.4.1 Growth mechanism

For crystals to grow there has to be a disturbance in the system by either thermal, chemical and/or
mechanical approach. A change in temperature, pH, chemical potential, electrochemical potential,
strain and pressure are all used to achieve this. Without these disruptions to the system it will
remain in equilibrium with the mother phase and the Gibbs free energy, ΔG is at its minimum
in the system and there will not be growth [72]. Nucleation, growth and assembly processes of a
nanocrystal are critical knowledge when the aim is to synthesis them with precise morphology and
uniform size [121].
Growth mechanism in wet-chemistry methods is more studied than for solid decomposition. Gen-

erally, in a solution the bismuth and chlorine sources are dissolved into corresponding ions, Bi3+

and Cl– . The bismuth ion is then hydrolyzed into an intermediate (Bi2O2)2+ which attracts the
negatively charged chlorine ion, Cl– . By Coulomb interaction these form a [Cl-Bi-O-Bi-Cl] nuclei
with the bismuth and oxygen interconnected with covalent bonding and the nuclei stack together
with weak van der Waals interaction forming layers, this structure is detailed in section 2.2.3 [121].
This initial nucleation stage occurs rapidly [122]. For an extension of the reaction time there are
observations of the [Cl-Bi-O-Bi-Cl] layers stacking together progressively and eventually producing
layered 2D structures. Plate-like structures are further assembled in the liquid by processes such
as Kirkendall diffusion, Ostwald ripening, oriented attachment [121, 122].

There are certain parameters that may affect the growth mechanism. In a study it is discovered

that pH and concentration of Bi3+ will be influential on the reaction process when synthesizing

BiOCl by a hydrothermal method. If either the pH value or the concentration of Bi3+ were low,
the nuclei would have a suppressed growth and small nanocrystals would form and assemble to
granular structure. The concentration was regarded low when it was under 2 mol/L and a low pH
was defined in this study as less than unity. On the contrary, if the values of either parameter
were high the nuclei would grow into larger grains on the compromise of smaller nuclei, according
to Gibbs-Thomson law. These grains grow by attachment of smaller, existing nuclei merging

together to form flake-like structures. Furthermore, a link between pH, concentration of Bi3+

and percentage of exposed (001) facets was made. Small nanocrystals were deemed crucial in the
formation of (001) oriented granular film, while growing larger grains was linked to a decrease in
reactive (001) lattice planes. Hence the granular structure had a higher percentage of exposed

(001) facets than flake-like structure and granular structure was made if the concentration of Bi3+

and pH level was low [123].

This can be connected to a classic growth theory perspective where it is established that the relative
surface energies of the crystal facets determines the morphology of resulting nanocrystal. It is also
known that the fastest growing facets are high energy ones, and for BiOCl the facet which exhibits
the highest surface energy is (001) [36, 123].

Selective synthesizing BiOCl with high percentage of exposed (001) facets is of great interest
when the aimed application and use of the BiOCl is for photocatalytic reactions. Under UV and
visible light irradiation BiOCl with preferential orientation of (001) lattice plane exhibit superior
photocatalytic degradation for direct photoexcitation of Rhodamine B (RhB) [123, 122].The (001)
facet is also from a theoretical perspective assumed to exhibit highest photocatalytic activity due to
low recombination rate of photogenerated charge carriers, high thermodynamic stability and good
sunlight absorption [123]. The overall stability of different growth directions of low-index BiOCl
facets were estimated from calculated cleavage energy. It was discovered that the lowest cleavage
energy thus highest thermodynamic stability was linked to the (001)-Cl plane with the value of
0.026 J m−2 compared to the highest of 2.349 J m−2 belonging to both (001)-BiO and (001)-2Cl.
The (001)-Cl is the facets where one layer of the halogen is terminated from the layered structure,
and the negligible cleavage energy indicates an exceedingly high thermodynamic stability, which
makes any formation of OVs on the surface of the (001) plane energetically unfavorable. Within
the facets these surface OVs will act as active recombination centers of photo-induced charge
carriers, because OVs induced defects level within the band gap of the material [124]. The high
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thermodynamic stability of the (001) facet makes it a preferred orientation for the Ostwald ripening
growth along c-axis [123].

A structure where the facets w lowest surface energy is most exposed is the most favorable [125].

Researchers have reportedly observed synthesized crystals that grew in an octahedral shape with
an angle between the facets found to be 135°[125, 123]. The observation of this geometry was
reported to be a result of crystal growth direction. From the observations made in the research it
was hypothesized that the tetrahedral structure of BiOCl preferred a octahedral shape formation
if the crystal faces growing along the [110] direction were approximately equal to the faces growing
along [100] direction, see Figure 7. Additionally, a cubic shape is formed the moment [010] growth
direction is either stopped or significantly slower than the other directions, thus the (101) plane
will vanish and form corners [123]. This is a similar description to the Ag growth on Fe3O4 with
(001) facets on top and bottom, sides elongated in the [110] directions and the 135°angled sides
in the octahedral shape growing in the [100] direction. In this fcc metal the (111) plane has the
lowest surface energy, thus increasing planes parallel to the [110] direction will be favoring growth
of (111) planes. Even though the (111) plane exhibits lowest surface energy, the (001) plane is
the preferred orientation and displayed on top and bottom of the Ag crystal which increases the
surface energy γ. So there is a constant competition of the surface energy aspect, which favors
(111) facets, and the interface energy which prefers (001) epitaxial growth. Therefore, in this study
it is stated that temperature is crucial to grow (001) dominant Ag, Au and Pt crystals [125].

By a hydrothermal method single crystalline BiOCl nanoplates were created and found to be
comprised of (001) facet on top and bottom, while the four sides were (110) facets [126].

Figure 7: The figure illustrates proposed growth direction of octagons and squares in literature
[123].

2.4.2 Solid-state decomposition in a microwave oven

There are various research studying the growth of crystals utilizing a microwave oven where fracture
and re-formation of covalent bonds occurs, nonetheless the exact mechanism remains unknown. It
is a solid-state decomposition of precursor by thermal energy utilizing electromagnetic field to heat
up the precursor from within contrary to traditional heating processes. To observed macroscopic
rated and get an idea of the mechanism step-by-step has proven to be hard for this type of
decomposition. The more studied gas-liquid and liquid-phase reactions has a time frame controlled
by molecularity and/or chemistry, while a solid-state decomposition has additional elements that
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need to be considered when figuring out the elementary steps of the transition. There is both a
geometric aspect and a topochemical aspect [127].

This solid-state decomposition have in many cases produces gasses, like the study using a microwave
oven to heat up CuO and Bi(Fe(CN)6) · 5 H2O producing gases such as CO2, NOX and H2O which
was determined to be a crucial parameter in order to make ultra-fine powder [128]. A similar study
was performed on La[Co(CN)6] · 5 H2O where the traditional electric furnace was compared to the
more experimental microwave oven approach. For the microwave oven the precursor was heated
for 10 min at a power of 900W, while the furnace was set to 1000°for 120 min. An average crystal
size was measured and by microwave oven the particle size was 16 nm compared to 500 nm by
the furnace. The microwave oven method exhibited a significantly decreased crystal size. The
decreased crystal size is believed to be caused by an increase in nucleation rate for the microwave
oven irradiation. This is expected as the heating rate is higher for microwave oven than traditional
heating methods. This is because microwaves have a larger penetration depth into the material
thus it is heated from the inside, which trumps the heat conduction by traditional methods which
is established at the surrounding medium and goes inwards [129].

Commonly with such reactions there will be a subsequently weight loss due to evaporation of gasses,
and generally a weight loss until the end crystals are synthesized [128]. For both these reactions,
Bi(Fe(CN)6) · 5 H2O and La[Co(CN)6] · 5 H2O, the hydrated precursor experiences a weight loss
of five water molecules upon microwave irradiation, then loss of the six cyanide groups.

It is also reported in some cases that after thermal decomposition the temperature has reached a
maximum and will thus decrease, despite being irradiated by microwave radiation. This allegedly
occurs if the product after decomposition is not a great microwave absorber. Generally, inorganic
oxides are considered weak microwave absorbers [130].

2.4.3 Nanoframes

Nanoframes have been strategically synthesized for the use in catalytic reactions as the structure
exhibit activity surpassing solid structures counterparts. Nanoframes are open structures com-
prised of interconnected ridges with no walls, and these ridges are commonly ultrathin (<5nm)
and contains a high density of low-coordinated surface atoms. An illustration is provided in Fig-
ure 8. In addition to greater catalytic performance, open structures comprised of noble metal
accommodates the limitation with cubic counterparts, like the noble metal scarcity [131].

Figure 8: Illustration of a nanoframe [132].

Nanoframes of noble metals can be used in catalytic activities such as electrocatalysis, fuel fells and
oxygen reduction reaction. They possesses advantageous properties for catalytic application such
as large surface-to-volume ratio, highly reactive surface and enhancement in catalytic activity [131,
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133]. Additionally, the structures can potentially be used in drug delivery but some stability issues
must be solved beforehand [134]. The reason for nanoframes prominent catalytic performance is
established within the structure. The ridges in the nanoframe are comprised of a high density
of low-coordinated surface atoms [131]. These atoms will easily interact with reactants as they
have rich dangling bonds. Additionally, these atoms function as catalytic sites thus contributes
to the increased catalytic activity of nanoframes [135]. Other contributors to increased catalytic
activity lies within the synthesizing of the nanoframes. Creating nanoframes usually occurs by
oxidative etching and/or galvanic replacement, and these processes induce atomic steps, vacancies,
dislocations, stacking faults, grain and twin boundaries and lattice strain. These defects func-
tions as active sites for certain catalytic reactions thus increases the catalytic performance of the
nanoframes [131].

The formation of nanoframes can to a great extent be divided into two categories; presynthesized
template-assisted method or in situ formed template-assisted method. Additionally, as mentioned
nanoframes are normally synthesised by oxidative etching and/or galvanic replacement. Oxidative
etching is used as a segment in both categories, while creating nanoframes with a galvanic re-
placement reaction is the most powerful strategy within the presynthesized template method [133].
Generally, oxidative etching can be used to target specific faces creating face-selective carved nan-
oframes. This is done with the knowledge that the sites most prone to etching is the ones with
the highest surface free energy. For a monometallic material these sites can be atoms situated
at faces, vertices and edges and are caused by differences in coordination number. Additionally,
various defects including dislocations, vacancies and twin and grain boundaries have an excessive
amount of free energy making them more vulnerable to etching [136, 131]. In a bimetallic system,
oxidative etching can be a targeted dealloying of atoms with a low reduction potential (metal A)
positioned at the center and side faces of the nanocube, rendering a frame of atoms with high re-
duction potential (metal B). Achieving this alloyed structure can be done by carefully engineering
elemental deposition for the faces, edges and vertices [131].

Etching can also be performed with various chemicals, HCl and ethanol being some of the most
commonly used. In a wet-chemistry method Rh-Cu octahedral frames were synthesized using O2
and HCl with preferential etching of 3d metals such as Cu and Ni [137]. Nanorods of Rh frame was
in a similar manor synthesized by targeted etching of Au in Au-Rh core-shell nanorods using HCl.
In the study it was discovered that the low-index facet (111) of Rh was not etched by the Cl– [138].
Another study added HCl while growing Cu2O nanocrystals fabricated nanoframes with framework
of (110) faces and empty (100) faces. After growth the (100) faces filled up and the structures
turned into nanocages. These were then selectively etched by HCl over the (110) faces creating a
rhombic dodecahedral Cu2O nanoframe with (100) framework. A noticeable result from this was
that the rapidness of etching was greater for (110) faces than (100) ones. Without HCl added there
was formation of solid nanocages proving the importance of the acid in nanoframe formation [139].
Cubic nanoframes of Cu2O with etched (110) crystal faces were in another study synthesized by
introducing HCl during growth. The HCl face-selectivity stems from the bonding found at the
facets. From the study it is discovered that the Cu-O bond on the (100) face had the shortest
length, thus the strongest bonding, under acidic conditions compared to the other low-index facets
(111) and (110). Moreover, the relative facet stability were ranked (110)>(111)>(110) for Cu2O
[140]. A preferred face etching of the (110) face was also discovered for iron nanoframes created
by adding sodium oleate, and without this compound star-shaped nanocubes were formed. The
nanocubes created after adding sodium oleate were found to have a thickness difference between
corners and centers upon extending reaction time. In this study there was no clear reasoning for
the prominent etching of (110) faces [134].

The structure of nanoframes as described with ridges of low-coordinated surface atoms is a doubled
edged sword. Low-coordinated surface atoms contributes to an enhancement in the catalytic
performance, but its presence also provides instability to the structure making it metastable. This
is especially true if these types of atoms are located on edge, vertices or high-index facet. The
nanoframe structure are kinetically controlled product and from a thermodynamic perspective they
are less favorable compared to cubic counterparts [131].

It is well known that nanoframes have a stability issue as it is observed changes to morphology
upon increasing temperature or exposure to harsh conditions. An increased temperature will
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subsequently increase kinetic energy of the surface atoms. Upon adequate kinetic energy these
atoms could escape the lattice location and transfer to sites with higher stability through a diffusion
mechanism. Thus when used in catalytic reactions the nanoframes are expected to undergo changes
both in regards to structure and composition, which may lead to deterioration of the nanoframe
or complete failure of its performance in the reaction [131, 133]. This is seen in a study where Ru
cuboctahedral nanoframes were kept intact in an inert environment up to 300°C, but when heated
to 400°C the nanoframe ridges were fragmented due to thermal stress and dissolved as the atoms
moved to a more favorable thermodynamic state [141]. To overcome the structural instability
there are certain methods that can be done such as optimizing the composition or post-synthesis
treatment of the structure [131].

2.4.4 Surface cracks

While etching is purposely utilized to form nanoframes, the process of etching have in other cases
lead to an unwanted side effect on the prepared crystals. In a study observations of cracks forming
on the surface of BiOCl crystals were made resulting from etching [142]. Depending on the type
of crystals made, there were different types of cracks forming on the surface which can be seen in
Figure 9. The study reported the wet-synthesis of square crystals with un-truncated corners in
addition to rounder squares with truncated corners. The latter structure was synthesized when
the system was not sealed, thus open environment with exposure to air. Without these conditions
there was no observation made of rounder squares.

Figure 9: Illustration of the different types of cracks forming on square BiOCl and rounder square
BiOCl [142].

Radial cracks was created on the rounder squares while on the squares the cracks were following
the low-index facet direction, due to the facets low surface energy [142]. These facets usually have
a higher surface energy compared to low-index facets and this is ascribed to the high density of
kinks, steps, edges and that these facets are compromised of low-coordinated surface atoms. This
type of surface atoms will exhibit rich dangling bonds thus increasing the surface energy [135]. The
cracks created on the square were induced by etching, and with an extended etching period there
was first no observational changes to the amount of cracks. Increasing the etching time further
there was a gradual increase of the size of the cracks, they became wider. Additionally, the corners
of the square became rounder exhibiting a truncated-corner structure. Expanding the etching time
further the BiOCl nanosheets etched away completely. This etching process was accelerated with
a decrease in pH by adding HCl, thus a proposed equation for formation of cracks was made, see
Equation 2.

BiOCl + 2 H+ −→ Bi3+ + H2O + Cl− (2)

The origin and development of the two different types of cracks are inherently different, but both
types are caused by etching leading to physical stress within the crystals. The formation of cracks on
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the square crystal spread in the direction of low-index facets due to lower surface energy, however
the formation of radial cracks are not governed by this and it is therefore not an energetically
favorable process. Additionally, formation of radial cracks should in theory be difficult as the
BiOCl sheets were determined in the study to be single crystalline and highly anisotropic. These
radial cracks are hypothesized to be originating from air bubbles which were only incorporated
into the synthesis of rounder squares. These air bubbles could cause physical stress to the crystals,
resulting in these radial cracks.

2.4.5 Flower-like structure

There are reports throughout the years of flower-like BiOCl structures being synthesised and having
higher photocatalytic activity compared to the photocatalyst commonly used and commercially
available TiO2 and greater than pure hierarchial BiOCl under visible light irradiation [143, 144,
145]. Most of the synthesis schemes utilizes organic surfactants or templates to achieve these
flower-like structures [145].

A template-based, room temperature synthesis resulted in BiOCl flowers with a narrow band gap
of 2.87 eV. The nanopetals with a preferred growth along [110] direction were 17 to 23 nm thick and
diameter of the flowers was on average around 1.5 µm. When using templates, a calcination step
is essential in order to dislodging the template, additionally this step will result in a higher (110)
orientational growth on the surface. Without the use of templates the team reported irregular
shapes of the synthesised BiOCl structure, demonstrating the importance of templates in this
method [146]. Without using templates, a surfacant-based synthesis fabricated BiOCl flower-like
structures on Si substrate. The petals were 10 nm thick with a size of 200 nm and growth along [110]
direction [38]. Other studies used a solvothermal synthesis and the organic solvent was deemed
a crucial parameter for the formation of self-assembled flower-like structure from nanoplates [144,
145]. The disadvantage of using these methods is the use of toxic organic solvents in solvothermal
synthesis, as mentioned previously in Section 2.3.1.

In 2013, Ye et al synthesised the same structure by a hydrolytic synthesis without the use of organic
surfactant or templates. The study reports reaction time being a crucial factor in crystallization
and assembly of these hierarcical flower-like nanostructures. The hydrolytic synthesis done by
Ye et al showed that by increasing reaction time there was noticeable more flower formation,
while a decline in number of nanosheets. This finding may suggest a dependency between these
structures. Additionally, for this synthesis scheme they found a reaction time threshold, and when
exceeding a reaction time of 60 min it induced overgrowth and a negative influence on the flower-like
structure [143]. The same year of 2013 Li and colleagues did a microwave-assisted synthesis using
mannitol and creating BiOX, where morphology and size was influenced by amount of halide, type
of precursor and mannitol concentration. The bimuth source was bismuth nitrate pentahydrate,
Bi(NO3)3 · 5 H2O. By a low amount, 2mmol, of precursor NaCl it resulted in well-defined BiOCl
nanosheets with a length of 30 nm, while increasing the amount to 4mmol lead to BiOCl nanoplates
with length of 60 nm and thickness 10 nm. XRD of the two morphologies showed peak broadening
for the nanosheets indicating smaller particle size. Interestingly, they found that the by choosing
reaction precursors CTAC and CTAB they also served as soft templates facilitating the flower-like
growth via interaction of precursor ions and petals, creating microstrain within the petals. This
resulted in uniform flower-like structures of diameter 200-300 nm, with a band gap of 2.70 eV. It
also resulted in a high removal capacity of Cr(VI) of 40.1 mg g−1, compared to that of 32.8 mg g−1

by nanosheets and 23.7 mg g−1 by nanoplates synthesized in the same study. They also analyzed
the growth direction of nanopetals by XRD analysis. The group discovered that in distilled water
the crystals preferred growth direction was along c-axis in the (001) direction, perpendicular to the
platelets. However, when using mannitol it restricted the crystal anisotropic growth along (001)
direction, which led to weak intensity signal of the (001) plane in the XRD spectra. The restrictive
growth was confirmed upon increasing mannitol concentration and subsequently observing the
intensity ratio between (001) and (110) decline, signifying a higher intensity of (110) plane signal
[147].

In general the flower-like structure is reported to be self-assembled and compromised of several thin
nanosheets , this was discovered by analyzing SEM images, and high magnification TEM confirmed
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that the nanopetals compromising the flower-like structure indeed consisted of nanoparticles [38,
143, 146, 144, 145, 147, 147]. By analyzing SEM pictures a possible self-assembly mechanism for
the formation of flower-like hierarchial microstructure was proposed by Ye et al. BiOCl nanosheets
are first formed by Ostwald ripening, then during growth the crystal structure of the compound will
be a factor influencing the microstructural morphology, which in the case for BiOCl is a tetragonal
crystal structure [148, 149, 150]. Ostwald ripening is a process in which smaller particles will deposit
on larger ones due to the smaller particles being more soluble in the solution [151]. When there is no
use of either templates or organic surfactants in the synthesis, the assembly of flower-like structure
had its origin in the geometric constraints of its building blocks [152]. The nanosheets can easily
generate curvature throughout its surface giving a flower-like structure when intercolliding with
other curved nanosheets [143]. These curved nanosheets are denoted as nanopetals in coherence
with the flower analogy. The layered growth of the nanopetals is ascribed to its unique electron
structure and the lattice structure of Bi and Cl atoms [38].

The nanopetals are conglutinated in the center of the flower and spead out towards the edges to
the flower, which is confirmed by analysis in TEM [146]. These nanopetals are mostly crystallizing
along [110] direction in the tetragonal structure, perpendicular to the c-axis [38, 146, 153]. This is
confirmed in XRD analysis and as the lattice spacing dhkl, is measured to be 0.273 nm compatible
with (110) planes, d110 [146]. The measured XRD ratio of (110)/(001) planes for BiOCl flower-like
structure is higher than for BiOCl nanoplates, which supports that the nanopetals grow in the [110]
direction but with an orientation of surfaces of (001) planes. The reason the nanopetals growth is
dominated by [110] direction lies within the oxygen atom density of (110) facets versus (001) facets.
As the (001) facets have a higher oxygen atom density, the growth in [001] direction should be
dominating over the [110] direction. Paradoxically, will the high oxygen density on the (001) facets
attract, in this case, glycerol that will suppress growth through interaction with this surface via its
carbon atom, thus this will act as a capping agent and steric hindrance of growth. Additionally,
if the growth along the [110] direction is higher than [001] direction the resulting crystal will be
thinner and larger. The desired outcome is to synthesize nanopetals with high exposure of (001)
facets, while making them thinner [153].

Compared to nanosheets of BiOCl that has a band gap of 3.0 to 3.5 eV, depending on the thickness
and morphology, the flower-like structure has a narrower band gap. The band gap of this hier-
archical structure is reported to be 2.70, 2.87 and 2.92 from different studies eV [147, 146, 154]. It
is deduced, as mentioned, that the BiOCl samples with crystal growth along the (110) plane, like
exhibited in the flower-like structure, have smaller band gap than those that have oriental growth
along the (001) facet [146]. A study found that the necessary calcination step when utilizing tem-
plates would enhance the crystalline anisotropic growth of the BiOCl along the (110) direction, in
similarity with the use of mannitol in a previous mentioned study. Subsequently, the band gap
was measured before and after calcination to be 3.18 eV and 2.78 eV, respectively, thus indicating
that a higher exposure of (110) planes is equivalent with a smaller band gap [146].

The flower-like structure of BiOCl exhibit greater photocalytic activity than nanosheets or nano-
plates. In one study the flower-like structured displayed great degradation of RhB under visible
light (λ ≥ 435 nm). The degradation rate was calculated from experimental data to be 0.1186 /min
for BiOCl after calcination [146]. In comparison, the overall rate of the first order photocatalytic
decomposition kinetics of RhB for BiOCl nanosheets perfomed under UV light was reported in
a study to be 0.057 /min [43]. Another study compared degradation rates of RhB for BiOCl
flower-like structure with exposed (001) facets to that of BiOCl nanoplates under visible light.
The flower-like structure exhibited a degradation rate of 0.272 /min and adsorption capability of
30.8% while the nanoplates 0.0324 /min with an adsorption of 0.9% under the same conditions.
The flower-like structure also was 144 times better than TiO2 for degradation of RhB. TiO2 had
a degradation rate constant of even though the two structures had similar BET surface area of
53.5 m2 g−1 for BiOCl and 50 m2 g−1 for TiO2. Thus the flower-like structure with exposed (001)
facets display fast degradation rate of and greater activity for degradation of photosensitized dye
under visible light [153].

Furthermore, for flower-like structure it is credited to its unique hierarchial structure, large BET
surface area and strong adsorptive ability. The large surface area contributes to more catalytic
sites and will be more efficient when absorbing light as it is larger. For flower-like structure in a
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study, the BET specific surface area was 22.3 m2 g−1 and for BiOCl nanosheets 50 nm thick the
BET surface area was 10.1 m2 g−1 [143]. It can also be credited to high exposure of (110) facets
and high phase purity, narrow band gap and thin structure [146]. It was, however, determined
that a large specific surface area was a less important factor compared to growth along (110)
direction for photocatalytic performance. This was concluded based on test of samples that were
not calcinated, but had a doubled surface area showed significantly worse degradation of RhB
where after 60 min only 63% of the xanthene dye RhB was removed compared to the flower-like
structure which displayed a complete degradation of all the RhB after 50 min [146].

