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Abstract

Different methods have been applied to deposit hybrid nanocomposites which can be
applied in various fields due to their light weight and multifunctional properties. Here,
matrix assisted pulsed laser evaporation (MAPLE) equipment with 532 nm Nd:YAG laser

is applied to fabricate three types of hybrid nanocomposites on different substrates.

Chemical synthesized FeCo nanoparticles were deposited on graphene sheets by MAPLE
technique (laser fluence: 300 mJ/cm?). The effects of deposition time (t) on particle amount,
shape and size have been investigated. Yttrium barium copper oxide (YBCQO) materials are
one type of high-temperature superconductive materials and could be applied in
transportation. To fabricate superconductive materials/graphene hybrid nanocomposites,
YBCO nanoparticles were deposited on graphene sheets by MAPLE techniques with a
laser fluence at 150 mJ/cm?. The microstructures in terms of particle size, size distribution,
and particle shape are studied as functions of the deposition time (t). In addition, up-
conversion nanoparticles (NaGdFa: Yb®*, Er®*) which are able to be excited by low energy
photons (Aex = 980 nm) and emit high energy photons were deposited through MAPLE
technique. Results indicate that 2 hours’ deposition can result in high-quality samples in
terms of particle size and particle amount. No toxic effect is imposed on the cells by the

deposited up-conversion nanoparticles with/without protein modification.

Our results indicate that the MAPLE deposition technique demonstrates the good

versatility of depositing different nanoparticles and preserving their chemical composition.
Key words

Graphene, YBCO nanoparticles, FeCo nanoparticles, hybrid nanocomposites, up-
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Co-Authorship Statement

Chapter 1 (Introduction), Chapter 2 (Background and literature review) and Chapter 3
(Experiment Procedures) were written by Songlin Yang with some suggestions which were
given by Dr. Jin Zhang. Songlin Yang, as the first author, written the Chapter 4, Chapter 5,
Chapter 6 and Chapter 7. Chapter 4, Chapter 5, Chapter 6 includes the research data and
characterization data of FeCo/graphene hybrid nanocomposites fabricated by MAPLE,
YBCO/graphene hybrid nanocomposites fabricated by MAPLE and MAPLE deposition of
the protein modified up-conversion nanoparticles, which have been published or under

preparation. Invaluable assistance for this thesis is named in the acknowledge section.



Acknowledgments

This thesis would not have been written without the help and guidance from several people.

I would like to gratefully acknowledge all of them.

I would like to thank my supervisor Dr. Jin Zhang for her guidance, support, trust and
understanding throughout my program. The door of her office was always open whenever
| ran into a trouble spot or had a question about my research. The support and
encouragement from her have been and will continue to be fundamental for my

development.

I would like to thank my examination committee: Dr. Lars Rehmann, Dr. Lyudmila
Goncharova and Dr. Shahzad Barghi for their guidance and feedback throughout the course
of my project. I would like to thank Dr. Richard Gardiner and Mrs. Karen Nygard of

Biotron center for their help of using the facilities.

I would also like to thank all of my current and previous colleagues at Multifunctional
Nanocomposite Lab, Andrew Tse, Longyi Chen, Dr. Longyan Chen, Vishnuvardhana
Wuppaladhodi, Denghuang Zhan, Aditya Balaji, Deepthi Muraleedharan and Eugene
Hwang for their continuous support, encouragement and nice time that we have had
together. Finally, I would dearly like to thank my family for the support they provided me
through my entire life. Without their love, encouragement, and assistance, | would not have

finished this thesis.

This work has been supported by funding from Natural Science and Engineering Research
Council of Canada (NSERC) through a Discovery Grant and Western Engineering
Graduate Scholarship.



Table of Contents

ADSTTACT ...ttt b i
COo-AUthOrship StATEMENT.........ccviiieie e esre e enes iii
ACKNOWIBAGMENES. ...ttt st et sreeeeenes iv
110 (o) O] 01 (=] £SO STT %
LIST OF FIQUIES ...ttt sttt et sne e nteent e neeee e IX
LiSt OF ADDIEVIALIONS ..o e xi
(O T T o] (=] o USSP P O TP TRPRO 1
I 1 (oo 11T £ o] o USSP 1
1.1 Magnetic hybrid NnanOCOMPOSITES........cccvevveiieiice e 1
1.1.1 Core-Shell NANOCOMPOSITES ........coviiiiireiieieieiee e 2

1.1.2 Multilayer NANOCOMPOSITES ......ccviiureriiiieiiesiesteeie e te e e e te e sbe e e sbesre e e sre s e e srenns 3

1.1.3 Dumbbell NaNOCOMPOSITES......ciiviiiieiicieiie e s rs 3

1.2 Two-dimensional MALErTAlS ........ccoveiiiiiiiieiee s 4
1.2.0 GraPRBNE ...ttt 5

1.3 Fabrication of graphene based hybrid nanoCoOmMpOoSItes...........ccceveveierencnenenne. 5
1.3.1 Graphene based hybrid Nnan0COMPOSILES........ccccuiiiiiiiiiicce e 6

1.3.2 Fabrication methods of graphene based hybrid nanocomposites............cccccevvevveneane. 7

1.4 Surface modification MethodS .........cccoiiiiiiiiiie s 8

1.5 Matrix assisted pulsed laser evaporation (MAPLE) technique ...........cccccovevveneee. 9

1.6 Fabricate hybrid nanocomposites by MAPLE method ............ccccoevveiiiieinnne. 10

1.7 Motivations and thesis ODJECHIVES..........cccuiiiiiii e 11

1.8 THESIS OVEIVIBW .....ceuiieiieiiieie ettt ente s e s e naeeneenneenes 12

1.0 RETEIBINCE ...ttt ettt e s te et re e te e eneenrs 14
CRAPLET 2.ttt bbb 22
2 LITEIatUIE FEVIBW ...ttt ettt sttt sb et sbeeneene s 22
2.1 Magnetic hybrid NanOCOMPOSITES.........ccvveiieiiiieieee e 22