The structure plays a role as the thin flower petals enhances the utilization of the incident photons
in the photocatalytic process, by having multiple reflections within the center of the structure
[143]. This is done by the nanopetals ability to promote the generated charge carriers to move
faster from the center of the material and to the surface to participate in the redox reactions that
is occurring on the surface [155].
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2.5 Experimental methods

Following sections will give an overall description of some of the characterization methods used in
this thesis, and what kind of information each method provides in addition to eventual limitations.

2.5.1 Scanning electron microscopy (SEM)

The signals available in SEM are secondary electrons (SE), backscattered electrons (BSE), elec-
tron beam induced current (EBIC), cathodoluminescence (CL), voltage-contrast imaging, Auger
electrons, and X-rays. Some signals are more commonly used than others, but they give different
information.

Secondary electrons (SE) can only escape the sample from shallow, near-surface layers in the
material they provide the highest spatial resolution out of all the signals obtained in the SEM.
Further down in the material layers, these electrons are trapped as they will continuously collide
with other obstacles such as other atoms, electrons, etc. SE provides topographic information and
some compositional contrast may be present.

Backscattered electrons (BSE) leave the sample surface with higher energy than SE. This is because
BSE emerges from a larger penetration depth. BSE gives information about topography, mass
thickness and crystallography as electrons channeling occurs [156, 157]. Additionally, BSE gives
information about the composition of the specimen, where elements with a higher atomic number
(Z) will give a brighter area in the image.

Characteristic X-rays come from the layers near the surface and are a result of incident electrons
with high energy knocking out an electron close to the nuclei. To fill up the electron states again,
there will be a continuous jump of electrons from higher energy states to lower ones to fill up the
empty orbit. With every jump from one higher energy state to a lower one, the surplus of energy is
emitted as X-rays. By measuring the energies (or wavelengths) of these X-rays and as each element
has its pattern of characteristic X-rays, the chemical composition can then be deduced. Detectors
of these X-rays are either Energy Dispersive X-ray Spectroscopy (EDS or EDX) or Wavelength
Dispersive X-ray Spectroscopy (WDS or WDXS). Where EDS or EDX is most common [156].

2.5.2 Energy dispersive spectroscopy (EDS)

Engery Dispersive Spectroscopy (EDS) is a detector used in SEM that gives a qualitative analysis
of the specimen [156].

Advantages of this technique are that is a fast elemental analysis technique, element detection
for heavier elements than and including carbon and it has an ability to scan large areas or single
spots. The disadvantage is among other that it generally has a low detection limit of 0.2-0.5%
per element, thus it is a relatively insensitive analytical method. Furthermore, the output data is
elemental based and not molecular. This could lead to falsely identifying an unknown material. For
instance, if carbon is detected, it is very common to assume that this stems from an organic material
present in the sample. However, this does not have to be the case. The signal could originate
from inorganic carbon contamination on the surface such as products of carbonate corrosion, or
accumulated carbon contamination from the electron microscope [158, 159].

Another setback with the EDS is the difficulties with a quantitative analysis of lighter elements,
loosely defined as elements with atomic numbers less than 11 (Z < 11). Upon reduction of
atomic number, and thus reduction of atomic weight, the ability to ionize the atoms worsens.
Additionally, at the moment the atom is ionized it is more improbable that the atom produces
X-rays, which results in a weaker detected signal for light elements compared to heavier ones [160,
159]. Furthermore, will heavier elements with increased atomic numbers give a higher detection
limit in the EDS. In an EDS analysis, heavy elements can be simplified by elements using L or M
lines, and the lighter ones use K lines. A lower detection limit for the lighter elements entails a
need for a higher count of these elements. This can be achieved by increasing the counting time
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in the EDS and/or by increasing the beam current in the system [161]. The quantitative analysis
of lighter elements will also be affected heavily by surface contamination or conductive coatings
applied to prevent charging of the sample [159].

2.5.3 Raman spectroscopy

In Raman spectroscopy molecules are irradiated by an incident beam, this radiation is then
scattered at certain frequencies, both the original frequency (Rayleigh scattering) and at frequency
both higher and lower than this (Raman scattering) is found in the scattered radiation [162, 163].
The Rayleigh scattering is a strong and elastic scattering process which preserves and oscillates at
the original frequency. While the Raman scattering is inelastic and weak, about 10−5 of incident
beam and only 1 in 106 − 108 of the scattered photons is Raman scattered [164, 165, 163]. The
technique is a powerful way of analysing the structural and vibrational properties of a crystal [38].

The principle in Raman spectroscopy is using a monochromatic incident laser beam in the UV
- visible light range to irradiate the sample, and then monitor the scattered radiation from the
sample surface [162, 166]. The reasoning behind using a laser beam is that it has a high intensity,
thus consequently ensuring an increased intensity of the scattered radiation. Furthermore, mono-
chromatic radiation is used as this makes it easier to observe the scattered light even with small
variations from the incident light. Monochromatic radiation has a near-constant frequency with a
narrow frequency range, thus any divergence from this will be detectable [162].

Out of the Raman scattered radiation there are both anti-Stokes and Stokes radiation. Raman
scattering where the incident photons are inelastic scattered with more energy (higher frequency)
after the collision with the molecule, is called anti-Stokes radiation[162]. This happens as a result
of a molecule making a downward shift from a high energy state to a lower one upon interaction
with the incident photons, also called a blue-shift [164, 162]. The downwards transition between
energy states results in an addition of energy to the incident photons [163]. Anti-Stokes lines are
presented in the spectra on the right side of the incident photon frequency as they have a higher
value [162, 164].

On the other hand, the radiation that emerges with lower energy (lower frequency) after the
collision is called Stokes radiation. Stokes Raman scattering happens as the molecule makes an
upward transition upon interaction with the incident photon, going from a lower molecular energy
state to a higher one. This red-shift in frequency requires energy, which is taken from the incident
photon [163, 164]. These signals are presented in the spectra lower than the initial frequency, thus
on the left side [162].

Out of the two different Raman scattered radiation, the Stokes is favored as there are more atoms
in the ground state rather than in an energetically excited state at room temperature, which is in
accordance with Boltzmann distribution [164, 162, 166]. This is directly linked to the intensities of
the Stokes and anti-Stokes lines, thus anti-Stokes may appear weak or not at all in the spectra [162,
166]. Therefore the spectra usually only display the Stokes vibrational lines which have a higher
intensity mode than anti-Stokes [166, 163, 164, 165]. The difference in intensities in the Stokes
and anti-Stokes bands can be used to determine the temperature [165]. Anti-Stokes is, however,
utilized at occurrences when there is a need to avoid fluorescence interference, as this occurs only
at the lower-energy side of the incoming frequency. Thus, by only displaying the anti-Stokes side
the fluorescent interference is cut off [165].

Raman scattering by the molecule can lead to two types of transitions within the molecule’s struc-
ture; rotational and vibrational. For rotational transition to happen in the molecule there is a
certain selection rule that must be obeyed. This rule express that the molecule must be aniso-
tropically polarizable to be rotationally Raman active, this is exhibited in non-spherical rotors.
This involves linear and diatomic molecules as they possess anisotropic possibilities. Accordingly,
spherical rotors such as the symmetric CH4 molecule do not have rotational Raman scattering
[162]. Raman spectroscopy is often said to be a vibrational spectroscopic technique, and studies
with Raman spectroscopy have the vibrational Raman effect as its basis [164]. To be vibrational
Raman active the polarizability of the molecule should change as the molecule itself vibrates [162],
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[164]. In order to get a vibrational transition during the scattering process, the molecule has to be
able to be stretched and squeezed by incident photons, hence polarizability plays a significant role
in vibrational Raman [162].

The direction of the vibration motion is straightforward in diatomic molecules as it moves along the
direction of the bond connecting the two nuclei. In polyatomic molecules, it is more complicated as
the nuclei will function as harmonic oscillators, and several vibration modes and interactions will
happen. Consequently, different types of vibrations occur depending on where the vibrations take
place in the molecule [166]. There exist two types of vibration motions, denoted as stretching or
bending. The former involves a change in interatomic bond distance and the latter covers changes
in bond angle [167]. Bending vibrations are weaker in the Raman than stretching vibrations
[166]. With regards to stretching vibrations, there are two types; symmetric and antisymmetric.
Symmetric (in-phase) stretching vibrations oscillates in the direction of the molecular bonds, where
two or more bonds move back and forth at the same pace, resulting in one frequency output.
Antisymmetric (out-of-phase) stretching vibrations is the result of one bond being stretched while
shrinking another, thus creating discrepant oscillation which gives off another frequency than the
in-phase vibration [166]. A comparison is done of these two types of vibrations and it is discovered
that symmetric usually generate the more intense Raman peaks than asymmetric [38].

As for the bending vibration there are four types, labeled as wagging, twisting, rocking and scissor-
ing [167]. This signal gives off yet another frequency than previous mentioned vibration motions.
The seemingly complicated vibration motions in a polyatomic molecule can all be deduced as su-
perpositions of the primary vibration modes mentioned above. The Raman instrument can detect
and deduce the superposition theory of complex motions [166].

The most intense, clear vibrational bands stem from vibrations with large changes in the polar-
izability of the molecule. This occurs in for instance C C and C C bonds [163]. The
triple bond gives the most intense signal, then the double bond, and lastly single bond which is
the weakest Raman scatter. Generally for Raman spectroscopy a covalent bond have the strongest
vibrations [166]. The vibrational transitions is present in the region of the spectra from 104 to 102

cm−1 [166].

Molecular vibrations are unique for every molecule and function as its fingerprint. Thereby analyz-
ing the resulting vibrational spectra by sorting signals to corresponding bonds etc from a database,
the irradiated molecule can ultimately be deduced [164]. Before starting the process to assign vi-
bration peaks to bonds etc, it is important to be aware that two or multiple bonds can be observed
as a group of atoms vibrating in the spectra, instead of individual bonds. This happens when the
distance between the two bonds in the molecule is short and the energies are similar, allowing for
interaction. This happens for instance with the CH4 molecule, where it has both a symmetric and
an antisymmetric stretch based on vibrations from the atoms as a group linked together by the
bonds instead of two distinct CH stretches. On the contrary, if there is a large distance between
the bonds and a large difference in energy the bonds can be observed individually. It can also be
useful to have some knowledge about the sample beforehand, regarding the compounds that are
most likely in the sample. To assign peaks spectroscopists usually use a combination of knowledge
of the sample’s expected frequencies and the likely intensities of the specific vibrations [165].

For inorganic solids, the Raman instrument is an equally powerful tool to interpret structures of the
molecular units as free molecules. Explaining and interpreting structural features and molecular
bonding, physical properties, and so on is still important in solid-state vibrational spectroscopy such
as Raman. However, in most cases, a complete identification and assignment of all the observed
Raman bands can not be achieved. This can only be done by using advanced force-constant
calculations due to the real nature of the modes.

Frequency shift, thus changing the position of the observed peak to either higher or lower wavenum-
bers can be caused by different possible aspects of the solid-state. For instance will repulsive forces
within the lattice of the solid cause a blueshift of the Raman bands, meaning that there will be
an increase in frequency thus shifted towards a higher wavenumber. Intramolecular forces being
weakened by intermolecular bonds will result in a redshift, to a maximum extent of 20-40 cm−1.
A redshift or blueshift can arise from an altering of polarity or intramolecular bonds [168].
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2.5.4 X-ray diffraction (XRD)

X-ray diffraction is a powerful, non-destructive analytic tool that utilizes X-rays and succeeding
diffraction of these by the atoms in the lattice to get information about and characterize the
material [169].

The filament producing these electrons by thermionic emission consists of the element tungsten
(W) [170]. Contamination from CuKβ is taken into account for XRD analysis as there could be
insufficient filtering by the monochromator or Ni filter and is always considered an influencing
factor in non-monochromatized equipment that is generating X-rays. Furthermore, the possible
contamination from WLα1 and WLα2 stems from the filament consisting of tungsten (W). When
the filament is heated over time the tungsten will start to evaporate and be deposited on the anode,
commonly made up of copper (Cu). The more the anode ages the more tungsten is deposited on it,
thus this potential characteristic contamination from tungsten (W) will increase. Therefore, these
characteristic X-rays are taken into account as contaminating radiation in the XRD pattern [170].

The generated X-rays divides into Kα and Kβ components. For any non-monochromatized equip-
ment that generated X-rays the Kβ component will always be present [170]. Of the Kα there is Kα1
and Kα2. The Kα1 has a shorter wavelength, but twice the intensity. Because the wavelengths of
these two types of Kα radiation does not differ too much, a weighted average of them are used.

The interaction between the X-rays and the atoms results in a constructive interference if and
only if Braggs law, Equation 3, is satisfied [171, 169]. In the case that Braggs law is not satisfied,
there is destructive interference. The reflection of the incident X-rays is only allowed if there is a
constructive interference thus the intensity is non-zero. For destructive interference the reflection
is disallowed and has minimal intensity [171].

Braggs law is given by
n · λ = 2dhkl · sin θ, (3)

where n is an integer number usually equal to unity, λ is the wavelength of the incident X-rays and
dhkl is the interplanar spacing between lattice planes. θ is a specific incident X-ray angle where
diffraction occurs in the material, denoted as diffraction angle, [169].

The interlayer distance or spacing, Miller indices (hkl) and crystal system are linked with an
equation and for a tetragonal crystal system where a=b the equation is presented in the equation

1

d2
hkl

=
h2 + k2

a2
+
l2

c2
, (4)

where a and c are lattice constants for the unit cell. Furthermore, dhkl is the lattice spacing of the
facet denoted by the miller indices h, k and l [172].

When the angle of incident X-rays is such that it satisfies Braggs law, constructive interference
occurs and peak intensity is recorded [169]. The intensity pattern is detected, processed and then
plotted as intensity of the diffraction maxima (lines or peaks) vs position (Bragg angle 2θ or
interplanar distance dhkl) [171]. The plot of intensity vs 2θ is called a diffractogram [173].

From the intensity and position of the diffraction peaks in the plot, the lattice spacing, dhkl, can
be deduced which gives a unique set of lattice spacing that corresponds to an atomic arrangement
in a crystal and ultimately to the identity of atoms in a unit cell [173, 169, 171]. Thus, the plot
correlates to a unique crystal structure, which can then be deduced by using Rietveld refinement
and a database [171].

Ideally, an XRD pattern would display a narrow, delta function-like symmetry, and any deviance
from this can be linked to an imperfect crystal lattice. Deviance can be categorized as peak shift,
peak broadening, peak asymmetries, anisotropic peak broadening, or peak shape, where the latter
refers to how the peak intensity declines from the top of the peak to the background [174, 175].
The peak can split into a doublet which means that there are not two distinct delta functioning
peaks but two peaks that are conjoined. This change in peak shape can be traced back to a
phase transformation or distortion of crystal symmetry to a lower symmetry. For instance, a
transformation from cubic to tetragonal, or tetragonal to orthorhombic [176]. Peak asymmetries
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are caused by long-range internal stress within the sample as well as planar faults. The appearance
of an asymmetric peak will be seen as a difference between the start of the peak to the center and
the end of the peak to the center. The peak is asymmetric when these two lengths are not the same
[174, 175]. Anisotropic broadening of the peaks is an effect caused by anisotropic crystallite shape
or anisotropic strain and will be detailed later on in this section. The peak position is dependent
on the wavelength of the incident X-rays and corresponds to a certain facet in the sample, and
these lattice planes can be identified using a database. Any peak shift can be caused by internal
stress or planar fault, with emphasis on stacking faults [177, 175]. The peak intensity correlated
to the number of X-rays detected in a peak at a value of diffraction angle 2θ, signifying the count
of X-rays coming from the corresponding facet. This value can vary with both instrumental and
experimental parameters [171]. The significance of intensity and how it can be affected by different
parameters will be explained later in this section. As for the broadening of XRD peaks, this can be
influenced by instrumental parameters, eventual defects, and/or differences in crystallite smallness,
micro stress and lattice strain [173]. Based on kinetic scattering theory, peak broadening will occur
if the crystallite size is reduced below one micrometer or if a large enough amount of lattice defects
exists in the analyzed sample. Specifically for dislocations, the density of these has to exceed
5 ∗ 1012m−2 [174]. In addition, the Scherrer’s equation can be utilized in order to connect peak
broadening with crystal size. Scherrer’s equation is given by

D =
k · λ

β · cos θ
(5)

where k is the shape constant, β is the full width at half maximum (FWHM), D is the crystal size,
λ is the wavelength of incident X-rays and θ is the Bragg angle where 2θ is the diffraction angle.
The shape constant k, is commonly used as 0.9 without regarding morphology or reflection index.
From this equation it can be seen that by increasing the crystal size D it will lead to a decrease in
β, thus a decrease in FWHM will entail that the peaks becomes sharper. FWHM is a measurement
of the width of the peak at half maximum, and the half width is used to indicate the peak width
because at the top of the peak the width will be zero [178].

The peak position could also characterize the crystalline material in regards to the identification
of the most exposed facets in the crystal. Obtained XRD patterns are compared to characteristic
XRD patterns from a database in order to identify the material. These databases are based on XRD
data performed with all the possible orientations of particles in the three spatial axes. This gives
a standard intensity measurement for each orientation and thus each facet is linked to the incident
angle of the XRD apparatus. If there exists a preferred orientation of particles within the material,
there will be increased exposure of this facet and the peak corresponding to this orientation will
have an increase in intensity compared to the standard. When there is a noticeable intensity
difference between the database material and analyzed material this can then indicate that there
is more or less exposure of the corresponding facet, and this can provide structural information of
the analyzed material. The identification of facets through the XRD pattern can not be presumed
as certain factors could affect the intensity of the peaks. This could be compositional factors
such as the atom’s ability to scatter X-rays, fractional coordinates, or occupancy of atomic sites,
where vacancies and doping have proven to be of influence. A study compared the influence of
oxygen vacancies to bismuth vacancies in BiOX and found that creating 10% of both vacancies led
to a reduction in the intensity of the (001) peak by 35.80% and 19.25%, respectively [177]. The
reduction in intensity upon creating atomic vacancies is logical as it reduces the occupied atomic
sites, thus a smaller amount of atoms scatters the incoming X-rays. Other influential factors on
the peak intensity in an XRD pattern are related to morphology, such as anisotropic strain or
anisotropic crystallite size causing an anisotropic broadening of the peaks [175, 177]. For instance
did a reduction in the thickness along the [001] direction of a-TiO2 lead to a visibly broader and
less intense (004) peak belonging to the [001] direction [179]. Additionally, growth along the [001]
direction of BiOX nanowires led to more intense (001), (002), (003), and (004) peaks while the
(110) peak became broader and less intense. However, if the most intense peaks are also among
the broadest this indicates that the intensity in fact stems from preferred orientation and less from
any possible anisotropic broadening. Or else the less intense peaks would be the broadest [177].

Generally, the diffractogram provides info about the long-range order in crystalline materials and
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short-range order in non-crystalline solids. From this the lattice constants and phases, average
grain size, degree of crystallinity and crystal defects can be deduced [171, 169, 173]. Additionally,
advanced XRD analysis gives information about the samples strain, preferred crystal orientation
(texture), crystalline symmetry [171, 169].

2.5.5 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) uses a sharp tip attached to a cantilever to scan a specified surface
area, and the deflection of the cantilever is monitored by a laser beam, and this deflection is the
basis of providing information about the sample. By using the height data that is generated with
the AFM it is simple to measure the height, length, and width, and thus the volume of any species
on the surface can be achieved [180]. This height data can be used to determine the thickness of a
deposited layer on a substrate surface, by which AFM is stated to be the most reliable technique
for this purpose [9].
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3 Experimental

Following is the experimental section for the synthesis scheme used in this thesis based on a
microwave oven. First the preparation and cleaning process of the silica substrates are explained.
The glove box operating procedure is described, in addition to synthesis preparation steps done in
this equipment. The operation and incorporation of the microwave oven into this synthesis scheme
are then detailed. This section includes an overview of the characterization instrument used and
how they were utilized in analyzing the substrates. Lastly, an overview of the parameter changes
is given in a table.

Some of the results included in this thesis were obtained as part of the work done in the course
TMT4500 at UC Berkeley and further characterized at NTNU [1]. These are the following sub-
strates; silica I, silica L, silica F, silica D, silica N, mica F, mica J and mica L. A comparison is
made to see if there are any differences between the two universities while performing the same
method. The NTNU substrates are named as stated in Table 1.

3.1 Substrate preparation

The silica substrates used in the synthesis were Si (500 µm) coated with 1 µm of silicon oxide, SiO2.
Six silica substrates were cleaned by the following steps to ensure the minimal occurrence of dirt
on the surface, as this could impact the crystal growth in various ways. The silica substrates were
sonicated for 10 min in a beaker (150 mL) filled with 30 mL of acetone. After this, the substrates
were transferred to a beaker (150 mL) filled with 30 mL isopropanol (IPA) and sonicated for 10 min.
Lastly, the same procedure was done for a beaker (150 mL) filled with 30 mL distilled water. The
substrates were subsequently dried with nitrogen gas. Three quartz combustion boats, a tweezer,
and a spatula were cleaned with a tissue sprayed with IPA.

When using mica substrates in the synthesis no cleaning procedure was necessary. The mica was
cleaved into six thin sheets with a razor blade in ambient air and these sheets were ready to be
used as substrates.

3.2 Glovebox

The six substrates, a spatula, a tweezer, three quartz combustion boats, and two weighing con-
tainers were placed in the antechamber of the glovebox. A pumping and purging procedure with
nitrogen gas was started for the antechamber, and this was repeated three times. One weighing
container was placed on the scale inside the glovebox, and the other one on the outside of the scale.
The three substrates were weighed separately in the weighing container situated on the scale, and
then placed in the other weighing container. Then the spatula was used to place the powdered
precursor, BiCl3 (Sigma-Aldrich reagent grade, ≥98%) on the polished surface of the three sub-
strates. The substrates were lifted vertically so that any precursor that was not attached to the
polished surface would be removed. The procedure of removing additional precursor was stopped
after the first trial synthesis, and the substrates were not lifted vertically but kept horizontal at
all times to ensure that the precursor remained on the surface. Hereupon these substrates are
denoted as source substrates. Then the source substrates were weighed with the polished surface
facing upwards and with a precursor attached to it.

After this, the three source substrates were placed in each of the three individual quartz combustion
boats using a tweezer, with the polished surface facing upwards, with space for air underneath
them in the boats. Another substrate was then put on top of the source substrate, with the
polished surface facing down towards the precursor. Resulting in a sandwich-like arrangement of
two substrates, denoted as a parallel throughout the thesis, see Figure 10. Thus there are three
parallels for each parameter change, resulting in six substrates.
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Figure 10: Illustration of three simultaneously prepared parallels for each parameter change.

3.3 Synthesis method

A deep, square baking dish in glass of 1.2 , was turned upside down, with the bottom facing up in
a conventional microwave oven, MWP251 from Whirlpool. The spinning feature of the microwave
oven was deactivated and the equipment was situated in a fume hood. Through the antechamber,
one of the three systems was brought out of the glovebox and left in ambient air to be hydrolyzed
for a maximum of one minute. After one minute in ambient air, the quartz combustion boat
was placed on top of the glass dish with the short side facing directly towards the magnetron.
The microwave oven was turned on for a predetermined heating time given in minutes at a given
microwave power specified in watts. After the specified time the microwave oven door was opened
to let out the HCl gas in the fume hood. By the use of heat protection gloves, the system was
taken out of the microwave oven and the substrate edge facing the magnetron was marked with
a permanent marker on the unpolished surface. The substrates were rinsed with distilled water,
dried using nitrogen air, and placed in labelled boxes with lids. Then the next system was taken
out of the glove box and went through the same procedure, only changing the parameter under
scrutiny.