2.2 Graphene-based magnetic hybrid NnanoCOMPOSItES .........cceevveiieeiieiiiie e, 23
2.2.1 GrAPNBNE ... 24

2.2.2 Synthesis method of graphene ............oooii i 25

2.3 Magnetic NANOPAITICIES. .......cciiiiiiiiicieee e 26

2.3.1 The influence of particle size and surface conditions on chemical and physical
PIOPEITIES ...tttk bbbttt bbbttt b 27



2.3.2 FECO NANOPAITICIES. ... .cviiieeie ettt st re e sresreeaenae s 28

2.3.3 YBCO NANOPAITICIES ......eoviiiieeieee e 29
2.3.4 up-conVersion NANOPAITICIES ..o 29

2.4 Fabrication methods for magnetic hybrid nanocomposites...........ccocovvervnnnnns 30
2.5 Surface modification MEthOS ..........ccvviiriiii i 31
2.5.1 Normal deposition MEthOUS ..........ccccieiiiiiie e 31
2.5.2 Chemical vapor deposition (CVD) .......ccceviiiiiiiiiiinees e 33
2.5.3 Matrix-assisted pulsed laser evaporation (MAPLE) ..........cccceeiiiiiiiiiniineneeee 35

2.6 OUF CONITDULTON ...ttt ettt enee e 37
2.7 SUMIMAIY ...ttt b bt stk e bt b e b et eb e b e e e b e nbe e n e s 37
2.8 RETEIBINCE ... .ottt sttt e nre et e e 38
(O T o) 0 ST R 48
S EXPEIIMENTAL ......ooiiieiciece ettt et nra e ne e 48
3.1 Synthesis of graphite OXide..........ccoviiiiieii e 48
3.2 Preparation of graphene NanoSheets ...........cccoevveveeieiic v 49
3.3 Synthesis of FEC0 NANOPAITICIES .........cccoiiiiiiiiie e 49
3.4 Synthesis of up-conversion NANOPAITICIES ..o 50
3.5 Fabrication of protein modified up-conversion nanoparticles.............c.cc.covens 50
3.6 Deposition process of nanoparticles by MAPLE ..........cccccooiiiiiiiieniicnes 51
3.7 Characterization MethodS ..........c.coiiiiiiiieee e e 52
3.7.1 Transmission electron MICTOSCOPY......ccuerueruerrerreieieieniesieste st 53
3.7.2 Scanning electron MICIOSCOPY ....c.veuvrvervirteriiieieieeeiste sttt 54
3.7.3 Energy-dispersive X-ray SPECIIOSCOPY .....ccvveirereeruereaeeireseeeesteseesresseesessessesssesses 54
3.7.4 Fourier transform infrared SPECtIOSCOPY ......ccveveveieiriiriiniesiesiereeee s 55
3.7.5 Ultraviolet—Visible SPECIIOSCOPY ......cuvivirtiriirieieieiiei st 55
3.7.6 Vibrating sample MagnetOmMELEr .........cc.ciiiiieie it 55
3.7.7 FIUOIESCENCE SPECIIOSCOPY ...viviereiteitierriiteiteestesteetesteeteestesreeseestesreesresteeseesresraeeesaes 56
3.7.8 X-ray AIFFTACTION ...t 56
3.7.9 CONTOCAl MICTOSCOPY ...euvirverteriesieiieiisie sttt sttt bbbttt sb et 57
3.7.10 Cell VIaDIITY tESt..... .o ettt s ee e 57

BB RETEIBINCE ... et 58
(O 0T o (=T PSPPSR 59
4 Fabrication of FeCo/graphene hybrid nanocomposites by MAPLE ..........c.ccccocovee. 59

Vi



A1 INEFOAUCTION ..o 59

B2 RESUIES ... 61
4.2.1 Characterization of graphene Nan0oShEetS..........cccvcveiiiiie e s 62
4.2.2 Characterization of FECO NaNOPArtiCIES .........ccoveiviiiiiiii e 63
4.2.3 Characterization of FeCo/graphene hybrid nanocomposites .........ccccccovveverviivernene 65
4.2.4 Relationship between surface morphology and deposition time (t)...........c.cccevevnenee. 66
4.2.5 The magnetic properties of the FeCo/graphene hybrid nanocomposites................... 68

4.3 CONCIUSTON ...ttt bbb 69

A4 RETEIENCE ...ttt bbbt b bbb s 70

CNAPLET 5. bbbt 73
5 Fabrication of YBCO/graphene hybrid nanocomposites by MAPLE........................ 73

5.1 INEFOUUCTION ...ttt 73

5.2 RESUILS ... 74
5.2.1 Characterization of graphene NanoSheets...........cccoovririieieneice e 75
5.2.2 Characterization of original YBCO partiCles..........c.ccoovviiiineieiciiinenene e 75
5.2.3 Characterization of YBCO/graphene hybrid nanocomposites..........cccceeevveeeniennenn 76
5.2.4 Relationship between surface morphology and deposition time (t)...........c.cccceeveneee. 78

5.3 CONCIUSIONS ....cviiiiieieee e 79

5.4 RETEIEINCES ...ttt bttt 80

CRAPLET B ...ttt 82
6 Deposition of protein modified up-conversion nanoparticles by MAPLE ................ 82

6.1 INEFOTUCTION ... 82

6.2 RESUIES ... 85
6.2.1 Characterization of BSA modified up-conversion nanoparticles..............cc.ccoeruennee. 86
6.2.2 Characterization of BSA modified up-conversion nanoparticles on the substrate after

IMAPLE PIOCESS. ... etveieieteiee st siee sttt 88

6.2.3 Characterization of IgG modified up-conversion nanoparticles before and after
Y o I T [0 SRR 90

6.2.4 Biocompatibility test of the deposited SAMPIES..........ccvviiriniieie e 92

6.2.5 Cell viability test of the deposited SAMPIES.........ccovviiiriiiiiie e 94

6.3 CONCIUSIONS ...ttt bbb ene s 94

6.4 RETEIBICE ......eiiiiieicie bbb ene s 95
CRAPLET 7 et bbbttt bbb 100
7 Summary and fULUIe WOTK..........c.ooiiiiiicec e 100

vii



7.1 Summary

T2 FULUIE WOTKS ...,

Curriculum Vitae

viii



List of Figures

Figure 1.1 Schematic of the core-shell NnaNOCOMPOSILES.........ccceevveivere i 2
Figure 1.2 Mechanism of MAPLE Method...........ccccoeiieii i 10
Figure 2.1 Structure of the YBCO [50] Copyright 2017, Royal Society of Chemistry.... 29
Figure 2.2 Schematic of MAPLE equipment (a) vertical configuration, (b) horizontal

[o70) 11 P40 221 5 o) o WU OSSR RUPPTRUPRTPR 36
Figure 3.1 Schematic of graphene fabrication ProCess ...........ccuvveiieieienenc s 49
Figure 3.2 Schematic of polyol reduction proCess[S] .........ccoovririrmriieiieieiese e 50
Figure 3.3 Schematic of fabrication and modification process of up-conversion
NANOPANTICIES ...ttt ne bbb 51
Figure 3.4 Illustration of MAPLE equipment and vacuum chamber..............ccccoovvvnene. 52
Figure 4.1 Schematic of MAPLE experiment and FeCo/graphene hybrid nanocomposites
........................................................................................................................................... 61
Figure 4.2 TEM image of graphene NanoSheets ............ccccvvveieeie e 62
Figure 4.3 UV-Vis spectrum of (1) graphene and (2) graphene oxide. (The absorbance
peak red-shifted from 231 nm of graphene oxide to 270 nm of graphene) ...................... 63
Figure 4.4 TEM micrograph of chemical synthesized FeCo nanoparticles and the size
distribution histogram of FEC0o nanopartiCles............cccvveveeie e 64
Figure 4.5 Magnetic hysteresis loop of FeCo nanoparticles at room temperature ........... 64
Figure 4.6 TEM micrograph of the FeCo/graphene hybrid nanocomposites ................... 65

Figure 4.7 TEM-EDS result of the FeCo/graphene hybrid nanocomposites with t = 2 h. 66

Figure 4.8 TEM micrographs and size distribution of the FeCo hybrid nanocomposites

under different depositiontime (a) t=05h({®)t=1h(c)t=15h(d)t=2h............ 67
Figure 4.9 Magnetic hysteresis loop of FeCo/graphene hybrid nanocomposites at room
TEIMPETALUIE ...t n e s e e n e e nne e s e e nneennne e 69
Figure 5.1 Schematic of MAPLE experiment and YBCO/graphene hybrid
NANOCOMPOSITES ...ttt ettt bbbttt b bbbt bbb e et et e et e bbb s 74

Figure 5.2 TEM micrograph (a) and XRD spectrum (b) of original YBCO particles...... 75

Figure 5.3 Magnetic properties of YBCO powder at (1) 80 K (2) 300 K, (a) full-scale
magnetic hysteresis loops (b) magnetic hysteresis loops near axis origin........................ 76

Figure 5.4 TEM micrograph of YBCO/graphene hybrid nanocomposites....................... 77
Figure 5.5 TEM-EDS spectrum of YBCO/graphene hybrid nanocomposites (t =2 h).... 77

Figure 5.6 TEM micrographs of the YBCO particles on the surface of the substrate under
different depositiontime (@) t=05h(b)t=1h(c)t=15h () t=2h.cciirrrrrrn. 78



Figure 6.1 Schematic of the conjugation process (BSA and IgG with up-conversion
nanoparticles) and MAPLE deposition PrOCESS.........c.coeiveririerererieeieieeese e 86

Figure 6.2 (a) TEM micrographs of up-conversion nanoparticles (NaGdFs: Yb**, Er¥") (b)
TEM micrographs of BSA modified up-conversion nanoparticles (c) fluorescence
spectrum of the up-conversion nanoparticles (excited by 980 nm laser, power 1.05 W). 87

Figure 6.3 FT-IR spectra of (1) BSA modified up-conversion nanoparticles (2) up-
CONVEISION NANOPANTICIES. .....c.eiiiitiitiiie e 88

Figure 6.4 TEM micrographs of (a) up-conversion nanoparticles (b) BSA modified up-
conversion nanoparticles on the substrate after MAPLE deposition (c) FT-IR spectra of
(1) BSA modified up-conversion nanoparticles deposited on glass substrate (2) up-
conversion nanoparticles deposited glass substrate (3) glass substrate ............cc.cccevenee. 89

Figure 6.5 TEM micrographs of the IgG modified up-conversion nanoparticles (1IgG
Marked With red CIFCIES).........oiiiiiieee e 91

Figure 6.6 (a) FT-IR spectra of (1) 1gG modified up-conversion nanoparticles deposited
on glass substrate (2) up-conversion nanoparticles deposited glass substrate (3) glass
substrate (b) FT-IR spectra of (1) IgG modified up-conversion nanoparticles (2) up-
CONVErSION NANOPANTICIES. .....c.viiiiiiitiiieiee bbb 91

Figure 6.7 Confocal micrographs of HUVECs on the surface of (a) control sample, (b)
up-conversion nanoparticles samples, (c) IgG modified up-conversion nanoparticles

SAMIPIES ..ttt bbbt ene s 92
Figure 6.8 Investigation results of HUVECs for control sample/UCNPs/UCNPs-IgG: (a)
cell area, (b) cell connection length (c) cell length (d) cells number..........ccccoceiiiinnnnns 93

Figure 6.9 Cell viability of control sample, glass substrate, UCNPs, and IgG modified
O L N S 94