A similar synthesis scheme was done at UC Berkeley for 1 min, 1000W with the same conditions
and execution as explained in this section. The source substrate was denoted as silica N and will
be reoccurring throughout this thesis. The only exception to the synthesis method done for silica
N was that a microwave oven from Black+Decker with power up to 1000W was used, the precursor
was anhydrous powder BiCl3 99.998% (Sigma-Aldrich) and with silica substrates from Ossila with
90nm SiO2 coating. Additionally, the synthesis was performed at another lab than Nanolab at
NTNU like the synthesis described and characterized in this thesis.

Figure 11: Illustration of a quartz combustion boat with stacked substrates inside the microwave
oven.

3.4 Parameter change

For all the synthesis the precursor BiCl3 was placed on the bottom substrate and is denoted as the
source substrate. Each parameter was changed for three different values giving three parallels. A
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total of two substrates were used in every parallel resulting in six substrates for every parameter
that was investigated. The system was placed in the same direction as the magnetron. First,
a synthesis of changing the distance from the magnetron was performed. This was done as the
distance variable was not considered or controlled in the synthesis done at UC Berkeley in fall 2021.
The time was set to 1 min and power to 900 W and these values were consistently kept in other
syntheses to give a basis for comparison. In the next synthesis, the microwave time was changed,
and the middle distance was chosen. The amount of precursor used in these three parallels was
increased compared to the first synthesis. However, for the first two synthesis schemes, only a
small amount of precursor compared to synthesis at UC Berkeley was used due to difficulties with
handling the precursor. This could influence the resulting size of as-synthesized crystals. In the
next synthesis more precursor was added and the distance variable was again examined, with the
same conditions as the first synthesis except for the procedure of handling the BiCl3. Then the
influence of microwave power on crystal growth was studied, and the other parameters and synthesis
conditions were kept consistent. Then the substrate type was changed for the next synthesis from
silica to mica, and microwave power was changed to see the difference between the crystal growth
on the two substrates with varying microwave power. Lastly, the amount of precursor was explored
as this had been hypothesized to be of influence on the crystal growth when it comes to size and
morphology. This was based on observations done in the OM and by the naked eye, for where
there were observations of powder there were also crystals. In addition to the first synthesis with a
significantly small amount of precursor, there were few occurrences of crystals. Also, from the first
synthesis at UC Berkeley, the source substrate was completely covered in precursor resulting in a lot
of brown spots later discovered to be flowers and no apparent trends. When the decreasing amount
of precursor and centring on the surface larger, square crystals appeared. The last synthesis was
done by changing the amount of precursor, but no quantitative weight could be produced, see the
reasoning for this in Section 3.4.1.

Figure 12: Schematic outline of the parameter changes during the synthesis scheme performed in
this thesis.

3.4.1 Synthesis challenges

Due to the precursor not attaching easily to the substrate surface, various challenges arose. The
issue with attaching the powdered precursor could stem from the BiCl3 at NTNU being more coarse
compared to the one used at UC Berkeley. After placing the precursor and lifting the substrate
vertically to lose any unattached BiCl3, only a few grains of powder stuck to the substrate. This
made it difficult to weigh the precursor on the scale, as the scale could not detect such small
variations, and thus because of the unreliability of the scale, the quantitative measurement of the
amount of precursor was discarded.

Thus in the first trial synthesis, the amount of precursor was restricted to some grains of precursor.
For the next synthesis where microwave time was changed, the precursor was placed and then patted
down using the spatula, and more powdered was visually attached to the substrate surface. For the
further synthesis schemes, it was decided to change the process of attaching the precursor to the
substrate. The precursor was placed on the bottom substrate as usual, but instead of lifting the
substrate vertically to shake off residual precursor, the substrate was kept horizontal. This ensured
that there was a sufficient amount of precursor in the parallels. However, new challenges emerged
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with this synthesis change as it lead to a more prominent pile on the surface compared to the few
grains earlier. There were no difficulties with placing the precursor in the center on the substrate
surface as it kept sliding off or was spread on the surface with every small movement of the system.
This problem was amplified when placing the top substrate on this pile of precursor, as it would
make the top substrate unstable and move around more. The precursor was patted down, but
there was still a noticeable bump. Compared to earlier parallels it was a considerable difference
in the amount of source. When the precursor was not attached to the substrate, it was deemed
impossible to weigh the substrate by the procedure explained earlier. Also during transportation
from the glove box to the microwave oven, the precursor was further moved by the top substrate,
thus centring of the precursor was impossible.

Parallels Other parameters

Parameter change Substrate names Time[min] Power[W] Distance [cm] Substrate type

Distance from magnetron1 Si-21.5cm* Si-15.5cm* Si-9.5cm* 1 900 21.5 - 15.5 - 9.5 Silica
Microwave time Si-1min Si-3min Si-5min 1 - 3 - 5 900 15,5 Silica

Distance from magnetron Si-21.5cm Si-15.5cm Si-9.5cm 1 900 21.5 - 15.5 - 9.5 Silica
Microwave power Si-500W Si-750W Si-900W 1 500 - 750 - 900 15.5 Silica
Microwave power Mica-500W Mica-750W Mica-900W 1 500 - 750 - 900 15.5 Mica
Amount of BiCl3

2 Si-small Si-medium Si-large 1 900 15,5 Silica

Table 1: Synthesis schemes and parameter change throughout this thesis.

3.5 Optical microscope (OM)

At UC Berkeley the dried substrates were examined and imaged individually with the optical
microscope (OM) apparatus, an Olympus BX60 using the software ISCapture® [181]. Whereas at
Nanolab, a DIC microscope was used. The aim was to observe any trends in colour, the density of
crystals, and morphology and get an idea of size changes that may have occurred throughout the
surface of the substrates.

Characterization of only the source substrates was done based upon the fact that the other substrate
functioned as a means to an end to facilitate the confined space. Additionally, it was discovered
during the synthesis and subsequently OM characterization at UC Berkeley that there was no
significant growth on the other substrates [1].

First, the crystals were observed with a magnification of 5x, then 10x, and so on until 100x.
Different magnification was used to image the crystals depending on their size, and based on
including other areas of interest such as grates on the surface or large brown spots.

3.6 Scanning electron microscopy (SEM)

The SEM equipment used at UC Berkeley was a Scios™ 2 DualBeam™, Focused Ion Beam Scanning
Electron Microscope FIB-SEM, by Thermo Fisher Scientific. Three silica and two mica substrates
were placed on individual SEM stubs by using carbon double-sided tape. The stubs were loaded on
a standard sample holder inside the Scios™ 2 with adequate separation between each stub. At UC
Berkeley a working distance of around 10-11 mm was used with a tilt of 0 °, mode set to secondary
electrons (SE) and the ETD detector was utilized. The current for silica substrates was set to 50
pA and the voltage to 5 or 10 kV. The current for the mica substrates was 13 pA and the voltage
to 5 kV.

At Nanolab, NTNU the FEI Apreo, Field Emmision Scanning Electron Microscope (SEM), was
used to analyze the sample surface. The same sample procedure from UC Berkeley was used. The
ETD detector in the chamber was utilized with a secondary electron (SE) signal, and a T2 detector

1This was performed as a test run for the synthesis scheme at NTNU in order to catch any challenges with
equipment or to notice any differences compared to the lab work done at UC Berkeley.

2The descriptions ”small”, ”medium” and ”large” refer to the amount of precursor used. In Appendix F Figures
90a, 90b and 90c show the respective amounts.
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was also used. For the mica substrates, a sputter coater for SEM sample preparation was used
beforehand, and a coating of Pt/Pd (80/20) was sputtered on top of the mica surface.

The image processing and size distribution was performed using ImageJ and OriginPro® 2021b
[182, 183]. In ImageJ, each crystal of the SEM image was measured and this was then transferred
to OriginPro which generated the average size and standard deviation of the measurements.

3.7 Energy dispersive spectroscopy (EDS)

While the substrates were in the SEM equipment, the EDS detector was started by the EDS
software AZtecLive® [184]. In the software the elements that were assumed to be present on
the surface were predetermined. Then different analysis techniques were used in the software to
produce various informative reports.

3.8 Atomic force microscopy (AFM)

The AFM Dimension Icon at NTNU Nanolab was used to analyze the surface with the ScanAsyst
technique. ScanAsyst air probe was used, and after locating the area of interest the instrument
started the thickness measurement at different scan sizes, making sure that the whole morphology
was included in the resulting image. The AFM images were then analyzed in Gwyddion software
[185].

For each ZSensor image, the crystal image was analyzed for thickness and length. The thickness
measurements were performed by drawing multiple profile lines over the same crystal to get an
average thickness from different directions across the crystal. These lines are denoted as ”Profile
1”, ”Profile 2” and so on in the thickness measurement graphs. These measurements were then
collected and categorized as octagons or squares, large or small based on length in Excel [186]. If a
ZSensor image contained multiple crystals an average of both thickness and length was calculated
for that image, then the thickness average was used in further calculations. In the case where the
image only contained one crystal, the thickness measurement of this crystal was used directly for
further calculations.

One unit cell corresponds to the lattice constant C = 0.7369 nm [43, 44, 46]. Thus one nanoplate
that is compromised of four unit cell is calculated to be 2.9476 nm [13, 47]. Then the average
thickness of the crystals in one AFM image was calculated. This average thickness was then
divided by the thickness of four unit cells or one nanoplate, 2.9476 nm. Thus the calculated
number corresponds to the number of nanoplates compromising the crystal, on average.

Each entry is from one AFM picture, some of the pictures contained multiple crystals thus an
average was obtained for this picture and noted in the table, while other pictures only contained
one crystal thus the dimension of this one crystal is noted in the table. The pictures analyzed are
shown in Appendix D.

3.9 Raman spectroscopy

At UC Berkeley Raman analysis was performed with inVia™ Raman Confocal Microscope by Ren-
ishaw. The software WiRE™ was used in the analysis [187]. A laser beam of 638 nm was used to
irradiate the silica samples. The laser power was set between 40-100 %. Exposure time, scan type
and the number of accumulations were changed resulting in different spectres. At UC Berkeley
only silica substrates were analyzed, as calibration of this substrate was already performed and
thus the spectra were known. Spectrometer state was 1200 mm−1.

The silica peak was known to be at 520cm−1, thus this was first calibrated on the apparatus
numerous times until it had a satisfactory calibration of 519.991 cm−1. For the F silica substrate,
a narrow spectrum was generated from an area where flower-like structures were detected. Then
for the silica N substrate, multiple analyses were performed. First with 40% of laser power, 5
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seconds of exposure time, and 10 accumulations with a static scan type. Static scan type covers
a range of 200 to 500 1

cm on both side of the center [188]. Then the laser power was increased
to 100%, and 5 accumulations and extended scan type were used, but the other parameters were
kept constant giving a wide spectrum. This scan type gives a range between the upper and lower
limit that is entered by the user and it is used when the static scan type can not cover the desired
wavenumber range [188]. A clean silica substrate was also analyzed with the same parameters, in
order to give a basis of comparison.

At NTNU silica and mica substrates were Raman analyzed using WITec software and Alpha 300R
confocal Raman spectroscope [189]. A 532 nm excitation laser was used, and laser power of 100%
equal to 66 MW. 6 accumulations were used and an integration time of 10 seconds for silica D,
while 5 accumulations and 40 s integration time were used for mica F.

For the Raman analysis done at UC Berkeley, the resulting graphs are a result of different settings
at different rounds of analysis giving wider or narrower spectra. While the Raman analysis at
NTNU could not be tuned in a similar way, thus the graphs are plotted within different ranges to
give both a narrow and a wide spectrum. The graphs were plotted and the peaks were found in
Python™ according to the script displayed in Appendix G [190].

3.10 X-Ray diffraction (XRD)

The XRD analysis was performed at NTNU on DaVinci2, powder diffraction equipment. The
substrate was set directly on a glass slit that was cut to fit the sample holder of the XRD instru-
ment. A gracing incident analysis was started, after determining the height of the substrate and
calibrating this offset value.

Both silica and mica were analyzed using gracing incident X-Ray Diffraction, with an incident angle
of 1°for the silica and both 1°and 2°were used for the mica J and mica F, respectively. Divergence
slit of 0.6 mm, primary soil 2.5°, secondary soil 0.2 °and the 0.02°step scan mode was performed for
2Θ in the range of 10°to 65°with a basis in the BiOCl XRD pattern found in the Powder Diffraction
File™ (PDF®) database by the International Center for Diffraction Data [191].

The XRD spectra was analyzed using the software DIFFRAC.EVA and the TOPAS software [192,
193].
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4 Results

The following section presents the most important results from the research done both at UC
Berkeley and NTNU. OM and SEM were used to characterize the nanocrystals by size and shape,
then further characterization and stoichiometry by EDS and Raman, and lastly crystallinity by
XRD.

The OM observations are presented first, then SEM observations and size analysis of all the source
substrates. After which are the EDS results from both universities, then AFM results of the
observed structures in the OM and SEM. Lastly, the Raman and XRD results.

4.1 Synthesis results

The synthesis scheme was carried out as explained in Section 3.3 and Section 3.4. Each synthesis
scheme investigated one individual parameter by changing it for three parallels, and an overview
of the investigated parameters and changes in each parallel is given in Section 3.4, Table 1 and
schematically illustrated in Figure 12. In each parallel two substrates were used to create the
confined space, thus each synthesis scheme resulted in six substrates. Out of these only, the three
source substrate were characterized further, and the reasoning for this is explained in Section 3.5.

In addition, to give the basis of a size distribution analysis, SEM was used to make observations
of trends in morphology and to notice any eventual structures that could not or had not been
observed with the OM. The results of the size distribution analysis and observations are given
below.

4.1.1 Overview

The fundamental morphologies identified in SEM and kept throughout this thesis were flowers,
octagons, and squares, which will be the analysis’s primary focus. A typical image of squares and
octagons are displayed below in Figure 13a. These octagons were seen in the OM as circles but
later identified with SEM as octagons. Figure 13b shows a high-density area of crystals on the
substrate surface while Figure 13c illustrates that flowers were seen as cloudy, brown spots in the
OM. Furthermore, Figure 13d and 13e shows how the crystals grew near the substrate edge which
was observed for every source substrate.

4.1.2 Morphology

Different morphology and structures were observed with both OM and SEM. The most common
were squares, octagons, and flowers, and SEM images of these are displayed in Figure 14.

The circles noticed in the OM were for most cases discovered to be octagons, as in Figure 15a.
However, in some cases, these were verified as circles in the SEM, as can be seen in Figure 15b.
The observation of these structures can be seen in Figure 15c.
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(a) Large octagon and small square
equally same size taken at NTNU.

(b) High density of octagons, magni-
fication x20 [1].

(c) Brown spot identified as flowers,
magnification x50 [1].

(d) Crystal growth along substrate
edge, magnification x10.

(e) Crystal growth along substrate
edge.

Figure 13: Squares, octagon and flowers on a silica substrate imaged with OM and SEM.

(a) High density area of octagons. (b) Close up image of an octagon, size 8.4 µm.

(c) High density area of squares with remnants of octagons. (d) Close up image of square, size 13.7 µm.

(e) Flower surrounded by square crystals on silica. (f) Close up image of an flower, petal thickness of 0.143 µm.

Figure 14: The three most common morphologies in this thesis [1].
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(a) Octagon (b) Circle (c) Octagons and squares on Si-small
of average size 13.8 µm

Figure 15: Octagon and circle observed in SEM and OM.

Squares observed in the OM showed a range of vibrant colors, as seen in Figures 16a, 16b and
16c. The Figures 16d and 16e display small squares imaged with SEM, which clearly shows the
well-defined geometry. In Figure 16e there is also a display of non-uniform stacking. These squares
were seen less frequently on mica than on silica substrates.

(a) Vibrant colored crystals on
mica.

(b) Vibrant colored crystals on
mica-900W.

(c) Image from project thesis
on silica [1].

(d) Sharp square.
(e) Sharp squares and non-
uniform stacking on silica N
[1].

Figure 16: Squares imaged with OM and SEM.

The small squares were viewed as more well-defined compared to larger squares which exhibited
nanoframe-like structure. These nanoframes exhibited a taller edge called a frame, and a thinner
center. In Figure 17a these are seen as large squares with a white rim and grey center. The
large grey squares with the white rim were first noticed when using an OM, but also recognized
in the SEM because of the large size, distinctive shape, large quantity, and known location at the
center of the silica N. In the SEM in Figures 17b, 17c and 17d it became obvious that these large
squares had an elevated edge, which corresponds to a grey center and white frame seen in the OM.
Furthermore, Figure 17e probably shows an initial formation of these nanoframes as the center has
not completely been exposed.
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(a) Grey nanoframe in OM. (b) Nanoframe (c) Nanoframe

(d) Nanoframe [1] (e) Nanoframe

Figure 17: Various BiOCl nanoframes detected in OM and SEM.

The squares were also discovered to have a layered structure where the layers were non-uniform
thus the individual BiOCl sheets became evident in Figure 18. Some of the blue circles in Figure
24 illustrates this viewed in OM.

(a) Non-uniform layers stacked
together.

(b) Squares with distinguish-
able layers.

(c) Non-uniform layered
squares.

Figure 18: Layered BiOCl crystals.

With the SEM instrument, the large brown spots observed in the OM in Figure 19a were discovered
to be flower-like structures compromised of BiOCl plates, as seen in Figure 19b. Additionally, the
blue circles in Figure 24 could also identify these flower structures as it appears to be multiple
crystals stacked together. The flowers were noticed to be frequently observed in the vicinity of
visible white powder on the substrate surface, thus the location could often be predicted. This
white powder was most likely unreacted precursor. In previous research, these were observed for
the first synthesis, and discoveries of them in the OM were reduced when decreasing the amount
of precursor BiCl3 [1]. Figure 19b exhibits a commonly observed flower-like structure with sharp
petals made of BiOCl. The flower in Figure 19c shows a less observed flower on silica with blunter
petals pointing upwards. The basis of the flower is visible in this Figure and it can be seen that
the base is made up of BiOCl sheets clustered together. Another shape noticed in the SEM was
squares with flower formation covering the surface, like seen in Figures 19d and 19e where the
squares can be perceived as templates for further growth. Figure 19f shows a flower formation
where the petals do not stick outwards, but are restricted to only pointing up. Another feature
that became apparent was that some crystals had a small flower-like structure growing in the
center of the crystal surface, as seen in Figure 19g. These structures consisted of an irregular
shaped crystal with a small flower at the center. Figure 19h shows sheets curving upwards in an
initial stage of flower formation.

A prominent observation done for growth on silica and mica substrates is that for mica the flower-
like structure appeared frequently, few squares were noticed and no octagons were observed. On
the silica substrates, the opposite was discovered to be true, where there was a predisposition to
observing squares and octagons while flowers were detected in a smaller quantity.
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(a) Brown spot observed with
OM [1].

(b) Flower [1] (c) Flower [1]

(d) Flowers growing on crys-
tals on silica substrate [1].

(e) Flower formation on square
crystals [1].

(f) Flower on silica [1].

(g) Flower deposition on
BiOCl flake.

(h) Bent sheet in the initial
stage of forming flower [1].

Figure 19: Flowers imaged in OM and SEM.

With the use of SEM cracked surfaces and broken crystals were observed regularly for different
morphologies. For a square in Figure 20a, an octagon in Figure 20b and 20d, lastly irregular
shaped crystals in Figure 20c.

In addition to cracked surfaces, there were observations of broken crystals, which were observed in
SEM in Figure 20c. Additionally, these were noticed when using an OM in Figure 20e red circle
No. 2 shows a broken crystal. Circles No. 1 and 3 illustrate a possible nanoframe and possible
octagon, respectively. Further observations of these are illustrated in Figures 20f and 20g.

Additionally, formation of screw dislocations was frequently observed as seen in Figure 21a which
clearly illustrates how these looks like a staircase. These were mostly detected in the vicinity of
flower structures, as seen in Figure 21b. Figure 21c illustrates another dislocation with a different
shape than the one in Figure 21a. Screw dislocations were easily identified in the SEM and hard to
recognize in OM, but in Figure 24 the blue circles exhibit stacked crystals and some of the stacking
could arise from screw dislocations.
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(a) Cracks on a square. (b) Cracks on an octagon.
(c) Cracks on irregular shaped
crystals and some broken ones
can be detected.

(d) Broken octagon.
(e) Nanoframe-like structure,
broken crystal and an octagon
on NO.

(f) Broken crystal on silica.

(g) Irregular shaped crystals
and broken crystal.

Figure 20: Broken or cracked BiOCl crystals images with OM and SEM.

(a) Screw dislocation [1].
(b) Screw dislocations marked
with red circles.

(c) Screw dislocation.

Figure 21: Screw dislocation noticed in SEM.

An asymmetrical stacked structure is imaged with an OM in Figure 18a resembling a cross-like
structure, which could be caused by screw dislocation or discrepancy in the layers. This structure
is also imaged in SEM in Figure 18b. This can also be seen in OM in Figure 22c where the red
circles marks structures that look like crosses, or octagons with rounded sides. Figure 22d shows
a star-like structure which could also originate from stacking, as can be seen in Figure 22e. This
image clearly shows that the sheet is rotated before being stacked making the edges point out like
a star. Non-uniform stacking of seemingly well-defined BiOCl sheets is displayed in Figure 22f. All
the variety of shapes and different morphology that did not fit into the characteristics of squares,
flowers, circles, or octagons were categorized as irregular shapes in the size distribution analysis.
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(a) Stacked cross-like structure
imaged with OM.

(b) A cross-like structure. (c) Layered structures and
cross-like structure on silica.

(d) A star-like structure.
(e) A layered, star shaped
structure.

(f) Sheets stacked non-
uniformly.

Figure 22: Various layered BiOCl shapes discovered in SEM and OM.

Figure 23 illustrates irregular shapes that were commonly observed in areas where there was an
excess of white powder on the substrate deemed most likely to be unreacted precursor BiCl3.
Figure 23a shows the OM image of these structures imaged with SEM in Figures 23b and 23c. The
irregular shapes in Figure 23d and 23e were mostly noticed at the center of the substrate, most
likely due to the precursor placement being here for the synthesis scheme.

(a) Circular shape observed
with OM [1].

(b) Circular structures and
nanoframes circled in red.

(c) A circular shape.

(d) Spots denoted as irregular
shapes.

(e) Hollowed out area.

Figure 23: Irregular shapes of unreacted precursor discovered in SEM and OM.

In Figure 24 using Alicona Infinite Focus microscope detailed the layered structure. The red circles
identify squares with another distinguishable square stacked on top. It is easy to see the separate
squares as the top one is either twisted or smaller so the stacking of two individual squares is
clear. The blue circles are areas or crystals with multiple layered structures on top of initial single
crystals. The green circles marks squares with a seemingly circular crystal on top. This stacking
leaves some of the bottom crystal exposed, and most of the square crystal is covered except for
the outer edge.
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Figure 24: Layered crystals exhibiting various morphology.

4.1.3 Synthesis parameter

The surface of the source substrates were divided into three sections of interest, as illustrated in
Figure 25. This was done to observe growth across the substrate and eventual differences in size
and morphology. The side facing the magnetron was marked and the other sides were labeled side
A, side B and side C as can be seen in the same figure. Two SEM pictures were taken for each
point (1.1, 1.2 and so on), one displaying an overview image in order to see growth and density
in the area, see example Figure 68d, 68e and 68f in Appendix B. The crystal density is illustrated
in tables. The other was a magnified SEM image which was used in the size analysis, see Figures
68a, 68b and 68c in Appendix B. The average size of the crystals was calculated from these images
as explained in Section 3.6 and the morphology was noted. From this, an average size for each
section was computed with regard to morphology. This means an average was made for squares
for section 1 (1.1, 1.2, and 1.3) and a separate average was made for octagons/circles and in some
cases flower petal thickness. This was repeated for sections 2 and 3. Note that the table entries
containing an ”X” indicates that either the crystal morphology was not observed or that there were
irregular shapes in the entire section thus a size analysis was not achievable. The same applies to
the graphs where there is no measurement in a section.