4-NP

FRET

CVvD

ALD

PVD

MAPLE

PLD

MRI

GO

ETPTA

PDDA

PSS

GOx

MPC

LED

PEI

EDC

TEM

List of Abbreviations

4-nitrophenol

Fluorescence resonance energy transfer
Chemical vapor deposition

Atomic layer deposition

Physical vapor deposition

Matrix assisted pulsed laser evaporation
Pulse laser deposition

Magnetic resonance imaging

Graphene oxide

Ethoxylated trimethylolpropane triacrylate
Poly(diallydimethylammonium chloride)
Poly(sodium 4-styrenesulfonate)

Glucose oxidase

2-methacryloyloxyethyl phosphorylcholine
Light-emitting diode

Polyethyleneimine

1-Ethyl-3-(3-dimethylaminopropyl)

carbodimide

Transmission electron microscope

Xi



SEM — Scanning Electron Microscopy

EDS — Energy-dispersive X-ray spectroscopy
VSM — Vibrating sample magnetometer

FT-IR — Fourier transform infrared spectroscopy
UV-Vis — Ultraviolet—visible spectroscopy
HUVEC — Human umbilical vein endothelial cell
SPR — Surface plasmon resonance

YBCO — Yttrium barium copper oxide

XRD — X-ray diffraction

MTT — 3-(4, 5-dimethylthiazolyl-2)-2,5-

diphenyltetrazolium bromide

DMSO — Dimethyl sulfoxide

Ms — Saturation magnetisation

Hc — Coercivity

E.coli — Escherichia coli

BSA — Bovine serum albumin

IgG — Immunoglobulin G

ETU — Energy transfer up-conversion
ESA — Excited-state absorption

PA — Photon avalanche

Xii



NIR — Near-infrared

ROS — Reactive oxygen species

EDC — 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide

BBS Borate buffered saline

TCVD Thermal chemical vapor deposition

Xiii



Chapter 1
1 Introduction

1.1 Magnetic hybrid nanocomposites

Magnetism is the physical phenomenon which is triggered by the magnetic fields. Magnetic
fields can be generated by the electric currents and magnetic moments which were created
by electron spin. Due to the different conditions of electrons (paired and unpaired) and
domain directions in the materials, different types of magnetism could be generated:
ferromagnetism, paramagnetism, diamagnetism, antiferromagnetism, ferrimagnetism, and
superparamagnetism. Magnetic materials have been applied in various fields of the modern
technology, for instance, magnetic data storage, magnetic sensors, magnetic motors,
medical instruments, energy storage, energy transfer, etc. In the past thirty years,
nanostructured materials demonstrate great potentials in various applications because of
their special magnetic properties. The magnetic nanomaterials with various structures and
different magnetic properties were produced by different techniques. The magnetic
nanomaterials hold advantages including large surface area, small particle size, and simple
to manipulate. In addition, the superparamagnetism could be achieved by the magnetic
nanomaterials if the size of the nanomaterials lower than the specific value and the

temperature lower than the critical temperature.

Magnetic nanomaterials have been applied in various fields: catalysis, nanofluids, pollution
treatment, data storage, magnetic detecting sensor, microorganism collection, cancer
therapy, etc. Recent years, the magnetic hybrid nanocomposites have attracted the
worldwide attention since they could combine the superiorities of magnetic nanomaterials
with the advantages of the other nanostructures/nanomaterials. These magnetic hybrid

nanocomposites can show enhanced and special multi-properties.

The magnetic nanocomposites with different structures have been developed for decades.
The core-shell nanocomposites could achieve different properties of both two materials

and core-shell nanostructure could protect the inside materials from oxidization. The



multilayer nanocomposites are produced to fabricate devices with different functions. The
dumbbell nanocomposites are developed to fully display the feature of component
materials. These nanocomposites are fabricated through growing other nanoparticles on the
surface of the seeding nanoparticles. Unlike the core-shell nanocomposites and the
dumbbell nanocomposites, dumbbell nanocomposites allow all the parts of the

nanoparticle’s surface exposing. These properties are crucial for the catalytic processes.

1.1.1 Core-shell nanocomposites

To expand the application fields of the conventional nanoparticles. Core-shell
nanocomposites (Figure 1.1) are designed by the researchers. Core-shell structure is widely
applied in the fabrication processes of different magnetic nanocomposites, especially the
iron oxide based magnetic nanoparticles. Iron oxide based magnetic nanomaterials have
been applied in various fields since these nanomaterials could achieve superparamagnetic
properties. In addition, the iron-oxide based magnetic nanoparticles are biocompatible and
easy to be degraded by the organisms. Some researchers coat iron-oxide nanoparticles and
organic dye with silica shell to fabricate uniform size nanocomposites which could be
applied for cell imaging and cell collection [1]. Iron oxide materials could be applied as
the shell layer of the nanocomposites. Shevchenko et al. [2] fabricated gold/iron oxide core-
shell nanocomposites which applied gold nanoparticles as the core part and hollow iron
oxide nanoparticles as the shell part. Multicore magnetic nanocomposites are developed by
the researchers to manipulate the magnetic properties of the core-shell nanocomposites.
The magnetic properties of the multicore nanocomposites are decided by the number of the

magnetic cores inside the particles [3]. By varying the materials of the core part and the

other properties.

=

shell part, the core-shell magnetic nanocomposites could resist the oxidation and grain
uuu

(a) Single core  (b) Reverse core-shell  (c) multicore

Figure 1.1 Schematic of the core-shell nanocomposites



1.1.2 Multilayer nanocomposites

Multilayer nanocomposites have been developed by the researchers to expand the
application fields of the single layer nanocomposites. Generally, multilayer magnetic
nanocomposites would have a magnetic core and multilayer shells with different functions.
The researchers fabricated a-Fe203/Ag/SiO2/SnO, multilayer magnetic nanocomposites
through the adjusted Stcher method [4]. By varying the thickness of each layer, these
nanocomposites could achieve different properties and could be applied as photo-catalysts
under the UV light. Salazar-Alvarez et al. [5] produced maximum four layers uniform
magnetic nanocomposites by depositing other materials on the surface of the magnetic core.
In this experiment, the researchers deposited MnO layer on the surface of the magnetic
core and MnO layer was passivated in the air. Multilayer magnetic nanocomposites have
been developed by the researchers to overcome the drawbacks of single layer magnetic

nanocomposites.