Figure 25: Illustration of how the substrate was divided for size distribution analysis.
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4.1.4 Microwave time

Microwave time was changed, from 1 min, 3 min, and 5 min. The resulting size distribution is
shown in Figure 27 with one standard deviation. From size distribution in Figure 27 there is one
striking trend in crystal growth upon changing the microwave time, and that is the decrease in
size for 3 min and 5 min for both squares and octagons compared to 1 min. Therefore, indicating
that a microwave time of 1 min produces the largest crystals. This is also exhibited in Figure 26
which shows the difference in size between octagons for 1 min and 3 min, where the 3 min SEM
image has the larger magnification and thus smaller crystals.

(a) 1 min (b) 3 min

Figure 26: Illustration of size difference of 1 min vs 3 min at 1.1 with a scale bar of 50 µm.

When it comes to morphology, there were some differences detected. Si-1min section 2 had flower
growth on circle-shaped crystals as illustrated in Figure 19g, and the same occurrence was observed
for section 3. For Si-5min with a microwave time of 5 min, at the whole section 2, there were
irregular shaped, cracked crystals, like the crystal exhibited in Figure 20a and flower formation,
and no octagons. Therefore, it was decided to not analyze this image as the shape could not be
definite categorized.

Furthermore, octagons are increasing in size moving across the Si-1min substrate from sections 1
to 3, thus further away from the magnetron. As for the growth of squares, the size decreases at the
center of the substrate in section 2, and it is larger for sections 1 and 3. For source substrate Si-
3min, both morphologies are smaller than Si-1min, see Figure 27. There is a gradual size decrease
moving from section 1 to 3 for squares, while no obvious size trend can be seen for octagons. The
analyzed images as well as overview images for Si-3min section 3 can be seen in Appendix B Figure
69. For Si-5min, the smallest squares were displayed in section 2 on the substrate. The ”X” in
section 2 which can be seen in Table 2 makes it more strenuous to make conclusions.

(a) Squares (b) Octagons

Figure 27: Size analysis of microwave time synthesis.

From Table 2 it is clear that on a general basis there were a lot of crystals on these substrates.
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However, the crystals were mostly observed at the edges of substrate with a lot of vacant areas
in between. Flowers were also observed at the center. Additionally, irregular shapes and visible
stacking of crystals was noticed along the edges of the substrate. Si-1min had few squares compared
to octagons for every section. Si-1min also had the least amount of squares compared to the other
substrates but many octagons. The density on Si-3min can be seen in Appendix B in Figure 69. As
the values in the table are similar, neither of the substrates stands out considering crystal density.

Section 1 [#] Section 2 [#] Section 3 [#]

Si-1min
Squares 21 12 73
Octagons/circles 457 105 112

Si-3min
Squares 33 102 244
Octagons/circles 225 256 82

Si-5min
Squares 187 27 167
Octagons/circles 306 X 112

Table 2: Density of squares and octagons/circles in each section for each parallel in the microwave
time synthesis.

4.1.5 Distance from magnetron

The synthesis scheme investigated the impact the distance from the magnetron had on the crystal
growth. The resulting size distribution is displayed in Figure 29. From the figure, it is evident that
the squares on the substrate placed at the middle distance of 15.5 cm displayed the biggest size.

All the substrates exhibit irregular shaped crystals at either section 1 or section 2 of either squares
or octagons. For section 1 on Si-15.5cm, all the octagons had a crack in the structure, thus
these were not analyzed. It was noted that for sections 1, 2, and 3 of this substrate there were
observations of cracked crystals and deformed crystals for all the analyzed images. In general,
across the substrate, it was difficult to find crystals with no cracks or imperfect stacking. The size
of broken or cracked crystals were not incorporated into a size analysis, as the aim of the thesis is
to synthesize complete, undamaged crystals.

It was also observed an increased amount of cracked and irregular shaped crystals in section 3
compared to section 1 for Si-21.5cm. These irregular shaped crystals were formed by nanoplates
stacking on other nanoplates imperfectly. Additionally, for the Si-9.5cm substrate, there were a lot
of observed cracked crystals and irregular shaped ones. In section 2 there were a lot of stacking of
crystals on top of each other of different size and shapes.

In general, Si-9.5cm had more irregular shapes and non-uniform stacking and Si-15.5cm reportedly
had more well-defined crystals as can be seen in Figure 28. Si-21.5cm had less irregular shapes
than Si-9.5cm, but also exhibited numerous crystals with a round shape.

(a) Irregular shapes with stacking
Si-9.5cm.

(b) Well-defined squares Si-15.5cm.

Figure 28: Shape comparison between Si-9.5cm and Si-15.5cm in section 1.
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As for octagons across the parameter change, no trend can be deduced. For the first source
substrate, Si-21.5cm, situated farthest away from the magnetron, the octagons/circles in section 3
are much larger than the squares, see Figure 29. For the center placed source substrate, Si-15.5cm,
there is a possible trend of larger crystals of both morphologies moving from section 1 to section 3
which is illustrated in Figure 29. However, there were no octagons in section 2 without a cracked
or destroyed surface so an analysis could not be obtained. For Si-9.5cm the squares were smaller
for section 2, while no apparent trend can be deduced for octagons, see Figure 29.

(a) Squares (b) Octagons

Figure 29: Size analysis of distance synthesis.

Generally there were few octagons observed for this parameter. Si-9.5cm had more crystals on a
general basis than Si-15.5cm, see Table 3.

Section 1[#] Section 2 [#] Section 3 [#]

Si-21.5cm
Squares 40 60 42
Octagons/circles X X 13

Si-15.5cm
Squares 105 47 42
Octagons/circles 56 X 13

Si-9.5cm
Squares 78 76 96
Octagons/circles X 11 15

Table 3: Density of squares and octagons/circles in each section for each parallel in the distance
synthesis.

4.1.6 Microwave power

The microwave power was varied between 500 W, 750 W and 900 W. The results of a size distribu-
tion are displayed in Figure 31. It appears from this figure that Si-900W has the largest crystals
for all the sections regarding squares as can be seen in Figure 30 where the Si-750W image is
magnified more than Si-900W. The Si-900W also has the largest octagons in section 2. Based on
the size, the 900 W is presumably the preferred microwave power setting if the aim is to synthesize
the largest crystals.

52



(a) Si-900W (b) Si-750W

Figure 30: Shape comparison between Si-900W and Si-750W at 1.2.

In section 1 on Si-500W, there were different structures observed. At position 1.1 on the substrate,
flowers formed on round crystal sheets are exhibited in Figure 19g. While at 1.2 there were irregular
shapes. Lastly, sharp and well-defined squares were observed for 1.3. Generally, throughout the
Si-750W substrate, the crystals were observed as small and difficult to find with the SEM, and
a lot of small, irregular dots as displayed in Figure 23d. There were also a lot of round-shaped
crystals with flowers growing on them. For the Si-900W substrate, there was also a lot of white
powder visible on the surface, making it difficult to detect any crystals. Especially in section 3,
hence the ”X” in this section for octagons/circles in Table 4.

The squares on Si-500W in sections 1 and 3 were smaller than the ones in section 2. The opposite
occurs for octagons, where there is a decrease in size for section 2. Furthermore, there were few
observations of crystals on the side A and on that side of the substrate, there was visible white
powder on the surface which in the SEM appeared as illustrated in Appendix B in Figure 72.

From Figure 31 the Si-750W source substrate, had an approximately uniform size of squares across
the substrate. Compared to the other substrate, these square sizes were small.

Si-900W had the largest octagons in section 2 compared to the other source substrates. While
sections 1 and 3 had no octagons/circles. Squares grow progressively larger moving away from
section 1 towards section 3, hence from magnetron side to side B of the substrate.

(a) Squares (b) Octagons

Figure 31: Size analysis of microwave power.
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Section 1 [#] Section 2 [#] Section 3 [#]

Si-500W
Squares 165 195 125
Octagons/circles 30 67 20

Si-750W
Squares 15 30 76
Octagons/circles X 41 82

Si-900W
Squares 72 24 11
Octagons/circles X 32 X

Table 4: Density of squares and octagons/circles in each section for each parallel in the microwave
power synthesis.

4.1.7 Mica with microwave power change

To give a basis for comparison between growth on a different substrate, a synthesis scheme was
done on mica substrates while changing the microwave power. The size distribution is given in
Figure 34. Note that no octagons/circles were observed on either substrate, but flower petals were
analyzed instead as this structure was discovered on these mica substrates. Additionally, it was
a prominent structure for Mica-750W and Mica-900W, but not noticed on Mica-500W as can be
seen in Figure 32.

(a) Mica-750W (b) Mica-500W

Figure 32: 1.1 overview images showing shape comparison between Mica-750W and Mica-500W.

The squares observed on the three substrates do not differ too much, but Mica-900W has the
largest ones. The thickness of the flower petals of Mica-750W and Mica-900W does not differ
significantly.

For section 2 on Mica-500W, there were a lot of irregular shapes and powder covering the area,
and generally few observations of any crystals. The most striking observation was that there were
no flowers on Mica-500W, which dominated on the Mica-750W and Mica-900W substrates as can
be seen in Figure 33. However, for Mica-900W the flowers were sharper like exhibited in Figure
33 compared to Mica-750W flower with clumpier petals.

(a) Mica-500W (b) Mica-750W (c) Mica-900W

Figure 33: Shape comparison on Mica-500W, Mica-750W and Mica-900W at section 2.
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Mica-500W resulted in a few sections adequate for size analysis. Mica-750W also had few observed
crystals and the squares observed were the smallest for this synthesis scheme. No flowers were
detected for section 2. The flowers for Mica-900W in section 2 were thinner than in the other
sections, while the squares observed in section 2 were larger than for the other source substrates.

(a) Squares (b) Flower petals

Figure 34: Size analysis of mica and microwave power.

From Table 5 it is clear that there were a lot of sections that could not be analyzed, and generally
for Mica-500W and Mica-900W there were few squares.

Section 1 [#] Section 2 [#] Section 3 [#]

Mica-500W
Squares X X 8
Octagons/circles X X X

Mica-750W
Squares X 93 X
Flower petals 18 X 24

Mica-900W
Squares X 5 X
Flower petals 44 52 45

Table 5: Density of squares and octagons/circles in each section for each parallel in the mica and
microwave power synthesis.

4.1.8 Amount of source

A synthesis scheme revolved around changing the amount of source BiCl3 inside the confined space.
No quantitative measurements can be given for the amount of source due to challenges with the
precursor as explained in Section 3.4.1, but pictures were taken of the systems and are given in
Appendix F, Figure 90. The resulting size distribution is given in Figure 36, and from this Si-large
exhibits the largest squares in general.

For all the substrates, no octagons were detected in section 2 and generally few crystals were
analyzed as can be seen in Table 6. Figure 35 illustrates how few crystals were present on the
substrate surface for a small amount compared to an exaggerated amount. In section 2 of Si-small
there were generally observed a lot of unwanted spots, like the ones presented in Figure 23d.
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(a) Vacant space at Si-small. (b) Crystals on Si-large.

Figure 35: Comparison between Si-small and Si-large in section 1.

A small amount was placed on the Si-small substrate see Figure 90a, which resulted in a larger
average size of squares in section 2 and for octagons in section 1. It is difficult to catch any trend
for octagons as in sections 2 and 3 this morphology was not detected.

For Si-medium the amount of precursor was increased, see Figure 90b. This medium amount was
visually considered to be the baseline used in all the other syntheses done. This parallel resulted
in a trend with an increase in size for the squares moving from sections 1 to 3.

Lastly in this scheme, the amount of source was exaggerated to cover the entire substrate surface
of Si-large, see Figure 90c. A large amount of source resulted in an increasing size for the squares
compared to the other substrates for sections 2 and 3, while section 1 had small crystals. For
octagons, a conclusion can not be done as section 2 was not analyzed, although the size of octa-
gons/circles was not that different from the other substrates. Based on the size of squares a large
amount of source is seemingly favorable.

(a) Squares (b) Octagons

Figure 36: Size analysis of amount of source synthesis.

Section 1 [#] Section 2 [#] Section 3 [#]

Si-small (see Figure 90a)
Squares 52 19 29
Octagons/circles 18 X X

Si-medium (see Figure 90b)
Squares 11 42 49
Octagons/circles 50 X 23

Si-large (see Figure 90c)
Squares 29 7 5
Octagons/circles 6 X 8

Table 6: Density of squares and octagons/circles in each section for each parallel in the amount of
source synthesis.
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4.1.9 Substrate location

The silica N substrate had the dimensions of 15 x 20 mm. At the short side edge of the substrate,
small circles of BiOCl nanocrystals were noticed with decent space between them and this was
consistent around the entire substrate. These circles had a range of different colors and started
appearing at some distance from the edge, as seen in Figure 38a consistent with the point No. 1
in Figure 37a. In the SEM these circles were identified as octagons.

Moving towards the center of the substrate to point No. 2 in Figure 37a these small octagons
of average size 4.4 µm were observed at a higher count, compressed together exhibiting a large
density of these crystals at any area in this section of the substrate, as displayed in Figure 38b.
At point No. 3 in Figure 37a closer to the center these small octagons became larger with average
size of 5.3 µm, while exhibited the same vibrant color range. In addition to appearing larger, the
observed crystal density decreased as seen in Figure 38h.

(a) Illustration of movement on silica N starting from point 1
to 6.

(b) Schematic of morphologies detected at the different loca-
tions.

Figure 37: Schematic illustration of the growth trend across N silica.

Then upon moving further towards the center of the substrate to point No. 4 in Figure 37a, squares
appeared with an equal color template as the octagons displayed. The two geometries appeared to
be equally sized through most of the substrate as exhibited in the Figure 13a, where the octagon
is 12.2 µm and the square is 11.5 µm. There was not an image only showing this occurrence, so
Figure 13a is used to illustrate the similarity in size. The red circles illustrate the observed size
similarity for octagons and squares. This can also be seen in Figure 38l in red circle No. 1. In this
figure the red circle No. 1 indicates a large octagon with an average length of 10.9 µm and a small
square with a length of 9.4 µm showing that the two geometries appeared equal in size. In Figure
37b this is also illustrated.

This gradual increase in size was true for octagons and squares when moving down the substrate
from the short edge to the center. However, there were occurrences where the size increase was
more sudden. As can be seen in Figure 38d the red circle No. 1 marks a small octagon of average
size 6.1 µm, No. 2 emphasize a large octagon of average size 10.8 µm, No. 3 a small square with
size 11.4 µm and No. 4 is a large square measured to be 16.6 µm. The size of the large circle and
small square are equally the same. This image is taken at the orange point in Figure 37a. This
sudden crystal size increase was observed frequently when moving from the long edge towards the
center instead of from the short edge, see orange arrow in Figure 37a. This can be because there
is less space between the long edge and center than the short edge and center.

Additionally, when moving further down the substrate from the long edge, brown spots emerged
at point No. 5 in Figure 37a. The small squares had length of 9.2 µm and in between the brown
spots few or no crystals were observed, see Figures 38e, 38f and 38g. This is also illustrated in
Figure 37b. When almost reaching the center at point No. 6 in Figure 37a, visually larger squares
started to appear in the vicinity of these brown spots. This can be seen in Figure 38l. Red circle
No. 2 marks the observation of larger squares with a measured length of 12.4 µm and the No. 3
emphasize the brown spots.

The large squares can also be seen in Figure 38i, 38j and 38k. These large squares were accompanied
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by a distinguishable change in color scheme and shape. Oppositely to one color observed for each
individual square and octagon, there were multiple colors on each large square. A strenuous effort
had to be made in order to find crystals located at the center that was not composed of two or more
colors as seen in Figure 38i. In this figure, the circled squares are composed of either a blue and
pink or a yellow, red, and blue color scheme. Various arrangements of colors were observed and
the average length of these squares is 12.1 µm. It was also observed on multiple large squares that
the color consistently changed from the edges to the center of the crystal, see the circled squares
in Figures 38k and 38i. The circled squares in Figure 38k seem to have a small blue dot at the
center and have an average size of 8.1 µm.

Among all the vibrant colors there was one noticeable feature regarding the large squares, and that
was an easily recognizable grey color as can be seen for the squares circled with red in Figure 38j.
This grey color was either very dark or brighter, but only observed for the visually largest squares.
In Figure 38j the red circles No. 2 and 4 exhibits a darker grey than No. 1, while No. 3 and 5 have
the brightest grey color. The average size for these grey squares was 8.9 µm. The grey squares
also exhibited a white rim, which varied in width from square to square. Furthermore, cracks on
the surface of square No. 3 and 5 can be seen in the figure.

In addition to this multitude of observed colors, it was observed in the OM that large squares had
a more deformed shape. Compared to the smaller squares which had sharp edges, these exhibited
a rounder shape, and occurrences of irregular morphology were detected, this can especially be
seen in Figures 38j and 38k compared to Figures 38l and 38i.
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(a) Short side edge, magnetron side. (b) Large density of small octagons.

(c) Long side edge with small octagons. (d) Large octagons to small squares.

(e) Boundary between squares and brown spots.
(f) Boundary between squares and brown spots.

(g) Brown spots with few crystals in the area. (h) Area with large octagons.

Figure 38: Observed trend on silica N taken at UC Berkeley.
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(i) Large squares around brown spots. (j) Some nanoframe-like structures circled in red.

(k) Large squares with similar colors circled in red.
(l) Large octagons to small squares to large squares and
brown spots

Figure 38: Observed trend on silica N taken at UC Berkeley.

The growth and morphology trend explained in this section for silica N is illustrated in Figure 39.
It is important to notice that this trend occurred when moving from the magnetron side to the
substrate center, as well as moving from the opposite side of the magnetron towards the center.

Figure 39: Illustration of how morphology and size changed towards the center of silica N substrate.

4.1.10 Size distribution of silica N

Silica N was performed at UC Berkeley for 1000 W and 1 min. Size analysis was done in order to
compare with substrates of similar growth conditions and synthesis parameters. These are Si-1min,
Si-15.5cm, Si-900W and Si-medium.

These source substrates and silica N substrate can be compared to give a basis for understanding
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the differences between UC Berkeley and NTNU. The silica N from UC Berkeley was from a
synthesis done at 1000 W, 1 min at equal conditions as these substrates, but due to the limitation
of the microwave oven the NTNU substrates had a power of 900W. This difference of 100W is
considered negligible in this regard.

Comparing the values for silica N in Figure 40 with for instance Si-1 min in Figure 27 there seems
to be no noticeable similarities. For silica N the squares in section 2 are the largest, while the
opposite is true for Si-1min. For octagons on N silica, the same trend as for squares is detected,
thus there is an increase in size for both morphology at the center of the substrate in section 2.
This verifies the observations done in OM and SEM, where the crystals grew larger towards the
center of the substrate, and the smaller ones were observed growing outwards on both sides of the
center, i.e., towards the magnetron side and side B, see Figure 25.

Furthermore, the morphology shift observed on silica N where octagons grew close to the edges
and squares in the middle were expected to hold for the mentioned source substrates as the growth
conditions were nearly equal. However, this was not the case and in Figure 27 it is clear that
octagons were significantly larger than squares at the center part of the substrate, section 2.
Furthermore, on the silica N, there were more observations of flowers compared to these NTNU
source substrates.

The Si-medium in Figure 36 does not display similar trend as silica N for squares or octagons.
Neither does Si-15.5cm, see Figure 29, nor Si-900W, see Figure 31.

(a) Squares (b) Octagons

Figure 40: Size analysis of silica N of source synthesis.

Section 1 [#] Section 2 [#] Section 3 [#]

Silica N
Squares 28 144 82
Octagons/circles 158 20 107

Table 7: Density of squares and octagons/circles in each section for each parallel in the silica N
synthesis.
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4.2 Energy dispersive X-ray spectroscopy (EDS) results

The source substrates were analyzed further by using an EDS detector in the SEM instrument with
various technique modes, resulting in different reports of elemental mapping, spectra and other
qualitative results.

The images shown below, Figure 41, display the result from an EDS analysis of the silica N
substrate from a synthesis done at UC Berkeley [1]. Figure 41 illustrates the chemical analysis
of the given area, and displays both mapping and semi-quantitative spectrum of the elemental
components present in the area of interest.

(a) Image of area that is being analyzed with EDS. (b) Illustration of the EDS layered image.

(c) The captured EDS spectrum. (d) Image of the EDS elemental mapping.

Figure 41: EDS analysis of a flower-like structure and surrounding squares of BiOCl on silica N
performed at UC Berkeley.

The EDS analysis reports of silica N given in Figure 41 are performed on a flower-like structure as
well as the surrounding squares, as seen in Figure 41a. From Figure 41b it is clear that there is an
abundance of bismuth, Bi, on both flower-like structures and squares demonstrated by green dots
coloring the structures, but not the substrate. In a similar manner, it can be observed that the
red dots corresponding to chlorine, Cl, is also covering the structures. A greater effort is needed
for observing and determining the remaining elements oxygen, O, and silicon, Si, corresponding
to the colors turquoise and pink, respectively. The substrate silica, SiO2/Si, is made up of both
elements thus observations of O and Si at the substrate in Figure 41b would be expected. Figure
41c illustrated the measured levels of each element in the image shown in Figure 41b. Here it
is evident that silicon is highly present in the EDS analysis, and the signal is arising from the
substrate. Additionally, bismuth is measured at high levels as seen in the Map Sum Spectrum in
the upper right corner in Figure 41c which is in accordance with the green color observed at the
flower-like structure and squares in Figure 41b. The oxygen peak in Figure 41c is also quite high,
but detected at a lower level than silicon and bismuth. Lastly, chlorine is measured as the least
detected element. This is contradicting the chemical composition, specifically the ratio of elements
and stoichiometry of BiOCl. The elemental mapping shown in Figure 41d illustrated where the
elements are detected. For silicon, displayed with a pink color, it is confirmed that the signal comes
from the substrate as previously noted. The opposite applies to the green color for bismuth where
the measurements clearly stem from the flower-like structure and squares. However, some green
dots are also present on the substrate. The same phenomenon is seen for chlorine where there is
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a clear red signal from the flower-like structure and squares, but also some dots are observed on
the substrate. For oxygen, the signal comes from both the structures and the substrate, and as
expected there is a heavier signal from the substrate which aligns with the elemental ratios of two
oxygen atoms for SiO2/Si compared to the one in BiOCl.

Figure 42 illustrates EDS analysis of BiOCl on silica L done at UC Berkeley. It shows the area
being analyzed, corresponding elemental mapping analysis and spectrum.

(a) Image of area analyzed with EDS. (b) EDS elemental mapping.

(c) EDS spectrum.

Figure 42: The EDS analysis of squares with flower-like BiOCl on silica L substrate done at UC
Berkeley.

For silica L the area that was analyzed at UC Berkeley is displayed in Figure 42a which shows
square crystals with flower formation. The corresponding elemental mapping is shown in 42b and
EDS spectrum in Figure 42c. The elemental mapping gives a clear demonstration of where the
pre-determined elements are detected and differentiating substrate from BiOCl structure. Figure
42b shows that there are strong signals of both bismuth and chlorine which outlines the structure.
There are also some observations of green dots corresponding to bismuth from the substrate, as also
noticed for silica N. As expected, oxygen is heavily detected from the substrate, and as mentioned
previously in this section, this is from the composition of silica SiO2/Si, and additionally, a signal is
measured from the BiOCl structure. Furthermore, silicon is detected at the substrate and displayed
in pink color. Unlike the silica N, this analysis incorporated carbon which is detected across the
whole area, but appears stronger from the area where the structure is located rather than the
substrate. This could arise from surface contamination of carbon in the EDS analysis, and as
mentioned in Section 2.5.2 it does not necessarily entail that it comes from an organic molecule,
but could be accumulated during the analysis in the electron microscope. From Figure 42c it can
be seen that bismuth is detected at high levels, as well as oxygen. However, chlorine is detected
at a lower level which is contradictory to the elemental ratio of the as-synthesized BiOCl crystals,
similar to the EDS spectra of silica N in Figure 41c. Furthermore, the silicon level in the EDS

63



spectra of silica L is placed lower relative to the other substrates than on silica N where it was
the most detected element. This is most likely due to the different levels of the exposed substrate
surface of the two analyzed areas.

The Figures 43 and 44 shows the EDS analysis performed at NTNU of mica L substrate from UC
Berkeley. The substrate mica L was coated with Pd/Pt and one analysis was done where these
elements were included, and another analysis was performed without considering these. The results
are displayed below.

(a) EDS layered image of mica L with Pd and Pt. (b) EDS spectra with Pd and Pt.

Figure 43: Illustration of EDS analysis of mica L at NTNU with Pd and Pt.

(a) EDS layered image of mica L without Pd and Pt. (b) EDS spectra without Pd and Pt.

Figure 44: Illustration of EDS analysis of mica L at NTNU without Pd and Pt.

For the analysis of mica L, the layered image shown in Figure 43a and corresponding spectra in
Figure 43b has Pd and Pt incorporated in the analysis. Although the two different green colors
representing platinum and oxygen are difficult to distinguish, there is a green signal throughout
the area. Palladium, Pd, in pink color is consistently observed across the area. Bismuth, Bi, in
turquoise color is observed in the grey area of the flower-like structure, and this is also true for
the red color corresponding to silicon and chlorine. Figure 43b shows that is signal for bismuth is
the strongest, then oxygen, platinum, and silicon. Lastly, a small detection signal is chlorine and
palladium. For the EDS layered image in Figure 44a there is no significant difference from the
analysis with Pd and Pt, except that these elements are not incorporated in the analysis.

Figure 45 displays the elemental mapping of silicon, bismuth, chlorine and oxygen. It is a similar
analysis to the one shown in Figure 44a, but without showing the structure in the picture.
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(a) Bismuth mapping. (b) Silicon mapping.

(c) Oxygen mapping. (d) Chlorine mapping.

Figure 45: Illustration of signal from pre-determined elements of area in Figure 44a.

Figure 45 shows the same type of analysis done in Figure 44a, but without the structure present
in the image which makes it easier to detect the different colors and to identify the elemental
signals. For the bismuth in Figure 45a there is a heavier signal from the center of the structure,
likewise for chlorine in Figure 45d. However, colored dots are appearing on the sides of the cluster
of flowers for chlorine and bismuth. These signals could stem from the single crystals surrounding
the main structure that can be seen in Figure 44a. For oxygen, the opposite is true where there
is a more prominent signal from the substrate than at the center of the structure, as seen in
Figure 45c. Lastly, silicon is scattered across the area but with a higher signal count from the
exposed substrate surface than the flower-like structure at the center, see Figure 45b. The EDS
software detects signals for both silicon and oxygen from the substrate and for the oxygen, the
signal is stronger from the substrate than the cluster of flower-like structures. This is in accordance
with the chemical components of mica which consists of numerous elements including oxygen and
silicon as listed in Section 2.3.7, and as explained oxygen is especially significant in the substrate
composition.

A weakness with this type of analysis seen in Figure 43a is that when silicon and chlorine is
represented with the same color, a distinction could not be done. This means that an assumption
has to be made that the red signal from the structure has to come from chlorine in the BiOCl, and
that it is not from silicon. Additionally, the two green colors representing platinum and oxygen are
hard to distinguish which is unfavorable when analyzing the images. Furthermore, the substrate
is dark which makes it more difficult to observe colored dots compared to the brighter structure.
An improvement of this could be an analysis like the one given in Figure 45 where the structure
is not displayed, thus the color and contrast of the structure versus the substrate is not influential
on the ability to detect the colored signals corresponding to the elements. On the basis of these
shortcomings, this type of analysis can only be perceived as an indicator of chemical composition,
and knowledge of the structure has to be acquired in advance of performing an EDS analysis.
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4.3 Atomic force microscopy (AFM) results

Large and small squares and octagons on the silica N substrate were analyzed in AFM and images
from the analysis are shown below.

Nanoframes are illustrated in Figure 46a, where the structure displays a thicker frame and a thinner
center. The peak force error image of this square is shown in Appendix D, Figure 79a and the
thickness profile of this large square is shown in Figure 46b clearly showing the thickness difference
across the structure.

(a) Large, carved out square with ZSensor imaging. (b) Corresponding thickness profile of the structure.

Figure 46: Illustration of AFM analysis of a nanoframe.

Octagons are shown in Figure 47a. The thickness profile of the octagon to the left in the image is
illustrated in Figure 47b. A typical thickness profile of a small square is shown in Figure 48a.

(a) Large octagons with ZSensor imaging. (b) Thickness profile of the large octagon.

Figure 47: Illustration of a typical AFM analysis of an octagon.
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(a) Typical thickness profile of small square.

Figure 48: Illustration of AFM thickness profiles for square.

AFM analysis of an octagon is shown in Figure 49. The thickness distribution given in Figure 49b
is based on the octagon at the centre-right in Figure 49a.

(a) Small octagons (b)

Figure 49: Illustration of ZSensor image and thickness profile for an octagon.

Cracked structures became visible in the AFM measurement, as seen in Figure 50a. The corres-
ponding thickness profile through the center of the structure to the left in Figure 50a is presented
in Figure 50b.

(a) Peak force error image of cracked crystals. (b) Thickness profile of a cracked crystal through the center.

Figure 50: Illustration of AFM analysis of a cracked crystal.

Both height and length were measured, and based on the literature that states that one nanoplates
is comprised of four unit cells of BiOCl, the number of nanoplates in the crystals was calculated
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from the height measurements, as stated in Section 3.8. The average thickness in each AFM image
is given in Table 8. The table also displays the calculated number of nanoplates and measured
lengths. Additionally, the AFM image was analyzed to produce the results given in the table.

Morphology Average thickness [nm] #Nanosheets Length[µm] From figure
69.2 23 2.9 49

Octagons

157.4 53 7.0 47
43.0 15 12.6 77
40.4 14 11.5 76
168.9 57 11.7 78

Nanoframes

39.4 (frame: 60, center: 18.7) 13 21,0 46
44.5 (frame: 59.3, center: 29.3) 15 17.6 80
36.7 (frame: 47.8, center: 25.6) 12 24.3 81
36.8 (frame: 51.3, center: 22.2) 12 21.6 82

Square 152.6 52 11.4 48
Cracked crystal 283.3 81 10.0 50

Table 8: Results of AFM measurement analysis for octagons, nanoframes, squares and a cracked
crystal.

All the large squares have an elevated edge. The structure is made up of a tall surrounding edge
and a lower-middle part, thus the average thickness is given in Table 8 in addition to the thickness
of the tall frame and the thinner center. The thickness profile through the center of the cracked
structure is shown in Figure 50b, which evidently displays a decline in the middle where the fracture
is located. These round structures were measured to be the thickest.

In addition to the thickness measurements linked to the morphology, a thickness analysis was done
of various colors observed for the crystals, the results are presented in Table 9. Small squares
were chosen to be analyzed because all the large squares discovered portrayed a nanoframe-like
structure and multiple color schemes. Additionally, small squares were on a general basis larger
than octagons hence it was easier to discover the square shape when using the AFM instrument.

Color Thickness [nm] #Nanosheets Length [µm] From Figure

Yellow 45.4 15 9.2 88
Yellow and red 80.0 27 12.3 85
Yellow 96.1 33 10.9 83
Blue 132.6 45 7.7 86
Blue, red and yellow 134.8 46 11.8 89
Blue 173.3 59 9.7 87
Blue and red 175.6 60 8.0 84

Table 9: AFM thickness measurements of crystals with varying colors.
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4.4 Raman spectroscopy results

The Raman spectres done on substrates with BiOCl are given in Figures 51b, 53 and 56. A
comparative spectra of clean silica substrate is given in Figure 54. It is clear that the Raman
peaks appear at similar values of frequency and any small variation in Raman band position may
be due to stress state [188].

Raman spectroscopy performed at UC Berkeley was done on silica substrates F and N, examining
both flower-like structure and a square crystal. Firstly, the flower-like structure was detected on
the silica F and analyzed with Raman, the area of irradiation for Raman analysis is shown in
Figure 51a. The resulting spectra with peak values are displayed in Figure 51b.

(a) Capture of flower-like structure on silica F for Raman ana-
lysis. (b) Raman spectra of the flower-like structure.

Figure 51: Raman analysis of BiOCl flower-like structure on silica.

Then Raman analysis was done at UC Berkeley of a square crystal on the silica N substrate, shown
in Figure 52, to give both a narrow and wide spectra displayed in Figure 53. First, a wide spectra
analysis was carried out, as can be seen in Figure 53a. Then, a more narrow range spectrum
was produced to discover any eventual small peaks in the specified area, that could have gone
undetected in the large range spectrum. The narrow spectra is shown in Figure 53b.

Figure 52: Illustration of square crystal on silica N for Raman analysis done at UC Berkeley.
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(a) Raman analysis with 10 accumulations, 5 sec
exposure time and 40 % laser power with static
scan type, giving a wide spectra.

(b) Raman analysis with 5 accumulations, exten-
ded scan type and 100% laser power resulting in
a narrow, detailed spectra.

Figure 53: The figure illustrates the Raman spectra of BiOCl on silica substrate N performed at
UC Berkeley.

Additionally, Raman was performed at UC Berkeley on a clean silica substrate giving both a wide
and a narrow spectra illustrated in Figure 54.

(a) Raman analysis of silica substrate, wide spec-
tra.

(b) Raman analysis of silica substrate, narrow
spectra.

Figure 54: The figure illustrates the Raman spectra of clean silica substrate performed at UC
Berkeley.

At NTNU silica substrate D and mica substrate F were analyzed with Raman spectroscopy. For
the silica D analysis a square crystal was irradiated, see Figure 55. The resulting Raman spectra
as displayed in Figure 56.

Figure 55: Illustration of square crystal on silica D for Raman analysis done at NTNU.
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(a) Raman analysis of silica substrate D, wide
spectra.

(b) Raman analysis of silica substrate D middle
spectrum.

(c) Raman analysis of silica substrate D, narrow
spectra.

Figure 56: The Raman spectra of BiOCl on silica D done at NTNU with 6 accumulations and 10
seconds integration time.

For the mica F Raman analysis a flower-like structure was irradiated, see Figure 57. The resulting
spectres are shown in Figure 58.

Figure 57: Flower on mica F where Raman analysis was performed.
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(a) Raman analysis of BiOCl flower on mica F
substrate, wide spectra.

(b) Raman analysis of BiOCl flower on mica F
substrate, narrow spectra.

Figure 58: The Raman spectra of BiOCl flower mica F substrate with 5 accumulations and 40
seconds integration time done at NTNU.

Table 10 gives an overview of the Raman analysis of BiOCl done on silica and mica, where ”X”
signifies that the peak was detected on that substrate. In the table the corresponding modes and
vibrational bonds are also stated.

Mode and vibrational bonds Raman shift [cm−1] Silica Mica
A1g external stretching vibration of Bi-Cl 60
Raman signal of BiOCl 84 X
Bg mode for muscovite mica 100 X
A1g mode for internal Bi-Cl symmetric stretching 145 X X
Eg internal Bi-Cl stretching mode 200 X X
Ag mode for muscovite mica 216 X
Ag mode for muscovite mica 265 X
weak Raman signal from the silicon, Si, substrate 303 X
B1g and Eg modes, movement of the oxygen 400 X X
First order Raman active (Stokes) phonon of silicon 521 X
Bg mode for muscovite mica 704 X

Table 10: Raman modes for BiOCl grown on silica and mica substrates.

There are some peaks that are observed for all the Raman analysis of BiOCl on either substrates
and these are 145, 200 and 400 cm−1, see Table 10. The strong peak at around 144 - 145 cm−1

shown in all the Raman spectres of BiOCl on both silica and mica is ascribed to the A1g mode for
internal Bi-Cl symmetric stretching, see Figure 59 [6, 38, 194, 195, 26, 196, 197]. This peak appears
intense and it is known that symmetric vibrations are stronger than asymmetric vibrations [38,
26]. Likewise, the Raman band at around 200 cm−1 appears in all the narrow Raman spectres of
BiOCl on both mica and silica substrates in Figures 51b, 53b, 56c and 58b. Oppositely, it does not
appear in the wide spectres of the Raman analysis in Figures 53a, 56a and 58a which can be due to
the peak being weaker thus harder to detect for a wide range. However, there is a small indication
of a peak at 200 cm−1 for the wide spectra of silica N in Figure 53a and the same applies for the
middle spectra of silica D in Figure 56b. This peak at 200 cm−1 is assigned to the Eg internal
Bi-Cl stretching mode [38, 195, 26, 6, 196, 198, 197].

Lastly, the consistent peak at 398 cm−1 is attributed to the B1g and Eg modes produced by
movement of the oxygen atoms in BiOCl [38, 196, 195, 198, 26, 197]. This peak is seen in Raman
analysis of flower on silica F, square on silica N, and flower on mica F in Figures 51b, 53b, 58a,
respectively. The only BiOCl analysis it did not appear in is the square on silica D, however an
indication of a peak at around 400 cm−1 can be seen in Figure 56b. It is most likely a weak Raman
signal hence more challenging to detect for a wide range. Which is supported by the fact that it
is not visible in the wide spectres in Figure 53a and 56a.

72



Figure 59: Illustration of the Raman active Bi-Cl bond in BiOCl marked in red [38].

Oppositely to the consistent peaks found on both substrates mentioned above, there was one peak
at 84 cm−1 which was only discovered in the Raman analysis performed at NTNU of flowers on
mica F and square on silica D, seen in in Figures 56 and 58b. After efforts of identifying this peak,
one study states that this peak is ascribed to a Raman signal of BiOCl and that upon doping
it will increase corresponding to a blueshift in frequency [26]. The reasoning behind why it was
not detected in the UC Berkeley analysis could be due to instrumental differences or other causes
which will be discussed in Section 6.1.

Furthermore, two peaks did not appear in either the analysis from NTNU or UC Berkeley of both
flowers and squares. From literature it is stated that a peak around 60 cm−1 would be expected as
this is ascribed to the A1g external stretching vibration mode of the Bi-Cl bond [38, 26, 195, 198,
196, 197]. However, this expected peak does not appear in the Raman analysis of BiOCl on either
substrate and this is a common occurrence for multiple Raman analyses of BiOCl. This absence
is believed to be caused by the limitation of the spectrophotometer to detect low intensities [38].
As for the other undetected peak, and the last Eg external mode of Bi-Cl stretching, the signal
is hypothesized to be masked by the strong signal at around 145 cm−1 [38]. The reason for this
is explained by the fact that asymmetric vibrations are weaker in intensity than their symmetric
counterparts, thus the asymmetric Bi-Cl Eg external stretching mode is concealed by the 145cm−1

symmetric A1g internal Bi-Cl stretching mode [38, 26].

Out of all the ascribed peaks, there is only one peak that remains unaccounted for, and that is the
139.6 cm−1 Raman band detected in the Raman analysis of clean silica substrate in Figure 54b. In
theory, this clean substrate analysis should only produce signals corresponding to the composition
SiO2/Si. No successful matches in the literature were found for common contaminants such as
carbon compounds, thus it is deduced that this peak most likely stems from the substrate. It can
also be seen vaguely by a change in slope before the 145 cm−1 peak in silica F in Figure 51b and
silica N in Figure 53 and may be further masked by the strong peak at 145 cm−1. In silica D
analysis it could be masked by the 84 cm−1 peak. From a study, a broad and weak Raman peak
at 140 cm−1 appears in an analysis of densified SiO2 glass. It is linked to the bond length between
Si-Si and the study further suggests that the Raman spectra can be explained from this and the
structural change occurring within the densified glass compared to undensified glass [199].

All the above-mentioned peaks are assigned to the BiOCl, however some peaks that were detected
originated from the substrate. The peak at 521 cm−1 comes from the silica substrate and is present
in all the specters involving this type of substrate, from both universities. This peak corresponds to
silicon’s only first-order Raman active (Stokes) phonon located at the center of the Brillouin-zone,
k=0 [200, 201]. Further, it is stated in a study that this peak arises from the creation of triple
degenerate, long-wavelength transverse optical phonon. The long-wavelength used in this study
was a 514 nm argon-ion laser, with 10 MW power [201]. Additionally, will the silica substrate
correspond to the peak at 302.2 cm−1 which is ascribed to a weak Raman signal from silicon, Si
[38]. This peak is consistent in all the analyses of BiOCl on silica substrates, and there are no
large differences detected for NTNU and UC Berkeley analyses. It can also be seen in the Raman
spectra for the clean silica substrate.

As for the Raman spectra of mica, there are numerous peaks that are not ascribed to any modes
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of BiOCl. These peaks are located at 101.9, 216.9, 265.1 and 704.5 cm−1. It is thus deduced that
these stems from the mica substrate and this is supported in literature. The Raman band at 101.9
cm−1 and 704. 5 cm−1 corresponds respectively to the 101 cm−1 and 704 cm−1 from Bg modes of
muscovite mica. The peak at 216.9 cm−1 as well as the 265.1 cm−1 peak corresponds to the Ag

modes at 217 cm−1 and at 265 cm−1, respectively [112, 202, 203].

74



4.5 X-ray diffraction (XRD) results

XRD analysis with gracing incident, angle set to 1°was performed on silica I with product attached
to the surface and the XRD pattern is shown in Figure 60. The figure also shows the XRD peaks
for contamination of wavelengths for WLα1 , WLα2 and CuKβ corresponding to a pink, green
and yellow color, respectively. The reasoning for this contamination incorporation in the spectra
is explained in Section 2.5.4. The blue XRD pattern is for BiOCl, PDF 01-083-07690, from a
database [191].

Figure 60: XRD spectra of BiOCl on silica I with wavelength contamination and corresponding
facets.

In Figures 60 and 61 possible contamination from WLα1 , WLα2 and CuKβ are incorporated into
the diffractograms. This was taken into account for both analysis of mica J and silica I, and none
of the observed diffraction peaks coincided with contaminating wavelengths.

The XRD pattern of silica I is illustrated in Figure 60 with incorporated lines from the product
BiOCl from a database, PDF 01-083-7690. There are certain aspects of the matching between the
blue lines and the observed XRD pattern that are noteworthy.

One of the interesting aspects is the visible difference in intensity between several peaks in the
XRD analysis of silica I and the database BiOCl in Figure 60. The intensity is illustrated on the
y-axis and is measured for a specific diffraction angle 2θ given on the x-axis.

From the XRD pattern of silica I in Figure 60 it is clear that the most intense peak is the 2θ=11.92
linked to the (001) facet. The (001) peak appears more intense than the standard BiOCl, which
may indicate that for the as-synthesized BiOCl on silica I there is a higher exposure of the (001)
lattice plane. This demonstrates that the BiOCl crystals on silica I have a preferential orientation
of these lattice planes and that the growth possibly occurs in the [001] direction. The other peaks
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with a higher measured intensity than the database is the (002) and (110) while some peaks show
less measured intensity such as (102), (112), (113), and (212). The peaks displaying less intensity
entail that these facets were less detected in the crystals compared to the database BiOCl. The
higher intensity of (002) supports the preferential [001] growth direction, while the (110) facet
corresponds to a different growth direction than [001]. This means that the product is not a
single domain film with only [001] growth direction, but a crystal comprised of various growth
directions. However, the biggest detected intensity stems from the (001) facets, and is supported
by an intensity increase for (002), this suggests that the preferential growth of as-synthesized BiOCl
crystals is [001], and that the crystals are mainly comprised of BiOCl sheets with exposed (001)
planes.

Although it appears to be a good matching of peak position of blue lines for BiOCl and observed
peaks for silica I in Figure 60, there is one large intensity peak that does not fit the PDF 01-083-
7690 at 2θ=53.64°. The peak does not match with unreacted precursor BiCl3, contamination from
either C or H, or the silica substrate SiO2/Si, and these mentioned elements were individually
tested. The same thing occurs for the (104) facet at 55.26°for the database, which for silica I is
detected at 54.89°. This mismatch can be seen in Figure 60 where the as-synthesized BiOCl has a
peak position shift towards the left. This is not something that occurs in the mica XRD analysis
as can be seen in Figure 63, which means that it most likely could be due to the silica substrate
although no match was made.

Additionally, a XRD analysis was done for the mica J with an incident angle of 1°, and the analyzed
diffractogram is shown in Figure 61.

Figure 61: XRD spectra of mica J with wavelength contamination and corresponding facets.

From the XRD analysis of mica J displayed in Figure 61 there are certain aspects worth noticing
linked to the fit of the blue lines regarding both peak positions and intensity. The blue lines
illustrated the database BiOCl, PDF 01-083-7690.

Firstly, for the mica J XRD pattern in Figure 61 there is also an apparent intensity difference
between the observed peaks and blue lines for BiOCl, similar to the silica I. The same intensity
increase is observed for the (001) facet, indicating that the as-synthesized BiOCl on mica J also
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has a preferential orientation of these facets. This is supported by the intensity increase for the
(002) facets like what was observed for the silica I.

Another feature worth noticing in the diffractogram of mica J in Figure 61 is the peak fit with
the database BiOCl, blue lines. Disregarding the intensity variation, all the values of 2θ from the
database BiOCl coincides with an observed peak for mica J. The peaks that are only observed for
mica J and do not coincide with the database stem from the mica substrate. This was confirmed
from a database and literature, stating that these peaks are from the muscovite mica sheets [204,
205, 206]. It is further stated that the 2θ equal to 18°corresponds to calcite, 27°peak indicates
illite, 36°is for quartz, and lastly that 45°is linked to albite. In the study, it is said that illite has
the highest percentage composition in the mica and that it results in the most intense peak [205].
This peak at 26.78°appears most intense in the mica J XRD pattern in Figure 61, indicating a
high percentage of illite in the substrate.

The unmatched peaks for mica J in Table 12 is matched with the muscovite XRD pattern given in
the RRUFF™ database with a RRUFF ID of R040104.1 which are diplayed in Table 11 [207, 208].

Observed unmatched peak [°] 17.75 26.78 35.98 45.45
Peak from RRUFF™ database [°] 17.79 26.82 36.03 45.46
Facet (hkl) (0 0 4) (0 0 6) (0 0 8) (0 0 10)

Table 11: Unmatched peaks from mica J with database diffraction angle and facets.

A comparison of mica J produced with a gracing incident angle of 1°and mica F with an angle of
2°is displayed in Figure 62. The mica J is displayed in red and the mica F is the black spectra.

Figure 62: XRD spectra of mica F (black) and mica J (red).

The peaks linked to BiOCl, PDF 01-083-07690, are specified by a database and displayed with
blue lines in Figure 60 and Figure 61.

The observed diffraction peaks for silica I and mica J, as well as corresponding peaks for database
BiOCl and facets are displayed in Table 12.
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2θ Silica I [°] 11.92 24.10 25.83 32.53 33.41 36.47 40.88 46.69 49.84 53.45 53.641 54.18 54.89 58.66 60.63
2θ Mica J [°] 11.97 17.75 24.10 25.86 26.78 32.51 33.45 35.96 36.53 40.90 45.45 46.65 49.72 53.36 54.18 55.14 58.62 60.58
PDF 01-083-07690 2θ [°] 12.03 24.20 25.92 32.56 33.54 36.65 40.98 46.72 49.83 53.30 54.20 55.26 58.73 60.58
Facet (hkl) (001) (002) (101) (110) (102) (003) (112) (200) (113) (202) (211) (104) (212) (114)

Table 12: All the observed diffraction angles for silica and mica as well as corresponding facets
and database diffraction angle,

From the values in Table 12 and Equation 3 the lattice spacing d was calculated for each diffraction
angle and facet, see calculation in Appendix E. The values for lattice spacing, d, were then used
in Equation 4 to calculate a corresponding lattice constant c. Then an average lattice constant c
for both silica and mica XRD analysis was calculated. The average lattice constant c was equal
to 0.73816 nm for silica and 0.73793 nm for mica. For database BiOCl c was equal to 0.73489 nm
[191]. It is clear from the lattice constant calculations that there is not a huge difference between
produced BiOCl on silica and mica compared to the database.

In this calculations the database lattice constant a = 0.388551 nm was used, however, this differs
from the literature value given in Section 2.2.3 which was used in the AFM thickness analysis in
Section 4.3. The values differ some, therefore this indicates there is some uncertainty regarding
the values of the lattice constant. In the XRD calculations, the value from the database BiOCl
was chosen for comparison reasons.