1.1.3 Dumbbell nanocomposites

Dumbbell nanocomposites normally contain two or more parts. The other nanoparticles are
seeded on the surface of the magnetic nanoparticles. These nanocomposites allow the
nanoparticles to fully unleash their physical and chemical properties since nanoparticles
could direct contact with the external environment. The dumbbell magnetic
nanocomposites possess the unique structure which could contribute to the catalytic
process. The successful synthesis of the dumbbell magnetic nanocomposites needs to meet
some critical requirements such as the matching of the lattice structure and critical
synthesis conditions. In the past decades, the researchers developed various dumbbell
magnetic nanocomposites and most of them combine noble metals with magnetic materials
together. The Au-FesOs dumbbell nanocomposites [6] are synthesized by adjusting and
controlling the structure/size of the Au/FesO4 nanoparticles. The Pt-FesO4[7], FePt-FezOa
[8] and Ag-Fe3Os [9] dumbbell magnetic nanocomposites were synthesized by the
researchers for different applications. The adding of noble metals in dumbbell magnetic
nanocomposites could make magnetic nanomaterials grain optical properties and magnetic

properties at the same time. This type of nanocomposites could be applied in the



multichannel image (magnetic/optical) for the medical applications. By varying materials
type of dumbbell nanocomposites, these magnetic nanocomposites could be applied in
different catalysis processes. The dumbbell nanocomposites could overcome the
drawbacks of core-shell nanocomposites, but the synthesis requirements for these materials

are strict.

Various nanomaterials have been incorporated with magnetic nanomaterials. For instance,
silica nanoparticles, noble metal nanoparticles, quantum dots, graphene, proteins, etc.
Different nanoparticles would graft magnetic nanomaterials different functions. Compared
with the nanoparticles, the two-dimensional materials such as graphene could work as the
matrix of the hybrid nanocomposites. There are various methods to incorporate the
magnetic nanomaterials with the two-dimensional materials, both chemical methods and
physical methods. All of these methods are not hard to perform since the two-dimensional
nanomaterials have large superficial area and a lot of functional groups on their surface. In
addition, it is possible to combine two or more nanomaterials with two-dimensional

materials to fabricate nano-size devices which could be applied in various fields.

1.2 Two-dimensional materials

Two-dimensional materials, also known as the 2D materials or single layer materials.
These materials possess the unique structure which only consists one single layer of atoms.
This unique structure makes the two-dimensional materials grain various superior physical
and chemical properties. Andre Geim and Konstantin Novoselov [10] found a simple
method to fabricate graphene. They separated graphene from the graphite with scotch tape.
After the successful preparation of the single layer graphene, a series of two-dimensional
materials were fabricated by the researchers such as borophene[11], germanene[12],
silicene[13] and phosphorene[14]. These two-dimensional materials have been applied in
different fields such as semiconductors, high-performance batteries, optical electronic
devices, therapy, etc. Since the two-materials hold superb mechanical, electrical and optical
properties, these materials have attracted the attention of the researchers from all over the

world.



1.2.1 Graphene

Graphene is a typical two-dimensional carbon nanomaterial. Since graphene possesses
unique structure, it offers remarkable mechanical, electrical, thermal and optical properties.
These properties which measured by the researchers surpassed such properties of the
normal materials. Some of them even reached the limit of the theoretical calculation. Such
as, Young’s modulus of graphene is around 1 TPa and the intrinsic strength of graphene is
130 GPa [15]. The room temperature electron mobility of graphene is 2.5 x10° cm? V1 s°
! [16]. The thermal conductivity of the graphene is > 3000 W mK™.

Since graphene sheets possess these excel properties, various applications have been
developed by researchers, such as energy-storage devices, polymer composite materials,
‘paper-like’ materials, mechanical resonators, sensors [17], etc. Graphene was used to
fabricate flexible electronics [18, 19], high-frequency transistors [20] and logic transistor
[21]. Because the optical energy of low layer graphene is smaller than double of the Fermi
level value, the single layer and double layer graphene could become transparent [22].
Graphene sensors can be applied to detect the gas molecules [23] and biomolecules [24].
New high-performance clear energy batteries can be fabricated by using graphene as the

electrode materials [25].

1.3 Fabrication of graphene based hybrid nanocomposites

Compared with other two-dimensional materials, the synthesis processes of graphene
nanosheets are not complicated and easy to perform both at lab or factory. Because
graphene possesses various outstanding physical and chemical properties, the fabrication
of graphene based magnetic hybrid nanocomposites attracts the attention of the researchers.
The superficial area of the graphene is higher than the other nanomaterials due to the nature
of the two-dimensional materials. There are various applications of the graphene hybrid
nanocomposites in different fields such as: electronic sensors [26], biosensors [27],
therapy/medical imaging [28], catalysts [29], filling materials, photochemical sensors [30],

solar cells [31], electrodes [32], supercapacitors [33], etc.



1.3.1 Graphene based hybrid nanocomposites

Among various graphene or graphene derivatives based materials, graphene hybrid
nanocomposites can effectively integrate the advantages of graphene and nanoparticles.
Graphene hybrid nanocomposites can provide good catalytic properties and adsorption
abilities. In recent years, the researchers developed various types of graphene hybrid
nanocomposites base on the different materials. For example, the researchers developed a
graphene nanocomposites which could provide magnetic properties and catalytic
properties used for 4-nitrophenol (4-NP) reduction. These nanocomposites were fabricated
by decorating magnetic/catalytic nanoparticles on graphene [34]. Another application of
the graphene hybrid nanocomposites is growing Pt-on-Pd bimetallic nano-dendrites on
graphene nanosheets to fabricate an advanced graphene/metal heterostructure which could
work as nano-electro-catalyst for methanol oxidation [35]. Graphene hybrid
nanocomposites could be applied as biological devices. The researchers conjugated
graphene nanosheets with up-conversion nanoparticles to form a bio-sensing platform to
detect glucose through Fluorescence Resonance Energy Transfer (FRET) process [36].
There were many other graphene hybrid nanocomposites which were investigated with
enhanced performance and novel chemical physical properties for bio-applications [37],

supercapacitor [38], photovoltaic, electrodes, sensors [39], etc.