A comparative analysis was done for the mica J shown with the red XRD pattern and silica I
illustrated with the black spectra in Figure 63.

Figure 63: XRD spectra of silica I (black) vs mica J (red).

1Unidentified peak
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5 Discussion

This section consists of a discussion around the observed growth trend. Influential aspects will
be considered across the substrate in regards to morphology at the specific location. Then the
observed morphologies will be detailed and why these might occur at the specific places on the
substrate. Lastly, the synthesis part involve discussion around each changed parameter and its
influence on the crystal growth and morphologies observed on the substrate.

5.1 Growth trend

The distinctive and prominent trend discovered on the silica N explained in Section 4.1.9 can give
an insight into nucleation and subsequent growth of the commonly observed BiOCl structures;
squares, octagons and flowers. The structures were discovered at specific places on the substrate
surface. By associating the size, color, shape and density of crystals a discussing can be made of
how these develop and what conditions facilitates the growth of the different structures. The main
observations were that octagons grew at the substrate edges, while squares grew when moving
towards the substrate center before flowers appeared, and lastly nanoframes became evident at the
center.

Based on this, a hypothesis of growth may be deduced where first there is initial nucleation, then
diffusion of atoms or nuclei grows into an octagon where growth along with directions [110] and
[100] are equal. Then more atoms will diffuse to the octagon and growth in the [010] direction
is reduced and the (101) facet disappears resulting in squares. Upon the continuous diffusion of
adatoms to the squares, these will stack together and screw dislocations will emerge. Flowers will
be generated from a multitude of squares in a small area due to curving within the nanoplate
and colliding together. Additionally, will nanoframes and crystals with cracked surfaces develop
at the center due to etching by produced HCl which will be detailed in Sections 5.2.2 and 5.2.3,
respectively. This morphology development is summed up in an illustration in Figure 64.

Figure 64: A proposed morphology development.

The octagons grew mostly at the substrate edges at a high density, before growing bigger towards
the center accompanied by a decrease in crystal density. The reason for the growth location could
be due to the precursor placement. BiCl3 was placed at the substrate center thus there was a lower
amount of atoms at the edges. This facilitated growth of octagons since this morphology is believed
to develop under diffusion-limited conditions. Furthermore, the low concentration of precursor at
the edge generated a high nucleation rate, but restricted growth. This is deducted from the
observations of high crystal density towards the substrate edges but with a smaller size compared
to crystals emerging further towards the substrate center. The squares developed closer to the
center and in less quantity, probably due to a higher amount of precursor being available to diffuse
to the crystal. This decreased the crystal density as the adatoms contributed to growth rather
than developing new nucleation sites. Then flowers and nanoframes developed in the center with
an abundance of precursor accessible. The crystals also exhibited non-uniform layering creating
peaks at the center. These crystals displayed multiple colors on the crystal surface caused by this
peak, as can be seen in figures in Appendix D.4. This can be caused by a higher concentration of
precursor at the center, thus more BiOCl nanoplates are created here available for stacking on top
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of each other.

Most frequently the flowers were detected in the area of visible unreacted precursor. This can
occur as a response to an excess amount of precursor, contributing to the growth of multiple
BiOCl nanoplates which will migrate on the substrate. With an abundance of nanosheets on the
substrate, there will be an inevitable increase in collisions and upon colliding with other nanosheets
curvature is created which subsequently will generate flowers. This curvature process occurs after
the nanosheets experiences microstrain within the sheets and in wet-chemistry methods, this occurs

due to interaction with precursor ions, Cl– and Bi3+, which will curve the nanosheet. These curved
nanosheets will collide with other curved nanosheets and thus grow vertical, and point upwards. An
illustration of this mechanism is provided in Figure 66. This synthesis does not involve liquids thus
the microstrain may occur, but at a smaller degree as the ions can not freely roam the substrate
surface in an equal manner as in a liquid in wet-chemistry methods.

The distinctive growth and morphology trend on silica N was not discovered for the similar synthesis
of 900W, 1 min, medium amount of precursor BiCl3 and middle distance in the microwave oven
performed at NTNU. Synthesis of Si-15.5cm, Si-1min, Si-900W, Mica-900W and Si-medium are
all performed under equal conditions. There could be numerous reasons why that is; at NTNU a
different precursor grade was used, a different microwave oven, a 10 nm thinner SiO2 layer on the
silica substrates and a different glass dish that may have had another height than the one used
at UC Berkeley. Among these features, the precursor grade is deemed most likely to be the most
influential due to the challenges described in Section 3.4.1.

Some similarities between synthesis at UC Berkeley and NTNU were detected. In all cases, more
flowers emerged by increasing the microwave time. This supports the hypothesis that flowers
are generated when squares are subjected to additional diffusion by increased microwave time.
In addition to this, flowers emerged in areas where white unreacted precursor was visible on
the substrate surface, which supports the fact that these structures are generated where there
is an abundance of precursor. The enhanced nucleation and suppressed growth at the N silica
edges caused by low concentration of precursor were also discovered for the NTNU substrates.
Consequently, a high concentration would lead to enhanced growth which was observed for the
NTNU synthesis where the largest amount of precursor generated the largest squares which can be
seen in Section 4.1.8. Lastly, it was discovered at both universities that flowers typically grew on
mica while squares and octagons mostly grew on silica. This could be due to differences between
silica and mica. This will be discussed in Section 5.2.1.

The most noticeable variation between the synthesised crystals from the two universities was the
differences in size. Silica N exhibits small crystals compared to the similar source substrates at
NTNU. Additionally, it was detected less flowers on the NTNU substrates compared to silica N.
This could be linked to the type of precursor used, see Section 3.2 and 3.3, where during operations
in the glovebox it was noticed that the type used at NTNU was more coarse than the powder at UC
Berkeley. This could indicate that the larger powder at NTNU took a longer time to decompose into
the precursor ions thus it would take more time to initiate growth. Therefore, there were larger
individual BiOCl nanoplates at NTNU that had not yet generated flowers. This could impact
the size of the squares, explaining the larger analyzed crystals for the NTNU source substrates
Si-15.5cm, Si-1min, Mica-900W, Si-900W and Si-medium.

Furthermore, for the NTNU source substrate it was discovered that crystals grew in much large
quantity and clustered together on the edges of the mica and silica substrates, as can be seen in the
analyzed SEM images in Appendix B. At NTNU the crystals grew on the substrate edges rather
than close to the them, as it did for silica N. There are two reasons why that might occur, which
are deduced in cooperation with experiments done by Jiayun Liang. Firstly, there is a higher
quantity of dangling bonds at the substrate edges which enhances the chemical reactivity of the
edges compared to any other area of the substrate surface. The dangling bonds will serves as active
nucleation sites enhancing further nucleation. Secondly, the flow pattern varies across the surface,
and turbulence may be more experienced at the edges than other areas. In literature the gas flow
pattern of a CVD space-confined system is explained in detail, and some of the aspects could be
considered for the space-confined system in this thesis. It is stated in Section 2.3.3 that a reduction
of flow velocity induces a decrease in nucleation density and growth rate of deposited compound. At
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the substrate edges, the turbulent flow entails faster gas flow velocity which subsequently induces
an increase in nucleation density and growth.

As initially hypothesized, there were less diffusion of atoms at the substrate edges. In a CVD
system a mass-transport (diffusion) limited growth is preferred over surface-reaction limited for
synthesizing high-quality, large-area 2D single crystals. The limited diffusion to the edges could
also be the reason why there were observations of high crystal density at the edges for NTNU
source substrates.

Lastly, the problems arising with the precursor placement and sticking was the biggest deviance in
the synthesis at the various universities. This could have lead to precursor being more spread across
the substrate at NTNU before microwave heating as explained in Section 3.4.1. The precursor slid
off the substrate, but because of the quartz combustion boat edges it stuck at the substrate sides
during heating. This would explain why there were more observations of crystals growing at the
edges for the source substrates at NTNU compared to silica N. Thus, growth trends similar to the
one discovered for silica N would be hard to detect and to either verify or refute with the difference
in precursor grade.

5.2 Observed structures

Various structures and shapes were detected when using OM, SEM and AFM for characterisation
of the source substrates. The creation and location of these will be discussed in this section, and
an emphasis will be made in regards to the explained and discussed growth trend.

5.2.1 Squares, Octagons and Flowers

Among the different morphologies detected on the source substrates, squares, octagons and flowers
were the most numerous ones. Squares and octagons were most frequently detected on silica
substrates, while flowers were dominating on mica.

A feature with silica substrates that could influence the different crystal growth is the amount of
dangling bonds. According to studies in Section 2.3.7 silica has dangling bonds at the surface as a
result of surface silicon atoms remaining unbonded with unpaired electrons readily to form bonds.
Because of these dangling bonds on silica, the substrate will then have a higher amount of reactive
sites which will enable further nucleation and hinder free migration of adatoms thus obstruct
growth. This corresponds well with the high density of octagons at the substrate edges and the
smaller crystal size. This occurrence is unfavorable for growth of 2D materials, but favorable for
3D growth which is consistent with the 40-283 nm thick BiOCl crystals obtained on silica. These
are not within the definition of 2D materials with a maximum thickness up to 10 atoms. Mica
does not have any dangling bonds on the surface, which entails that there will be free migration of
adatoms on the mica surface and there will be diffusion growth. This is advantageous as diffusion
limited growth is favored for obtaining 2D materials. Hence, it is easy to grow 2D materials on
mica, but the initiating nucleation stage is harder. This is because mica evidently lacks high-energy
nucleation sites and has a lower absorption of reactants compared to silica, which is also supported
in studies mentioned in Section 2.3.7. However, it is deemed plausible that mica also has some
dangling bonds at the edges as it is observed a higher amount of BiOCl crystals here.

Additionally, because of the dangling bonds it is deduced that migration is more difficult on silica.
This could be the reason why flowers are less detected on silica. A reduced migration could imply
that it takes additional time for the atoms to merge with nuclei and form crystals. This initial
growth stage is then slowed down and morphology development is delayed and the reaction could
be stopped before flowers have the time to form. The obstructed migration could also entail that
there will be less collisions of BiOCl nanoplates, thus less flowers are generated.

The reason for obtaining flowers on mica could stem from surface properties. Mica is cleaved into
thin, elastic sheets ready to be used as substrates, but the cleaving process induced a negatively
charged sheet surface. This negative charge could contribute to inducing microstrain within the

81



BiOCl nanoplates initiating the self-assembly process of flowers. Additionally will the negative
charge on the mica substrate surface attract positively charged contaminating particles from the
environment, where carbon compound is deemed the biggest contaminant such as CO2, CO and
CH4. However, the exposure to ambient air for the mica in this thesis is relatively low, and
just approximated to be max 10-15 min. The preparation of mica by cleaving in this thesis was
normally done within 5-8 min in ambient air. Then the sheets were transported to the glove box
where there was inert gas and then left in ambient air for maximum 1 min with precursor attached
to it as detailed in Section 3. Thus, there was a restricted exposure time to ambient air which
minimizes the contamination. The exposure time to ambient air for mica substrates could be an
influential feature in this regard. For studies synthesizing crystals on mica surfaces the exposure
time to ambient air may have been greater which evens out the surface negative net charge, and
could then generate less flowers.

Generally, it is stated earlier in Section 2.3.3, that 2D material growth prefers atomically flat
substrates with low roughness, as this will ensure free migration of atoms across the surface. This
is because diffusion limited growth condition can be facilitated by reducing the substrate surface
roughness. It is known that cleaving mica substrates in directions differing from the natural
cleavage direction along the K ions in, shown in Figure 5, will form cracks. This can be seen
in Appendix A, Figure 67, where it is obvious that the surface has deformities which could lead
to higher surface roughness. These attributes of the mica substrate counteracts diffusion-limited
growth which could lead to 2D material formation being less favored, and thus growth of clusters
flower-like structures could be more favorable.

Additionally, from an energy perspective there could be reasoning for flowers growing predomin-
antly on mica. Mica is an insulating material which entails that heat will be less easily transferred
through the material. Therefore, as there could be a lack of energy conducted on the mica surface
a more favorable structure could be one more clustered together, like the as-synthesized flowers.

To summarize, flowers could grow on mica due to growth of the nanoplates occurring faster, which
leads to increase in collisions generating flowers. But it could also be due to more surface roughness
caused by the cleaving method which will leads to less diffusion-growth thus 3D growth is more
inclined to occur. Out of these, it is believed that the former reason is most likely. This is because
squares were detected on mica, while octagons were not and according to the hypothesized growth
mechanism squares were generated after octagons.

There are multiple studies presented in Section 2.3.7 using mica and obtaining nanosheets of 1 to
4 nm by CVD and 8.7 nm by a space-confined microwave-assisted method. These displays thinner
crystals than those obtained in this thesis. This could be due to variations with the method in
regards to set-up, precursors or other influential factors.

Composition Despite the dominating structures, both squares and flowers were discovered on
both silica and mica. EDS was used on flowers and squares on silica substrates, in addition to an
analysis of flowers on mica substrate. From the squares and flower-like structure on silica N it is
clear from Figure 41b that there is no observable difference in elemental components. This is also
supported in Figure 41d where the elemental mapping is consistently the same for both types of
structures; squares and flowers.

The semi-quantitative elemental spectra for mica in Figure 44b compared to silica L in Figure 42c
and silica N in Figure 41c displays some differences in each analysis. For mica L and silica L, the
largest weight % stems from bismuth. Then oxygen, silicon, and lastly chlorine which gives the
weakest weight %, when disregarding the impurities palladium and platinum for mica L and carbon
for silica L. For silica N, there is a shift in this order where the most detected signal comes from
silicon, then bismuth, oxygen, and lastly chlorine. The reason for silicon being detected at such
high levels for the silica N in Figure 41a may have been because more of the substrate area was
arguably incorporated in the EDS analysis, compared to the analyzed area of silica L, Figure 42a.
A weaker silicon signal was expected for mica substrates compared to silica substrates, because
of the chemical composition of mica where silicon is less significant as mentioned in Section 2.3.7.
Despite the difference in highest weight %, the sequence of bismuth, oxygen, and chlorine remains
the same for each analysis. Bismuth is detected more strongly than oxygen, which again has a
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higher weight % than chlorine. The lower detection of oxygen could be due to the problems with
quantitative analysis in EDS for lighter elements as explained in Section 2.5.2. Oxygen has an
atomic number of 8 and thus can be categorized as a lighter element. It is significantly lighter
than bismuth (Z = 83) and chlorine (Z = 17). Furthermore, as EDS is a more insensitive analytic
method it will detect heavier elements at a higher limit as specified in Section 2.5.2. These heavier
elements as categorized as using L or M lines which is the case for bismuth. This could be the
reason why bismuth is detected as such high levels, while oxygen at low levels. However, the reason
for the low detection of chlorine still remains unknown.

Despite this deviance, the EDS analysis indicate that square crystals and flower-like structures
have the same composition, see Section 4.2 which is also supported in literature in Section 2.4.5
where it is stated that flower-petals are BiOCl nanoplates conglutinated at the center.

To further investigate the composition, Raman analysis was carried out of flowers and squares on
silica substrate in addition to an analysis of flower on mica substrate.

The Raman analysis done at UC Berkeley of flower-like structure on silica F and square on silica
N was performed to give a basis of comparison and check for any variation in composition between
the two morphologies. From Figure 51b and Figure 53 it is clear that the spectres share similar
peaks, with only small differences in values. The similarity in Raman peaks supports that there
are no differences in composition between the two morphologies, and the small observed variations
could be caused by stress states within the material [188].

As there were no compositional differences between flowers and squares, a Raman analysis was
performed at NTNU of flower on mica and square on silica. This was done in order to see if there
were any differences between a structure grown on mica compared to one grown on silica. The
Raman spectra of BiOCl flower on mica F seen in Figure 58 has peaks which corresponds well with
the Raman bands discovered for the BiOCl square on silica D seen in Figure 56. Weak Raman
peaks at around 200, 300 and 400 cm−1 could also be observed for silica D analysis in Figure
56b. Disregarding the Raman bands corresponding to the individual substrates, this indicates
that there are no significant differences in composition between BiOCl grown on mica and silica.
Furthermore, the NTNU Raman analysis supports the findings from the UC Berkeley analysis,
that there is no difference in composition between flowers and squares.

Additionally, the NTNU Raman analysis of silica D was done in order to compare and explore
for any deviance from the silica N analysis done at UC Berkeley, where both analyses are done
on squares. The most distinguishable difference is the peak at 84 cm−1 which appears clearly in
the silica D spectra from NTNU in Figure 56, while in the silica N spectra in Figure 53 from UC
Berkeley there is no indication of a peak at this value. The peak is linked to the Raman signal
of BiOCl, and it may not appear in the UC Berkeley analysis due to instrumental parameters.
Instrumental parameters could give rise to small differences as various equipment and settings
were used, as detailed in the Section 3.9. Except for this Raman band, the two analyses display
similar peaks at approximately the same values suggesting that there is just one distinguishable
difference between the analysis performed at the two universities.

Both morphologies on either substrates were consistent with modes from the Bi-Cl bond and oxygen
motion in BiOCl. Thus implying that there was no compositional differences detected by using
either substrates for synthesizing BiOCl flowers and squares. Furthermore, the lattice constant c
calculated for silica equal to 0.7382 nm and mica equal to 0.7379 nm, is approximately consistent
with the one for the BiOCl database equal to 0.7349 nm, indicating that BiOCl was successfully
synthesized on the two substrates in this thesis.

Crystallinity As flowers were discovered to be dominating on mica while squares and octagons
detected in abundance on silica, it could be likely that a silica XRD analysis may give insight into
the square and octagon structure and an XRD analysis of mica may do the same for flowers.

XRD analysis of silica and mica showed an exceedingly large intensity for the (001) facet compared
to the database BiOCl meaning that there is a preferential orientation of (001) planes. This is
plausible considering that BiOCl squares and octagons are most likely constructed by (001) planes
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on top an bottom sheet as mentioned in Section 2.4.1. The large exposure of (001) facets is aligned
with the fact that the [001] growth occurs more rapidly than [110], because (001) have a higher
density of oxygen atoms as explained in Section 2.4.5. The BiOCl (001) facet also grows faster
because it has the highest surface energy and thermodynamic stability which is linked to faster
growth. In studies presented in Sections 2.3.1 and 2.4.5 involving organic compounds, specifically
glycerol, dulcitol and mannitol, these were discovered to suppresses anisotropic growth in the
[001] direction. This was done by steric hindering the growth due to the compounds binding to
the oxygen rich (001) facets, thus in these studies the most prominent growth direction was [110].
Furthermore, as there are no organic compounds utilized in the synthesis the [001] growth direction
was not suppressed.

Because of the advantageous photocatalytic activity of the (001) facets, multiple and strenuous
effort have been made in order to synthesize BiOCl with high exposure (001) in a controlled way.
It is mentioned in Section 2.4.1, obtaining an (001) oriented BiOCl can be achieved by low con-

centration of precursor ions Bi3+ and low pH value in a hydrothermal approach. Disregarding the
difference in approaches, if the same conditions applied for the solid-state decomposition occur-
ring in this thesis it could explain why there is high exposure of (001) plane in the as-synthesized

BiOCl. In this thesis the concentration of Bi3+ were kept lower than Cl– due to the ratio in the
precursor BiCl3. Additionally, with the difficulties with attaching the precursor to the substrate
there is a likelihood that only a small precursor amount stuck. As for the lowering of pH, in the
synthesis reaction HCl is a byproduct, see reaction in Equation 1 which will lower the pH value
during heating.

On silica the (110) facet is measured at an intensity exceeding the database intensity, while on
mica it matches the database. This means that there is more exposure of the (110) facets of
as-synthesized BiOCl on silica compared to a standard random oriented sample of BiOCl. This
can be because there are octagons present on the substrate. Octagons develops if the growth
direction along [110] is approximately equal to [100] direction, and squares are formed if [010]
growth direction is either stopped or reduced, and the (101) facet disappears as detailed in Section
2.4.1. The shape and facets of octagons are proposed in Section 2.4 in Figure 7 where the vertical
edge plane gets a tilt before reaching the top compared to the facets in a square where the tilt is
less obvious. In this thesis there was no measurement or imaging done to confirm the facet, but
this shape and tilt can be seen in thickness profiles of octagons by using an AFM in Section 4.3. In
the thickness profiles of squares, this tilt is less apparent. Based on these AFM results, the facets
of octagons and squares will be assumed equal to the hypothesized structure in Figure 7 [123].

Furthermore, it is stated in Section 2.4.5 that that growth of BiOCl structure in the [110] direction
would result in thinner and larger crystals. This is supported in this thesis where the squares and
octagons with enhanced exposure of (110) facets had a thickness range of 40 - 169 nm from AFM
analysis in Table 8. While the as-synthesized flower petals with no enhanced exposure of (110)
facets had a thickness of 280 - 480 nm, which can be seen in the size distribution analysis of mica
in Figure 34. Thus, the BiOCl flower petals grown on mica are thicker than the BiOCl squares and
octagons grown on silica. This is also supported in the XRD analysis of the two substrates which
shows peak broadening for the BiOCl on silica indicating smaller particle size at this substrate
in Figure 63. This indicates that the squares and octagons are thinner and smaller. The narrow
peaks of mica imply that the flowers are more well-crystallized.

The preferential growth of as-synthesized BiOCl flowers along [001] direction is contradicting of
studies presented in Section 2.4.5 which claims that the intensity ratio of (110)/(001) facets are
higher for BiOCl flowers than nanoplates, meaning that the flowers grow in the [110] direction.
This is not the case for the flowers grown on mica in this thesis, which are found to grow mostly
in [001] direction. The more exposed (001) facets in the as-synthesized BiOCl flowers compared
to the BiOCl flowers mentioned in literature could be due to no use of organic compounds. It is
also reported in literature that if growth along [110] direction is preferred over [001] direction, the
resulting crystals are thinner and larger. Studies reports BiOCl flowers grown in [110] direction
as having a nanopetal thickness of 10, and 17 - 23 nm, which is much thinner than the nanopetal
thickness for as-synthesized BiOCl flowers in Figure 34 with a range of 280 nm to 480 nm for
Mica-750W and Mica-900W with preferential orientation of (001) facets.
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Furthermore, in literature it is stated that BiOCl with crystal oriented along the (110) plane will
have a smaller band gap than those oriented along the (001) facet. In literature it is mentioned
that BiOCl flowers have smaller band gaps compared to BiOCl nanoplates due to higher exposure
of (110) planes, and in this thesis this might not be the case as squares and octagons exhibit
more exposure of this facet compared to random-oriented BiOCl sample while flowers exhibited
approximately the same exposure as the BiOCl sample. Thus, it could indicate that the synthes-
ized BiOCl squares and octagons have a smaller band gap than database BiOCl and flowers all
due to higher exposure of (110) facets. Therefore, it would be interesting to conduct band gap
measurements.

For flowers with high exposure of (001) lattice plane the band gap is measured in various studies
to be 2.7, 2.87 and 2.92 eV. Flowers synthesized in this thesis is believed to have a larger band
gap due to more exposed (001) planes than (110) facets. Thus, it would be of interest to measure
the band gap of as-synthesized BiOCl flowers and compare it to literature values. Nevertheless,
the photocatalytic activity is expected to exceed BiOCl nanoplates. This is due to the large BET
surface area, high phase purity and thin structure which have multiple reflection within center
of structure of flower, charge carriers move faster from center to surface to participate in redox
reactions at the surface.

Despite the differences, it is deemed likely that the as-synthesized BiOCl structures have a bet-
ter photocatalytic activity than database BiOCl due to the increased exposure of (001) facets.
However, simulated XRD pattern for database BiOCl and the observed intensity differences is not
sufficient enough to directly relate to facet exposure. It can indicate higher facet exposure, but a
Rietveld refinement should be carried out in order to deduce the reason for the measured intensity
with a higher accuracy as the method takes other factor into account such as sample displacement.