Graphene magnetic hybrid nanocomposites were fabricated through different methods
which include solution methods [40], chemical vapor deposition [41] and physical
deposition [42]. Ren et al. [43] grafted FesOs4 and ZnO on the surface of graphene
nanosheets and fabricated graphene magnetic hybrid nanocomposites. Researchers found
these graphene magnetic hybrid nanocomposites are good electronic magnetic wave
absorption materials. Liang et al. [44] fabricated Fe3O4/graphene magnetic and conductive
paper by filtrating the FesOas/graphene oxide solution and reducing through hydrazine.
They assembled a magnetic controlling switch with these graphene hybrid magnetic
materials. Su et al. [45] prepared graphene/FesOs magnetic hybrid nanocomposites to
fabricate high-performance lithium batteries. The fabricated high-performance lithium

batteries show highly reversible capacity and high cycle performance.



For combining particles with graphene and graphene derivatives, the graphene hybrid
nanocomposites provide a good design model for various applications and functions. By
changing the particles on the surface of graphene nanosheets, such as metal nanoparticles,
metal oxide nanoparticles, semiconductor nanoparticles, inorganic or organic nanoparticles,
noble Au/Ag nanoparticles, polymer nanoparticles, up-conversion nanoparticles, bio-
micelles, DNA nanoribbon, etc., various graphene nanocomposites with different

applications and functions could be achieved.

1.3.2 Fabrication methods of graphene based hybrid

nanocomposites

To fabricate organic graphene nanocomposites, the graphene is first well dispersed in the
polymer matrix [46], then use the methods like solution mixing, melt blending and in situ
polymerization to synthesize. Among these methods, the in situ polymerization could
achieve preferable dispersion of the graphene filler [47]. Other methods use emulsion
polymerization to graft the polymer microspheres on the surface of graphene oxide’s
surface by covalent bonds [48]. The synthesis methods of inorganic graphene
nanocomposites shared the similar concept with their organic counterparts. By fixing the
inorganic nanoparticles on the graphene sheets, various functions are grafted to graphene
nanocomposites. Some researchers used the seed and grow methods to form ZnO nanorods
[49] array on the surface of graphene sheets. There are alternate methods which use
hydrothermal methods to graft nanoparticles such as ZnO [50], TiO2[51] onto the graphene
nanosheets. Same as the organic graphene nanocomposites, covalent bonds are applied to

fix the inorganic nanoparticles on the surface of graphene [52].

But the major drawback of these methods it’s that the chemical conjugation could change
the surface structure of the graphene and interfere the function of graphene. Another
problem is that some particles are hard to fabricate by conventional methods. For example,
some ceramic materials need to be synthesized under high temperature and can’t be

fabricated by the methods which use the solution as a matrix. It is hard to synthesize



nanoparticles by these materials and difficult to fabricate nanocomposites by these

materials through normal bottom up methods.

1.4 Surface modification methods

The concept of surface modification methods is the modification of the materials’ surface
and grafting various functions. Meanwhile, the bulk properties of the materials would be
preserved. Various surface modification methods were developed by the researchers to
improve the reactivity [53], biocompatibility [54], cytocompatibility [55], corrosion
resistivity [56] and hydrophilicity [57] of the substrate materials’ surface.

There are two main types of these surface modification methods: chemical methods and
physical methods. Representative two of the chemical surface modification methods are
wet chemical method [58] and chemical vapor deposition (CVD) [59]. The chemical
methods modify the substrate by processing chemical reaction between the import
materials and surface molecules and creating a covalent bond between them. To meet the
reaction criteria, the modification processes must be carried out under extreme conditions,
such as high temperature, toxic or corrosive reactants, and highly flammable gas sphere.
For example, atomic layer deposition (ALD) which is a subclass of CVD, normally use
Trimethylaluminium [60], Diethylzinc [61] and Titanium isopropoxide [11] as the
precursors or reactants. These chemicals are highly reactive, flammable and not eco-
friendly. These chemicals could cause the irreversible decomposition or damage to the
molecules of biomaterials [62]. In addition, it is essential for the chemical modification
methods to use these molecules involved in specific reactions. That means these techniques

are hard to be employed with biological/organic materials [63].

The physical surface modification methods involve physical vapor deposition (PVD) [64],
dip coating [65] and spin coating [66]. Compared with the chemical methods, most of the
physical methods don’t require harsh conditions. It is hard for some conventional physical
deposition methods to control the thickness of the films. In contrast with these methods, it
is simple for PVD methods to control the thickness of the films. By controlling the

deposition time, the thickness of the films could be controlled in nanoscale. PVD methods



include cathodic arc deposition, electron beam physical vapor deposition, evaporative
deposition, pulsed laser deposition (PLD) and sputter deposition, etc. But the disadvantages
of the normal PVD methods are obvious: to deposit the target material on the surface of
substrates, it needs input energy (high energy laser beam, high-power electric arc, and
extremely high temperature) onto the target materials, which could damage the structure
of the delicate materials. To overcome these drawbacks and expand the application fields
of the PVD method, researchers developed a new technique: matrix assisted pulsed laser
evaporation (MAPLE).