With both the visual and structural confirmation from SEM, and compositional confirmation from
both EDS and Raman analysis squares and flower-like BiOCl structures with high exposure of
(001) facets have been synthesized in this thesis. These photocatalytic advantageous structures
were synthesized without utilizing organic surfactants and templates, as most studies and methods
relies on. Thus this method eliminates the use of toxic organic solvents making the synthesis of
flowers with exposed (001) facets more environmental friendly.

Additionally, the method presented in this thesis could then have the potential as an alternative
strategy to replace the hydrothermal process which is commenly used to obtain BiOCl nanoplates
with exposed (001) lattice planes as mentioned in Section 2.3.1 [177].

Thickness, size and color It is hypothesized that the octagons develop when there is a scarcity
of precursor, while squares grows when there is a sufficient amount. From the synthesis analysis
in Section 4.1.8 it is clear from the size distribution in Figure 36 that squares grew to the largest
size with the excess amount of precursor, but for octagons the result are more inconclusive.

Regardless of the crystal length, it is clear from the thickness of both octagons, nanoframes, and
squares in Table 8, that they are all considered 3D structures as the thickness exceeds one unit
cell as defined for 2D materials in Section 2.1. The thickness is consistent with other synthesis
studies which also fabricated thicker crystals, where 2D BiOCl was layered together to form these
plates, see Section 2.3.5. To be able to get single layers, further processing needs to take place, for
instance with methods such as micromechanical exfoliation explained in Section 2.1.

However, there are some differences within the morphologies. It was noticed that small octagons,
size of 3-7 µm had a thickness of 70-160 nm, while the large ones were 12-13 µm with thickness
of 40-170 nm. Thus from this, it does not seem that crystal size and thickness are correlating,
and small octagons can be as thick as larger ones. These results are also supportive of the OM
observations that there were no change in color scheme for octagons despite different sizes. This
could be because these structures were mostly located at the substrate edges where there may have
been more uniform layering of the nanoplates due to generally less precursor. This can explain
the lack of thickness variation, and this may suggest that there is more uniform growth towards
the edges where nucleation is favored above growth. For the square morphology the small squares
were 11 µm with thickness of 153 nm and the nanoframes were 17-24 µm with average thickness of
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40 nm. Both the average thickness and frame thickness are significantly thinner than the smaller
squares. This indicates that the further away from the substrate center the thicker the squares.

The crystals located at the substrate center consisted of multiple colors, where each crystal exhib-
ited 2 or more colors on its surface. It was discovered in the AFM that squares of this type had
either a peak at the center or displayed a nanoframe-like structure. The peak can be linked to
non-uniform stacking of plates or BiOCl nucleating on already synthesized squares as a template.
This could due to more precursor situated at the substrate center, which will facilitate more growth
of BiOCl nanoplates. These nanosheets will stack together creating layered structures and if the
growth of BiOCl nanosheets are inhomogeneous, the stacking could create structures with peaks.
Thus, observation of these squares with associating peaks could indicate that growth of BiOCl
squares had been exceeded and prolonged into the next growth phase.

A thickness analysis was performed on different colored squares, as it was hypothesized to be a
link between observed color in the OM and thickness. Values from Table 9 can indicate that the
thickest crystals are associated with a blue color. This is supported by the fact that the yellow
and red crystal is thinner than the yellow, red, and blue crystal. Thus, by exhibiting a blue color
the measured thickness increased. All the large squares in Table 8 are known to be grey which can
be observed in the captured images in Section D and by observations of nanoframe-like structures
in the OM. Therefore, the grey color can be associated with the average thickness of these large
squares which is calculated to be 39 µm. This thickness bears more resemblance to one of the
yellow squares, and is a great deal thinner than the other colors analyzed. This is reasonable
as these structures were observed in the SEM to have an elevated edge, thus a thinner center is
expected.

The yellow and red square had a peak at the center, which can be seen in Appendix D.4, Figure
85 and the center is linked to a red color. A peak in the center is also seen in the blue, red, and
yellow square in Appendix D.4, Figure 89b where it can also be seen that the center is blue.

There is a deviating thickness value for both the two yellow squares analyzed and the two blue
squares. In Appendix D.4, Figure 88 the yellow square had a thickness of 45.4 µm displaying
a thickness profile similar to the nanoframe-like structures with an elevated edge. This is not
occurring for the other yellow square displayed in Appendix D.4, Figure 83. However, for this
yellow square there are red-colored spots throughout the surface. This color is also detected in the
Zsensor image where there are certain points measured as thicker. These discrepancies may imply
that the analysis needs more measurements in order to get a reliable average, where the colors can
be at a higher accuracy associated with a certain thickness range. Though blue is seemingly linked
to a heightened thickness, whether it is covering the whole surface or at the center forming a peak.

Generally, it seems that whenever the crystals are composed of more than one color it is accom-
panied by a peak at the center, or a nanoframe-like thickness profile. These crystals were mostly
noticed at the center of the substrate for silica N explained in Section 4.1.9.

5.2.2 Nanoframe

The thickness analysis of the nanoframes in Appendix D.4 supports the connection between the OM
observations of the darkest grey colored squares also had the most elevated frame, thus exhibiting
a larger difference between frame and center. This is in accordance with various studies mentioned
in Section 2.4.3 which synthesized nanoframes by a facet-targeted etching by using HCl [138, 139,
140, 134]. In the reaction used in this thesis of precursor BiCl3 to the product BiOCl as seen in
Equation 1, HCl gas is produced as a byproduct. Therefore, this HCl gas could be the facilitating
condition that induces etching of the observed nanoframe-like structure and this is illustrated in
Figure 65.
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Figure 65: Proposed mechanism of nanoframe development.

The (001)-Cl plane exhibited the highest thermodynamic stability of the BiOCl facets, and this
facets is exposed when cleaving along the nonbonding interaction site illustrated in Figure 4 given
in Section 2.2.3. This (001) facets has the highest surface energy, as mentioned in Section 2.4.1,
thus this is arguably the facet most prone to etching. This is because the most vulnerable sites to
etching are the ones with the highest energy, see Section 2.4.3.

The location of these structures are also interesting, as in Section 4.1.9 the growth trend on silica N
is explained and grey, large squares are only observed at the center of the substrate and in a large
quantity. On other parts of the substrate the crystals exhibits a vaster range of color. The average
thickness of these grey nanoframe-like structures are 39 µm which is distinctly thinner than all the
colored squares presented in Table 9. Therefore, it can be deduced that if the carved out crystal
is caused by produced HCl the concentration of this compound is higher at the substrate center
where these structures were found. This can also be linked to the effort in placing the precursor
BiCl3 in the middle of the substrate, as mentioned in Section 3, thus the reaction will occur here
and generate HCl. Thus there is a substantial etching at the substrate center compared to edges,
and as the thickness is reduced the color palette changes.

5.2.3 Surface cracks

Cracked surfaces can be clearly detected and exhibited in Figures 46a and 50a.

The HCl byproduct of the decomposition reaction, Equation 1, that was hypothesized to cause
etching of nanoframe-like structures in Section 5.2.2 could arguably be the cause of the cracked
surfaces based on knowledge from Section 2.4.4. This occurs as etching induces physical stress
within the crystals.

In Section 2.4.4 it is described that rounder shaped crystals (tuncated corners) experienced ra-
dial cracks while more random crack formation occurred on square shaped crystals (un-truncated
corners). For the square shaped crystal a progressively longer reaction time would increase the
crack size until the crystal was completely etched away and this type of cracks is displayed in SEM
Figure 20a, OM Figure 38j square No. 3 and 5 and AFM Figure 46a. The possible etching by the
produced HCl could also be an influencing factor for the formation of radial cracks that can be seen
in SEM Figure 20b and the AFM Figure 50a. However, since the radial cracks appears differently
it is also proposed in the Section 2.4.4 that air bubbles could be an additional influencing factor.
This reasoning is not applicable for this thesis as no air stream was introduced to the synthesis,
and as radial cracks are energetically unfavorable there must be an external factor that causes
these to emerge. However, the HCl produced and hypothesized to be causing the etching exists
in gas phase. Thus similar to air bubbles these HCl gas bubbles may induce the physical stress
needed to get radial cracks.

5.2.4 Stacked structures

Various stacked structures were detected and some were observed as having a cross-like shape, star
shape or screw dislocation.

In Figure 22, the star-shaped, cross-like and layered structures are displayed. These can all be a
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results of either uniform plates stacked randomly, or non-uniform plates stacked together creating a
peak at the center. This is a consequence of lowering the total surface energy during growth, which
is the driving force of stacking structures together. It is believed that these stacked structures occur
at places where there is an excess of precursor as they were often observed at the substrate center.
Larger amount of precursor thus more precursor ions contributing to growth rather than nucleation.
Thus forming new nucleation sites is less emphasised therefore it is favorable to continue growth
on already synthesized crystals.

Additionally, stacking of the structures increases with increasing time according to growth mechan-
ism of wet-chemistry methods detailed in Section 2.4.1. This observation in wet-chemistry methods
could be considered for the purpose of explaining the occurrences of stacked structures in the solid-
state decomposition in this thesis. Thus if the irregular shapes are indeed a result of non-uniform
stacking, an increase in microwave time could induce more irregular shapes as increased stacking
will occur after growth of square BiOCl nanoplates have been completed. This can be seen for
Si-5min which reportedly have irregular shapes, cracked crystals and flower formation.

In addition to these, there were observations of circular structures as seen in SEM and OM deemed
to be unreacted precursor as seen in Figure 23. As well as irregular spots displayed in Figure 23d.
These were mostly found at the center of the substrate, thus supporting the assumption that this
is unreacted precursor. A study in Section 2.3.5 emphasises that substrates should be put under
running water to ensure removal of unreacted BiCl3. This was done in the thesis, but arguably
not at a sufficient level.

Screw dislocations occurs under weak supersaturated conditions which can be seen in correlation
with the abundance of precursor at the initial stage versus final stage of the microwave heating.
Thus by increasing microwave time consequently there will be a decrease of precursor concentration
towards the end of the heating, in likelihood more so on 5 min than 1 min. Therefore, if the
heating is stopped before this weak supersaturated condition occurs there will be few or no screw
dislocations observed. However, for the UC Berkeley substrate silica N heated for 1 min there were
observations of multiple screw dislocations at the center of the surface in the vicinity of flowers
and is displayed in Figure 21b. Therefore, stopping the microwave time at 1 min does not prevent
formation of screw dislocations. This may be considered in view of the induction period and
reaction kinetics explained in Section 2.3.6. Since the induction period of BiCl3 decomposition
to BiOCl via BiCl3 · H2O takes 622 min in room temperature, the increased temperature when
irradiating the precursor with 900 W could be enough to reduce the reaction time vastly thus a
microwave time of 1 min could be enough to get unwanted screw dislocations.

5.3 Synthesis conditions

Various synthesis parameters were changed throughout the synthesis scheme in this thesis. In
addition to the alternated parameters, there were some growth conditions that were consistent
during the scheme which also influenced the resulting crystals in different ways. In this section
the impact all these parameters and growth conditions had on crystal growth will be discussed
alongside theory-based arguments and discoveries from different studies presented in the theory
section.

5.3.1 Microwave time

Microwave time was investigated with the substrates; Si-1min, Si-3min and Si-5min. This para-
meter was investigated in order to see how the change of microwave time influenced crystal growth.
As explained in Section 4.1.3, the Si-1min resulted in the biggest crystals of either morphology, see
Figure 27. This could mean that 1 min is sufficient time for nucleation and growth.

The biggest take away from the microwave time parameter was that by increasing time there was
more formation of flowers and irregular shapes, smaller squares and octagons. No conclusion could
be deduced from the density for the three substrates, which could indicate that the microwave time
mostly influenced crystal growth.
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For the Si-5min there was noticed flower formation which were not registered on Si-3min and
Si-1min, except for flower growth on a circular shaped crystal on Si-1min. This supports the
hypothesis that by increasing microwave time, this could lead to further formation of flowers and
a subsequent decrease in BiOCl nanoplates as these are the components of nanopetals in flowers.
In literature, this was discovered to be true in a hydrolytic synthesis where by increasing reaction
time the amount of flowers increased, parallel to a decrease in nanosheets [143]. This is based on
the fact that flowers are a result of a self-assembly mechanism by the BiOCl nanoplates. Therefore
the reaction process should be stopped before this mechanism occurs. This is illustrated in Figure
66 where the BiOCl nanoplates are curved over time, collides with other nanoplates and grows
vertically clustered together.

Figure 66: A proposed flower formation mechanism.

Additional to flower formation, there seems to be a threshold where the growth of the crystals will
be impacted in a negative way and start forming irregular shapes, denoted with an ”X” in substrate
section 2 on Si-5min in Table 2. The irregular shapes noticed for Si-5min could be non-uniform
stacked structures or screw dislocations. These structures are believed to occur more often upon
increasing the microwave time beyond the time it takes to synthesis BiOCl crystals. This is also
supported by findings done by Kang et al. in Section 2.3.5 specifying a maximum microwave time
of 5 min if the aim is to get uniform square crystals. Thus, to avoid irregular shapes and to obtain
uniform larger-sized crystals a microwave time of 5 min should not be utilized.

The Si-5min and Si-3min parallels also generated relatively small crystals compared to Si-1min.
This can be due to the larger crystals are clustered together and forming flowers. It could be
that by increasing the microwave time, this will give the synthesized BiOCl time to migrate more
on the substrate surface which will eventually lead to collision with stacked structures or other
BiOCl sheets which can cause curvature within the sheets ultimately creating flowers. Therefore,
to obtain large-area crystals it is crucial to stop the microwave time after growth has come to a
satisfying limit, and the results indicate that this limit is at 1 min.

5.3.2 Distance

The distance in the microwave oven was investigated with the aim of studying how this would
affect the crystal growth. This was done as literature states that conventional microwave oven has
a nonhomogeneous heating problem where location, size and geometry of the load could impact
the operating frequency, detailed in Section 2.3.4. As the other influencing factors i.e size and
geometry of the system were kept constant throughout the synthesis scheme, only location of the
system and its influence on crystals growth was investigated.

The most important results from changing the distance from the magnetron was that Si-15.5cm
generated biggest squares and more well-defined shapes compared to Si-21.5cm which resulted in
most irregular shaped crystals. Regarding the density, this was somewhat equal throughout the
three parallels, however Si-9.5cm had slightly more crystals than Si-21.5cm and Si-15.5cm.

From literature it is stated that the highest temperature rising rate is at the center of a microwave
oven, then the position furthest away from the magnetron exhibited 28% of center rate. Lastly, the
position closest to the magnetron had the worst temperature rising rates with only 6% of the center
rate as described in Section 2.3.4. This is believed to influence the growth as higher temperature
rising rates will give a rapid heating and thus decreasing the reaction time making it transpire
faster.
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From the Table 3 the Si-9.5cm in total has the most crystals then Si-15.5cm and lastly Si-21.5cm,
although there is not a huge difference. The observed higher count of crystals on Si-9.5cm indicates
that this substrate had a higher nucleation rate and thus generating more crystals than Si-15.5cm
and Si-21.5cm. In light of temperature rising rate this location has the worst merit.

Both Si-15.5cm and Si-21.5cm possesses higher temperature rising rate than Si-9.5cm, while also
having less crystals thus lower nucleation rate. This could entail that a low nucleation rate ac-
companied by higher temperature rising rate could result in enhanced growth rather than multiple
nucleation sites. Meaning that the rising temperature contributes to growth rather than further
nucleation. By this reasoning, Si-15.5cm which exhibits the highest temperature rising rate should
have the least amount of crystals, but have the largest crystals. From Figure 29 it is evident that
Si-15.5cm had the largest crystals, supporting this reasoning, but Si-15.5cm did not have the least
amount of crystals. However, both Si-15.5cm and Si-21.5cm had less crystals than Si-9.5cm while
exhibiting a higher temperature rising rate, which supports said reasoning. Additionally by the
reasoning, Si-9.5cm should have the smallest crystals as this position has the highest nucleation
rate and lowest temperature rising rate, and this is not consistently true as can be seen in the size
distribution in Figure 29.

Reportedly, the crystals at Si-21.5cm had more irregular shaped, cracked and non-uniform stacked
crystals, whilst on the middle position Si-15.5cm displayed sharper, more well-defined squares. This
can also correlate to the temperature rising rates which gives fast nucleation then subsequently
growth. A low rate gives insufficient growth because the nucleation stage dominates the time frame.
While a high rate in the center position gives fast nucleation and thus sufficient time for growth
of well-defined squares as there is enough time for diffusion of atoms to the crystal. Thus, from
these results the preferred location for large-area, well-defined squares is 15.5 cm from magnetron,
or center position.

5.3.3 Microwave power

By changing the microwave power, there was some aspects of the results that were interesting.
The Si-900W exhibited the largest crystals. However rather unexpectedly the Si-750W had the
smallest crystals but the most uniform size across the substrate. Regarding density, the Si-500W
had the most crystals detected in the analyzed images.

Microwave power is believed to be linked to decomposition rate of the precursor. The precursor
BiCl3 will immediately start to form the intermediate hydrate BiCl3 · H2O when exposed to air,
and the subsequently decomposition to BiOCl will take 622 min at room temperature, as explained
in Section 2.3.6. Thus by increasing the microwave power this reaction will most likely occur more
rapidly.

By comparing the sizes the distribution in Figure 31 for the three parallels it is evident that the Si-
900W one exhibits the largest crystals of both morphologies. This can indicate that an increasing
microwave power is linked to rapid precursor decomposition, which will induce nucleation faster
which subsequently will promote growth of the nuclei.

By this reasoning a low microwave power is linked to a slower reaction rate, thus the nuclei will
have less growth, hence the 500 W parallel should have the smallest crystals. However, the smallest
crystals is measured for the 750 W parallel, which can be caused by systematic errors or errors
with the precursor. In addition to generating largest squares, the 900 W microwave power setting
resulted in sections without octagons/circles. This could be because the rapidness in precursor
decomposition will lead to fast nucleation and growth, therefore diffusion of other atoms to the
octagons may happen such that these grow in to squares. This implies that if the aim is to
synthesize large-area squares the 900 W is favorable.

The study by Kang et al. in which the synthesis scheme in this thesis is based on, produced square
BiOCl of edge size up to 10 µm by microwave settings of 1-3 min, 700 W and center placement [6].
Thus, this can be compared with the Si-750W produced with a microwave time of 1 min. From
the size distribution of squares on Si-750W in Figure 31, the produced square BiOCl had edge size
of 1.3 to 1.7 µm, and by this exhibiting much smaller squares. The crystals produced by Kang
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and colleagues were produced under similar set-up and conditions, although the precursor type is
not specified and neither is the microwave time that ultimately lead to the 10 µm sized squares.
Kang et al. reported microwave time to be crucial for the resulting crystals, and in this thesis it
seems to also be an indication that the precursor type is significant. Thus, these factors could be
the reason why there was such a deviance between size of crystals produced by Kang et al. and
produced on Si-750W substrate.

5.3.4 Mica with power change

The mica synthesis gave the most distinctive crystal growth by having a predominance of flower-
like structure and rarely observations of square crystals. Furthermore, the most striking outcome
of this parameter is that Mica-500W had no flowers while this structure was prominent on Mica-
750W and Mica-900W. Furthermore, Mica-750W had more clumpier petals than Mica-900W, and
generally on Mica-500W there were few crystals detected.

It is not reasonable to compared the crystal sizes of the silica microwave power synthesis to the
mica one, because of the difference in synthesized morphologies.

Throughout there is a high inconsistency for the morphologies on Mica-500W and few squares were
detected and no flowers. It is stated that there were white powder visible on the substrate surface
which could be the reason why there was so few crystals. For a microwave power setting of 500 W
this could have been insufficient for decomposition of the precursor. This can be argued from an
energy perspective. Mica is an insulating substrate which will entail that this material has a higher
specific heat capacity making it more time consuming to raise the temperature of the material as
heat transfers slowly in material. In a microwave oven the heat is generated from movement by
aligning and realigning the dipoles to an external electric field in a material. This will increase the
heating of the mica, but the heat transfer and temperature increase in the overall substrate could
take a longer time than for conductive materials. This can imply that for mica there is a need for a
high energy input in order to facilitate growth of 2D crystals, thus the 500 W could be inadequate
and that is the reason for the irregularities observed on this substrate. It is also known that mica
it is more difficult to initiate nucleation on mica because it evidently lacks high-energy nucleation
sites and lower absorption of reactants compared to silica. Furthermore, the unreacted precursor
visible on the surface could be a verification of this. It could also be the reason why there was less
growth on the edges of Mica-500W compared to Mica-750W as displayed in Section 4.1.7 in Figure
32.

As flower-like structures are composed of BiOCl nanoplates, the Mica-750W and Mica-900W has
arguably more of the nanoplates than Mica-500W. Which is also attributed to the insufficient
nucleation on Mica-500W due to inadequate power.

Furthermore, there is a considerable difference between the flower petal thickness for Mica-750W
and Mica-900W. Mica-750W has 0.35 to 0.43 µm while Mica-900W has 0.28 to 0.48 µm thick
petals. The measured thickness of as-synthesized flower petals for both Mica-750W and Mica-
900W are significantly larger than from literature which reported 10 nm on Si substrates and 17 to
23 nm on L-Lysine templates in Section 2.4.5. Upon reducing thickness of any nanostructure there
will be an increase in surface energy for the nanosheets which makes them thermodynamically
unstable. This is the reason for the sheets stacking together in a layered structure, which decreases
the total surface energy. By using mica in this thesis there will be less energy transferred on this
insulating material, thus there will be a greater effort of the BiOCl sheets to stack together in
a thicker layered structures. These thick, layered nanoplates will become the nanopetals in the
as-synthesized flowers. This could be the reason why the nanopetals are much thicker than for
conducting Si substrate or by wet-chemistry method using L-Lysine as template.

Furthermore, this energy reasoning could explain the distinct difference between the design of the
flower petals, where Mica-750W has clumpier petals while Mica-900W has sharper, more well-
defined petals. Although the Mica-750W petals reportedly has a smaller thickness range, the
sharpness of Mica-900W petals would most likely be preferred as it is more well-defined with a
smoother surface.
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5.3.5 Amount of source

The change in amount of source was done because of majority of flower observations where in areas
with visible unreacted precursor on the substrate surface. Additionally, with less flowers there were
more squares observed in the Specialization Project [1]. Because of this is was believed that an
excess amount of precursor lead to more flowers and consequently less squares. For the result in
this thesis from this parameter change it was concluded with Si-large being favorable for growth
of large squares and octagons. Generally, there were a lot of vacant spaces for both Si-small and
Si-large despite the amount of precursor.

It was believed that an excess amount of precursor BiCl3 would generate more areas where it
was not possible to detect crystals because of unreacted precursor as seen in Appendix, Figure
72. However, a connection between large amount of precursor and unreacted precursor was not
made. This is because unreacted precursor was observed randomly for NTNU substrates, while
consistently using a medium amount of precursor. Furthermore, the elemental mapping of silica
N by EDS shown in Figure 41d, shows that both bismuth and chlorine are detected at the silica
N substrate surface. This could be due to residues of the precursor BiCl3 or more likely the
intermediate hydrate BiCl3 · H2O, as the precursor is easily hydrolyzed, that has not grown into
a crystal. A medium amount of precursor was also used for the silica N synthesis.

From theory in Section 2.4.5, increasing the amount of precursor NaCl induced an increase from
30 nm well-defined BiOCl nanosheets to 60 nm large BiOCl nanoplates with a thickness of 10
nm. Furthermore, in Section 2.2 it was discovered that an excessive concentration of Cl source
increased the width and thickness of BiOCl crystals to a large degree, while for the opposite case
of insufficient Cl source there would be irregular shapes. From this it was deduced in literature
that the perfect precursor ratio of Bi and Cl was 1:1, and this obtained 3-7 nm thick BiOCl
2D nanosheets preferential for photocatalytic performance. Upon comparison with thicker BiOCl
nanosheets these 3-7 nm thick BiOCl nanosheets displayed an increased degradation of Rhodamine
B (RhB) under visible light.