1.5 Matrix assisted pulsed laser evaporation (MAPLE)

technique

The MAPLE method was developed from pulse laser deposition (PLD) by the Naval
Research Laboratories. The researchers tried to study a new physical method to deposit
organic materials and they tried to protect the target materials from the damage of high
energy flow. Since MAPLE method derived from the PLD method, it inherits the
advantages of the PLD method, such as thickness controlling and thin and uniform film
fabricating. It overcomes the drawbacks of the traditional PLD deposition methods and
could deposit inorganic materials, organic materials and biomaterial with delicate

structures on the substrate surface.

Similar with the PLD methods, the high energy laser beam is applied as the energy source.
In the MAPLE process, the target material is dissolved in a solvent (matrix) with a weight
concentration lower than 5 % (w/v). This target solution is frozen by the liquid nitrogen
which flows through the tube between the sidewalls of the holder. As Figure 1.2 shows,
during the deposition process, most of the laser energy is absorbed by the solvent and the
target materials are protected. Among the photo thermal process, the frozen solvent
molecules absorb the energy of photons and convert that to thermal energy. In this process,
target molecules are heated and the solvent is allowed to vaporize [67]. The target
molecules absorb enough energy through collisions with solvent molecules among the

evaporation process. The substrate is placed in the same direction of the molecular



movement to make the target molecules reach it easily. For the same reason, the process is
carried out under high vacuum to improve the average travel distance of the molecules and
reduce the collision times with other molecules when the target solution is vaporized.
During the MAPLE process, the target molecules start fabricating the thin film on the
surface of the substrate. At the meantime, the solvent molecules are pumped away by the
pumps because their adhesion coefficient of them are low [68].

Laser beam

\\
Frozen traget N
/ 4 §ub strate holder
Target holder / Y.
- / 4

¥

)

s
-
-
[ ]
[ ]
e _@
..
[ ]
[ ] <
. \
.
.. . .
° [ ]
.
: .
R e ® ®
L) °
.
.
.
.
00...'-.:00..

[

® Nanoparticle

Lo ’ «  Solvent molecule
Liquid nitrogen Substrate

Solvent molecule
pump away

Figure 1.2 Mechanism of MAPLE method
1.6 Fabricate hybrid nanocomposites by MAPLE method

It is possible to fabricate nanocomposites and deposit hybrid nanocomposites on the
surface of the substrate through MAPLE technique. The hybrid nanocomposites can obtain
various functions based on the deposited materials. Meanwhile, MAPLE technique could
protect target materials and maintain its functions. The researchers has already deposited
TiO2 [69], CdSe [70], SnO2 [71], carbon nanotubes [72], graphene oxide [73], graphene-
iron oxide nanocomposites [74] by the MAPLE technique. The former works of our group
deposited Ag-PVP nanocomposites [48] and ZnO-PEG nanocomposites [49] on the surface
of the silicone hydrogel to solve the biofouling problems of the silicone hydrogel. These

experiments proved that MAPLE method can deposit nanomaterials on the surface of the
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substrate and preserve the chemical/physical structure of the nanomaterials. By switching
the deposition materials and the substrates, the hybrid nanocomposites could obtain various

properties: such as electronical[74], optical[75] and biological[76] properties.
1.7 Motivations and thesis objectives

Two-dimensional hybrid nanocomposites have demonstrated the extensive applications in
fabricating various electronic and magnetic devices. In particular, they bring promising
future for miniaturized medical devices. However, it is a challenge to have the suitable
surface modification and efficient manufacturing process for hybrid nanocomposites
fabrication. As compared to other modify methods, the MAPLE method could be applied
in different fields. Various materials could be deposited through MAPLE method. The
primary objective of MAPLE technique is depositing target materials and minimizing the
effect of the process. It is possible to overcome the drawbacks of the normal physical and
chemical deposition methods and deposit ultra-thin nanocomposites films uniformly
through MAPLE technique. In addition, there are few reports on incorporating magnetic
nanocomposites onto two-dimensional materials by the MAPLE technique. The studies
about the deposition of the protein incorporated nanomaterials through MAPLE technique

are less for past decades.

The main objective of this thesis is to deposit different magnetic nanoparticles on two-
dimensional materials to form hybrid nanocomposites. In addition, the protein incorporated
nanomaterials are deposited through MAPLE technique in this study. The effect of MAPLE
process on different nanoparticles is studied to make a full-scale understand of the MAPLE

process mechanism and the influence of different parameters on the target materials.

(1) To design and fabricate different two-dimensional hybrid nanocomposites by using
MAPLE method.

(2) Tothoroughly investigate the effect of the different parameters of the matrix assisted
pulsed laser evaporation (MAPLE) on nanoparticles with different magnetic

properties.

11



(3) To understand the inherent mechanism of MAPLE method by characterizing the
particles before deposition process and after the deposition process. The hybrid
nanocomposites before and after MAPLE deposition are thoroughly characterized.

(4) To study the special physical and chemical properties of the hybrid nanocomposites

made by MAPLE, and to explore the developed materials in different applications.

1.8 Thesis overview

The overview of the following is presented here.
Chapter 2 Literature review

This chapter reviews the applications/properties of magnetic nanoparticles and magnetic
hybrid nanocomposites. Different methods which are used to produce magnetic
nanoparticles and magnetic hybrid nanocomposites are mentioned in this chapter. The
applications and properties of particles which are used for fabricating hybrid
nanocomposites by MAPLE process are mentioned in this chapter. In addition, the history,
developments, applications and the full mechanism of Matrix Assisted Pulsed Laser

Evaporation (MAPLE) would be reviewed in this chapter.
Chapter 3 Experimental methods

This chapter presents the experimental procedures of the chemical synthesis processes of
the FeCo nanoparticles, up-conversion nanoparticles (UCNPs) and protein modified up-
conversion nanoparticles. The deposition processes of FeCo, YBCO and up-conversion
particles are described in this chapter. The factors of the MAPLE deposition processes are
showed in this chapter. The characterization techniques and test procedures which are

applied in this study are described in this chapter.
Chapter 4 Fabricating FeCo/graphene hybrid nanocomposites by MAPLE