As the precursor used in this synthesis has a Bi:Cl ratio of 1:3, there is sufficient Cl for growth,
and this could result in larger and thicker crystals. This can explain why the Si-large exhibits
the largest squares of around 20µm in the size distribution in Figure 36. Additionally, it could
explain the AFM measurements for the 11-24µm large squares with thickness of 40-153 nm and
3-12µm large octagons exhibiting a thickness of 70-158 nm. The synthesized crystals in this thesis
are thicker than the 3-7 nm thick BiOCl nanosheets generated by 1:1 precursor ratio. In addition
to this, there could arguably be insufficient Cl source compared to Bi source which could cause
the irregular shapes detected at various source substrate that visually had the same amount of
precursor.

Literature study stated that an increase of precursor BiI3 lead to a rise in collision frequency of
the molecules within the confined space, and this subsequently increased the amount of absorbed
precursor. However, the favorable conditions for 2D nucleation and growth was low concentration
[89]. This is based on the fact that diffusion-limited kinetics can be facilitated in a confined space
by uniformly distributing the reactive species by reducing the concentration [94].

On the opposite spectrum, in literature by a hydrothermal approach it was noticed that a low

concentration of Bi3+ formed nuclei with suppressed growth, thus generating small nanocrystals
that would assemble into granular structure with higher percentage of (001) facets favorable for
photocatalytic activity. The Si-small did not create the smallest squares or octagons out of the
three parallels, but has smaller squares than Si-large. Furthermore, in literature in Section 2.4.5
with a low amount of NaCl source, well-defined BiOCl nanosheets were synthesized by a wet-
chemistry approach. However, for this thesis this was not the case as a low amount of BiCl3
generated squares with a rounder shape. This could be because the literature studies were wet-
chemistry methods which can differ in growth mechanism from a solid-state decomposition like the
one in this thesis. It can also be because the precursor used in the studies was NaCl and bismuth
source was bismuth nitrate pentahydrate, Bi(NO3)3 · 5 H2O. Bi(NO3)3 · 5 H2O, giving a ratio of
Bi:Cl equal to 1:1 which was deemed the favorable ratio for 2D growth.
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By looking at the Table 6 it is obvious that there are few crystals detected for parallel with a large
amount of source. For the parallels with a small amount and medium amount of source there were
more crystals. However, since it was extra difficult to attach the precursor in these parallels it is
hard to deduce any reasoning behind the density occurrence.

Thus, theory states that a low concentration is favorable for growth of 2D crystals and with an
increase in amount of precursor the resulting crystals would become larger. As it is true in this
thesis that the largest amount of precursor generated the largest crystals, if the aim is to synthesis
large-area BiOCl the deduced conclusion is that an abundant of precursor is seemingly favorable.

5.3.6 Precursor treatment

The issues with attaching the precursor as detailed in Section 3.4.1 could possibly stem from the
precursor only being exposed to air for a maximum of 1 min. From an ongoing experiment done by
Jiayun Liang the preliminary results shows that 6 min exposure time to ambient air results in the
precursor BiCl3 sticking better to the substrate while keeping below the acceleration limit of the
reaction where precursor form the intermediate hydrate BiCl3 ·H2O. This limit is 8 min, as stated
in Section 2.3.6. In this thesis the exposure time of precursor to ambient air before microwave
irradiation was 1 min, which could then be an influential feature that lead to the precursor sliding
off the substrates when creating the confined space by stacking them together.

When the precursor did not stick to substrate at the center, where it was originally placed, this
could have lead to a distribution of source as it was spread out on the overall substrate surface.
Thus, any trends caused by growth and migration across the surface of different morphologies may
be hard to detect. In some cases it was noticed that the precursor also had fallen off the substrate
entirely and into the quartz combustion boat as seen in Appendix F, Figure 91. Thus, for each
synthesis the amount of precursor was not controlled and this is a parameter that is important to
control in future experiments.

5.3.7 Confined space

Based on studies presented in Section 2.3.3 it is known that the confined space traps gas molecules
such as O2 and HCl gas produced during heating see reaction Equation 1. This entrapment leads
to a reduced energy barrier of precursor decomposition which leads to an increased growth rate.
Although, no effort was made to test the effect the confined space had on crystal growth in this
thesis, as it was deemed outside the scope. Confined-space effect was reportedly investigated by
Kang et al, which reported both microwave time and confined space as the two most critical
factors in order to achieve uniform crystals [6]. This was also reported in another study obtaining
square BiOI crystals, where a uniform space-confined gap was stated as favorable for synthesising
atomically thin crystals [89]. In this thesis effort went into placing the precursor BiCl3 at the
center of the substrate. This could have resulted in a less uniform gap as it created a peak of
precursor powder, thus less uniformly thin crystals.

5.3.8 Microwave oven

A microwave oven provides a rapid heat generation within the material, and the heating process
can be started or stopped anytime ensuring more structure-controlled growth than conventional
methods. The rapid heating reduces the reaction time and it is believed to increase nucleation rate.
The increase in nucleation rate was discovered for a study which compared an electric furnace to a
microwave oven, and found a decrease in crystal size for the microwave oven synthesized crystals
[129]. Additionally, it is environmental friendly as no combustion gases will be produced during
operation.

Heating by microwaves will provide an uniform nucleation environment due to uniform heating,
thus resulting BiOCl crystals would be expected to have a narrow size distribution. In this thesis
the size distribution of each parameter in Section 4.1.3 can be seen in Figures 27, 29, 31, 34 and
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36. It is evident from these figures that on a general basis the size distribution is rather broad
and divergent, but in some cases it is more narrow such as for Si-750W in Figure 31, Si-21.5cm in
Figure 29 and Si-3min in Figure 27. This entails that the size distribution for a parallel within each
investigated parameter was not narrow, but arguably rather broad. This can stem from the fact
that the heat generated is depending on the materials ability to realign its dipoles in the applied
electric field, however since there are reports of certain uniformity heating issues deviation could
arise. It is stated in Section 2.3.4 that experienced electric field and consequently temperature rising
rates are dependent on placement within the microwave oven, especially when using a stationary
set-up like in this thesis. This location impact will be detailed in Section 5.3.2, but this could be
the reason for not obtaining a narrow size distribution.

Additionally, there are reports of an increase in surface oxygen vacancies (OVs) for a microwave-
assisted solvothermal approach compared to conventional method. These OVs are more stable at
the surface of a material rather than in the bulk for high temperatures, and for BiOCl this surface
is predominantly the (001) surface. This is because this plane was a high density of oxygen atoms,
in consequence OVs are easily generated as explained in Section 2.2.5. The amount of Ovs was
not investigated for the as-synthesized BiOCl crystals, but OVs could potentially be present in
the (001) facet. This is because defects such as vacancies have excess energy, which makes them
vulnerable to etching and as discussed in Section 5.2.2, the (001) facets is most likely the plane
that is etched away to create the nanoframe-like structure. In summary, microwaves induces OVs
which are easily generated on the (001) facet of BiOCl, both (001) facet and OVs are vulnerable
to etching due to excess energy and it is deduced that this plane is etched away in the nanoframes.
This may imply that OVs have in fact been generated on the as-synthesized BiOCl crystals. These
OVs would improve the photocatalytic property of the material as well as narrowed the band gap.

5.4 Sources of error

The major source of error in this thesis revolves around the precursor. The fact that different
grades were used for the two universities where the research was conducted, the precursor did not
stick sufficiently for the synthesis at NTNU and that there were difficulties with the weigh in the
glove box. Furthermore, as the precursor would not stick to the substrate instead of putting the
substrate vertical in order to remove excess powder as done at UC Berkeley, a precursor peak at the
center was instead created on the substrate surface. This lead to the precursor and top substrate
sliding off easily and the center placement of the precursor could not be ensured. Accordingly
any attempted measurements of the amount of precursor used was considered both inaccurate and
impracticable to carry out.

94



6 Conclusion

In this thesis a confined-space microwave oven synthesis was performed which synthesized crys-
talline, stoichiometric BiOCl squares, octagons and flowers with exposure of (001) facets in an
alternative approach to the traditional methods of hydrothermal and solvothermal. A range of
synthesis parameters were altered and subsequently measurement of the effect these had on crystal
growth was performed. The parameters investigated were microwave time, distance from mag-
netron, microwave power, growth on mica substrate with changing microwave power and amount
of precursor. A growth trend was clearly visible for a substrate, where the different structures
could be located at specific areas on the substrate. Initial nucleation and diffusion of atoms lead
to formation of octagons at the substrate edges. With an increase in diffusion and more precursor
accessible towards the substrate center, square emerged. Upon continuous diffusion further toward
the substrate center, the squares stacked together and screw dislocations were formed. At the
substrate center where there was an abundance of precursor, flowers were generated from multiple
squares curving and colliding with each other. Nanoframes and cracked crystals did also form at
the center due to etching by HCl. This was caused by diffusion of the precursor on the substrate
surface. Furthermore, it was discovered that octagons and squares were the dominating structures
on silica while flowers were dominating on mica, due to the different properties of the two mater-
ials. These properties are the amount of dangling bonds, eventual surface charge, insulating or
conductive properties and surface roughness. The largest squares and crystals were measured to
be 26.8 µm and were obtained for growth conditions of 1 min microwave time, 900 W power, with
a large amount of source BiCl3 on silica substrates placed at the center of the microwave oven.

However, there were one uncertainty for the synthesis scheme which was systematic challenges
with the precursor, both placement and amount. A way to mitigate this is by using a finer grained
precursor and implement a way of ensuring that the powder on the substrate stuck and would not
slide off.

In addition to the synthesis parameters, the confined space was deemed crucial as it facilitated
entrapment of produced gases which increased the growth rate. The microwave oven provided a
more rapid heat generation than conventional methods, believed to increase nucleation rate.

The overall goal of the thesis was to synthesis stoichiometric, crystalline square BiOCl, with a
uniform thickness of 3-4 nm and large-area of 10-20 µm, for use in various photocatlytic applications
by using a space-confined, microwave assisted synthesis.A structure became evident and denoted
as flowers or flower-like structure comprised of BiOCl nanoplates as petals. These structures were
proven in other studies to have significantly higher photocatalytic activity than BiOCl nanoplates.
Depending on parameters changed in the synthesis different structures, morphologies and size
became evident. Although the synthesis method did not provide control of neither growth nor
morphology, the observed structures and trends were of great structural and compositional interest.
Additionally, would a measurement of band gap of the as-synthesised flowers, squares and octagons
be interesting because of the difference in thickness, color, exposed facets and overall shape.
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6.1 Further work

Some suggestions for further work are listed below.

• Due to the inconsistencies in Raman spectroscopy more investigation of stoichiometry is
needed.

• The EDS analysis of both silica N, silica L and mica L shows that the composition is not
completely consistent with BiOCl, as the EDS spectres shows higher levels of Bi than O and
Cl. This could indicate that there is some discrepancies in the stoichiometry and further
investigation of stoichiometry would be advantageous.

• To get more precise understanding of the facets and textures in the crystals, a more extensive
XRD or TEM analysis could be done.

• Based on the XRD analysis showing a preferred orientation of (001) facets for both silica
and mica analysis, it would be of interest in conducting band gap measurement. It would
be advantageous to do so with an emphasis of the different structures, as the silica analysis
also showed a higher exposure of (110) facets which is linked to a more narrow band gap.
This narrowed band gap structure could potentially be used for photocatalytic applications
within the visible light range.

• A more extensive analysis of color and thickness can be performed to a achieve a higher
statistical significance of the results.
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Appendix

A Additional OM images

Optical microscope images of cleaved mica substrate sheets from previous synthesis done at UC
Berkeley [1].

Figure 67: Irregularities and cracks observed on the mica substrate by using OM at UC Berkeley
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B SEM size analysis

SEM images were taken for the nine points the substrate was divided into. At every point both
an overview image and a zoomed in image used for size analysis was captured. Illustrated below
are silica substrates and a mica substrate, this is done in order to show the difference in crystals
structure on the two substrates.

For the silica substrate, one section shows few crystals, one shows an intermediate amount while
the last one shows an abundance of crystals. This is done to give insight into how the crystal
density could vary. Lastly, an image is given displaying how the substrate would look when it was
covered in white powder making an analysis impossible.

Si-15.5cm substrate was analyzed, displaying an example of few crystals in section 1.

(a) Si-15.5cm 1.1 squares and
circles.

(b) Si-15.5cm 1.2 squares. (c) Si-15.5cm 1.3 squares.

(d) Si-15.5cm 1.1 overview. (e) Si-15.5cm 1.2 overview. (f) Si-15.5cm 1.3 overview.

Figure 68: Si-15.5cm displaying low crystal density substrate section 1.

Section 3 of the Si-3min substrate displays a middle amount of crystals.

(a) Si-3min 3.1 squares and oc-
tagons/circles.

(b) Si-3min 3.1 squares.
(c) Si-3min 3.2 octa-
gons/circles.

(d) Si-3min 3.2 squares.

(e) Si-3min 3.3 squares. (f) Si-3min 3.1 overview. (g) Si-3min 3.2 overview. (h) Si-3min 3.3 overview.

Figure 69: Si-3min section 3 displaying medium crystal density.

Section 1 of the Si-1min substrate shows growth of a large amount of crystals.
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(a) Si-1min 1.1 octa-
gons/circles.

(b) Si-1min 1.2 octa-
gons/circles and few squares.

(c) Si-1min 1.3 octa-
gons/circles.

(d) Si-1min 1.1 overview. (e) Si-1min 1.2 overview. (f) Si-1min 1.3 overview.

Figure 70: Si-1min section 1 showing large crystal density.

A display of section 1 on Mica-900W substrate.

(a) Mica-900W 1.1 flower
petals.

(b) Mica-900W 1.2 flower
petals.

(c) Mica-900W 1.3 flower
petals.

(d) Mica-900W 1.1 overview. (e) Mica-900W 1.2 overview. (f) Mica-900W 1.3 overview.

Figure 71: Mica-900W section 1 showing crystal growth on mica.

A display of a SEM picture obtained at a point where there was visible white precursor powder on
the substrate surface.

Figure 72: Image showing an area of the silica substrate that was covered in white powder.
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C Additional EDS results

Following figures shows additional EDS results done at UC Berkeley. It illustrates areas of interest
on the silica substrate L where there is noticeable flower-structure formation on square crystals.
The aim was to analyze the flower-structure observed on the substrate.

Figure 73a shows a small area being analyzed for elemental composition thus leaving out the
substrate, where each element is coordinated with one color. The narrow area being analyzed
shows a flower-like structure growing on top of squares. It is clear that there is no silicon, and
there is no chlorine detected. Carbon and bismuth corresponding to the green color is present, as
well as oxygen identified by the turquoise color.

Similarly, the Figure 73b shows this type of analysis but for a wider area. In this figure carbon
and bismuth are prominent.

The Figure 73c is an illustration of a elemental mapping, where detected elements are associated
with a specific color which is displayed in the image. From this picture it is not straightforward
to differentiate between the composition of the substrate and the structure. This is because it
appears as all the elements are detected across the whole area without much contrast other than
a small variation in intensity where some parts seems brighter than other.

A semi-quantitative plot of discovered elements are given in Figure 73d from the EDS layered
image in Figure 73b. This EDS spectrum shows high levels of bismuth, oxygen, silicon and then
chlorine which is supportive of results presented in EDS result Section 4.2.
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(a) Narrow area being analyzed. (b) A layered image with detected elements.

(c) Elemental distribution mapping of analyzed area. (d) EDS spectrum of analyzed area.

Figure 73: Illustration of EDS results on silica L, where the aim was to identify elements in the
flower-structure.
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D Additional AFM images

In addition to the AFM images presented earlier in AFM result Section 4.3, this section contains
images that were taken with the AFM. This section contains both observed structures as well as
images that were analyzed for the measurements given in Table 8. In addition to these, there is a
color and thickness analysis section.

D.1 Observations done

Figure 74 shows an irregular shaped crystal with a hole in the middle. This phenomenon observed
in AFM was not analyzed for thickness measurements.

Figure 74: Irregular shapes with a hole in the center.

Figure 75 was as an illustration of a smooth surface crystal with no granular deposition and no
crack as observed in Figure 50a. This figure is a peak force error image of the corresponding
Zsensor image that was thickness analyzed shown in Figure 77.

Figure 75: Figure of a smooth surface crystal.
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D.2 Large octagons

The Figures 76, 77 and 78 where used in the measurements and analysis of large octagons. For
Figure 76 the uppermost octagon was analyzed.

Figure 76: Picture of large octagon used in analysis.

Figure 77: Picture of large octagon used in analysis.

For Figure 78 the octagon to the left was analyzed.
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Figure 78: Picture of large octagon used in analysis.

D.3 Nanoframes

Figure 79 shows the peak force error image of the square crystal analyzed and illustrated in Figure
46a. This image is displayed to give a greater detail into the structure, where the cracks on the
surface is more prominent.

(a) Nanoframe with peak force imaging. (b) Captured image.

Figure 79: Illustration of AFM images of a large nanoframe used in analysis.

(a) Nanoframe imaged with peak
force error.

(b) Nanoframe with ZSensor ima-
ging. (c) Captured image.

Figure 80: Illustration of AFM images of nanoframe used in analysis.
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(a) Nanoframe with ZSensor imaging. (b) Captured image.

Figure 81: Illustration of AFM images of a large nanoframe used in analysis.

(a) Nanoframe with ZSensor imaging. (b) Captured image.

Figure 82: Illustration of AFM images of a large nanoframe used in analysis.

D.4 Color and thickness analysis

The thickness of different colors was also done, solely focusing on square crystals and disregarding
other morphologies.

The following figures were used in the thickness analysis presented in Table 9. The captured image
is also displayed to give a visual of the color being analyzed.

(a) Zsensor imaging of yellow square. (b) Captured image of the yellow square being analyzed.

Figure 83: Illustration of AFM image of yellow square.
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(a) Zsensor imaging of blue and red square. (b) Captured image of the blue and red square being analyzed.

Figure 84: Illustration of AFM image of blue and red square.

(a) Zsensor image of yellow and red square. (b) Captured image of the yellow and red square.

(c) Thickness profile. (d) Peak appearing at the center of the crystal.

Figure 85: Illustrations of AFM analysis of a yellow and red square.

(a) Zsensor imaging of blue square. (b) Captured image of the blue square being analyzed.

Figure 86: Illustration of AFM image of blue square.
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(a) Zsensor imaging. (b) Captured image. (c) Thickness profile.

Figure 87: Illustration of AFM analysis of blue square.

(a) Zsensor image.

(b) Captured image.
(c) Thickness profile.

Figure 88: AFM analysis of a yellow square.

(a) Zsensor image.
(b) Captured image.

(c) Thickness profile.

Figure 89: AFM analysis of a blue, red and yellow square.
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E XRD calculations

Calculations of lattice spacing, dhkl was performed using Excel [186]. By using Bragg’s law 3 given
in Section 2.5.4 the lattice spacing d can be calculated for each diffraction angle.

Filling in n=1, λ = 0.15406 nm for copper (Cu) X-Rays, the θ is half of the diffraction angle and
by reconstructing the Bragg’s law, Equation 3, the lattice spacing, d can be calculated. Equation 6
shows the rearrangement of the Bragg’s law, Equation 3, and calculation of d for the first diffraction
angle of silica I, 2θ=11.92°.

d[nm] =
n · λ

2 · sin θ
=

1 · 0.15406

2 · sin (5.96)
= 0.742 (6)

2θ Silica I [°] 11.92 24.10 25.83 32.53 33.41 36.47 40.89 46.69 49.84 53.45 54.18 54.89 58.66 60.63
Facet (hkl) (001) (002) (101) (110) (102) (003) (112) (200) (113) (202) (211) (104) (212) (114)
dhkl [nm] 0.742 0.369 0.345 0.275 0.268 0.246 0.221 0.194 0.183 0.171 0.690 0.167 0.157 0.153

Table 13: Silica 2θ values, facets and calculated lattice spacing

2θ Mica J [°] 11.97 24.10 25.86 32.51 33.45 36.53 40.90 46.65 49.72 53.36 54.18 55.14 58.62 60.58
Facet (hkl) (001) (002) (101) (110) (102) (003) (112) (200) (113) (202) (211) (104) (212) (114)
dhkl [nm] 0.739 0.369 0.344 0.275 0.268 0.246 0.220 0.195 0.183 0.172 0.169 0.166 0.157 0.153

Table 14: Mica 2θ values, facets and calculated lattice spacing

After calculating the lattice spacing d, the lattice constant c was calculated for BiOCl on both
silica and mica XRD analysis in order to compare with the database BiOCl. By using the Equation
4 and filling in known constants. The lattice constant a = 0.388551 nm [191]. This value is from
the database BiOCl in order to see the eventual shift between calculated lattice constant c and the
database established c.

The c was calculated for each facet (hkl) by rearranging Equation 4, using a = 0.388551 nm
and using the calculated d from Table 13 and Table 14 for silica and mica, respectively. The
rearranged equation is exhibited in Equation 7 showing calculation for silica’s first diffraction
angle at 2θ = 11.92°corresponding to the (001) facet. This procedure was repeated for every
diffraction angle and corresponding facet. Then an average c was calculated for silica and mica.
Silica c = 0.73815858 nm, mica c = 0.737935716 nm. Database BiOCl c = 0.73489 nm [191].

c[nm] =

√
l2

1
d2 − h2+k2

a2

=

√
12

1
0.7422 − 02+02

0.3885512

= 0.742

(7)
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F Synthesis with varying amount of source

From the last synthesis the parameter examined was amount of precursor. As the scale did not
function adequate in the operational weight range, the difficulties with placing the precursor and
preventing it from falling off the substrate, a quantitative value of amount of precursor could not
be given. Instead pictures of the source substrates were taken to give an indication of the difference
in precursor amount used in the parallels.

Figure 90 shows the variation in amount of precursor, BiCl3 used in the three parallels for the
last synthesis before heating. Where the first parallel used a small amount, the second used and
the third used an exaggerated amount covering the whole substrate surface. It is worthy to note
that the first parallel had an equal amount of precursor as the first two synthesis before changing
the procedure of precursor handling. The amount used in the second parallel is approximately
equivalent with the amount of BiCl3 used in the synthesis schemes following the procedure change.

(a) Amount of BiCl3 used in parallel 1, Si-small. (b) Amount of BiCl3 used in parallel 2, Si-medium.

(c) Amount of BiCl3 used in parallel 3, Si-large. (d) Comparison of the three parallels before heating.

Figure 90: Illustration of the amount of precursor used in each individual parallel for the synthesis
changing amount of precursor.

The quartz combustion boats for parallel 1 and parallel 3 after heating are illustrated in Figure
91b. This is an indication of how much source there was and that some, despite efforts, fell off the
surface of the substrate and into the boat.
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(a) Quartz combustion boat from parallel 1, Si-small. (b) Quartz combustion boat from parallel 3, Si-large.

Figure 91: Illustration of the quartz combustion boats used in parallel 1 and 3.
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G Code

The code for plotting Raman graphs from a text file with the intensity and wavelength is given
below. The peak height threshold and peak distance threshold were changed depending on the
dataset for each Raman plot.

1 import matplotlib.pyplot as plt

2 import pandas as pd

3 from scipy.signal import find_peaks

4

5 # Variables

6 file_path ='C:/Users/rogde/Desktop/Master/VibekeR_Raman/Spectrum--002--Spec.Data.txt'

7 peak_height_threshold = 1500

8 peak_dist_threshold = 10

9

10 # Load data

11 data = pd.read_csv(file_path, sep='\t',header=0, usecols=[0,1], names=['Wave','Intensity'])

12 intensity = data['Intensity'].to_numpy()

13 wave = data['Wave'].to_numpy()

14

15 # Find peaks

16 peak_idx,peak_properties = find_peaks(intensity, height=peak_height_threshold,...

17 distance=peak_dist_threshold)

18

19 # Plot

20 fig = plt.figure()

21 ax=fig.subplots()

22 ax.plot(wave,intensity,label='Spectrum')

23 ax.scatter(wave[peak_idx], intensity[peak_idx], color="r", s=35, marker=".",label='Peaks')

24 ax.legend()

25 plt.xlabel("Wave [1/cm]", fontsize=12)

26 plt.ylabel("Intensity [a.u.]", fontsize=12)

27 plt.show()
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