This chapter mainly focuses on fabricating FeCo/graphene hybrid nanocomposites through
MAPLE technique. The chemical synthesis processes of the FeCo nanoparticles are

described in this chapter. The specific parameters of the MAPLE deposition process are
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presented in this chapter. The graphene nanosheets were coated on the surface of the glass
plate as the substrates of the deposition. Ultraviolet-visible spectroscopy (UV-Vis) was
applied to characterize the synthesis results of the graphene. Deposition products of this
experiment were characterized through the techniques such as transmission electron
microscope (TEM), energy-dispersive X-ray spectroscopy (TEM-EDS) and vibrating
sample magnetometer (VSM). The relationships between deposition time (t) with the

morphology of the FeCo/graphene hybrid nanocomposites were investigated.
Chapter 5 Fabricating YBCO/graphene hybrid nanocomposites by MAPLE

In this chapter, the fabrication process and results of the YBCO/graphene hybrid
nanocomposites by MAPLE technique are discussed. Various characterization techniques
were applied to investigate the deposition products and the raw materials: transmission
electron microscope (TEM), energy-dispersive X-ray spectroscopy (TEM-EDS), X-ray
Diffraction (XRD) and vibrating sample magnetometer (VSM). These techniques were
applied to characterize the fabrication of the YBCO/graphene hybrid nanocomposites. The
relationships between size/shape of the YBCO nanoparticles and deposition time (t) were

characterized by these techniques.

Chapter 6 Deposition of protein modified up-conversion nanoparticles by MAPLE

technique

In this chapter, the up-conversion nanoparticles and protein (Bovine serum albumin and
Immunoglobulin G) modified up-conversion nanoparticles were deposited through
MAPLE technique. The chemical synthesized up-conversion nanoparticles and protein
modified up-conversion nanoparticles were investigated with Fourier transform infrared
spectroscopy (FT-IR), fluorometer and transmission electron microscope (TEM). The up-
conversion properties and the protein modification results were observed. The deposition
products of up-conversion nanoparticles and protein modified nanoparticles were
investigated by TEM and FT-IR spectrum. The shift and the presence of the specific peaks
indicate the successful deposition of the target nanoparticles. Furthermore, the influence of

the up-conversion nanoparticles/Immunoglobulin G (IgG) modified up-conversion

13



nanoparticles on the Human umbilical vein endothelial cells (HUVECS) were studied. The
results of MTT test and confocal microscopy characterization indicate that IgG modified
up-conversion nanoparticles show the minimum effect on the cells and could help cells

grow on its surface.
Chapter 7 Summary and future work

This chapter mainly focuses on the summaries and conclusions of this study. The further
experiments, structure changes of the equipment and procedure’s modifications of this

study are discussed in this chapter.
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Chapter 2

2 Literature review

The magnetic hybrid materials are applied in various fields such as sensors, electronic
devices, drug delivery, implant materials, coating materials, etc. The topic which about the
fabrication of magnetic hybrid nanocomposite has attracted the interest of researchers in
recent years. The magnetic hybrid nanocomposite has been applied in different fields and
the methods to form the hybrid nanocomposites on the substrate surface are various.
Compared with other methods, it is simple for Matrix Assisted Pulsed Laser Evaporation
(MAPLE) method to control the thickness of the nanocomposites film. On the other hand,
the MAPLE method can provide protection for the target materials during the deposition
process compared with the conventional PLD methods. To fabricate hybrid
nanocomposites, the MAPLE method is applied in this study, to overcome the
disadvantages of the conventional PLD and other surface modification methods such as
spin coating and dip coating. In this study, different nanoparticles were deposited through
MAPLE method to fabricate nanocomposites base on the substrates which were applied in

this study.

2.1 Magnetic hybrid nanocomposites

Magnetic hybrid nanocomposites or magnetic hybrid nanocomposites are part of hybrid
nanocomposites which combine the magnetic nanomaterials with other nanocomposites.
The magnetic nanoparticles have been developed by the researchers for decades. This type
of nanoparticles has been applied in various fields, such as magnetic resonance imaging
(MRI), magnetic data storage, pollution treatment, therapy, biomedicine [1, 2], etc. As the
investigations proceeding, some problems of the magnetic nanoparticles emerged. Some
of the problems related to the nature of the nanoparticles. The first problem is the long
period aggregation which is caused by the high affinity between magnetic nanoparticles.
The aggregation problem cause decrease of the superficial area of the nanoparticles which

influence the performance of magnetic nanoparticles. In addition, the magnetic
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nanoparticles face oxidation problem which could cause degradation or lose magnetism. A
series of magnetic hybrid nanocomposites are fabricated to protect the magnetic
nanoparticles from aggregation and oxidation. For instance, the magnetic nanoparticles are
incorporated with silica nanostructure with different methods and structures such as:
embedding magnetic nanoparticles in silica sphere, coating magnetic core with silica shells
and grafting magnetic nanoparticles on silica nanochannels [3]. Another type of magnetic
hybrid nanocomposites was developed by the researchers to expand the application fields
of the magnetic nanoparticles. The magnetic dumbbell nanocomposites and surface
modified magnetic nanocomposites are developed to be applied in catalysis, medical
imaging, and electronic industry. Compared with other materials which are applied as a
matrix of the magnetic hybrid nanocomposites, the two-dimensional nanomaterials hold
more superiorities in hybrid materials fabrication. The two-dimensional nanomaterials,
especially graphene, possess a lot of functional groups on its surface and the large surface
area which are suitable for the nanoparticles to connect with both physical and chemical
methods. In addition, as the graphene nanosheets possess excellent mechanical, physical
and chemical properties, graphene could protect the magnetic nanoparticles and improve

the properties of the magnetic hybrid nanocomposites
2.2 Graphene-based magnetic hybrid nanocomposites

In recent years, graphene nanocomposites have been applied in various fields. There are
two main streams of the graphene nanocomposites: organic graphene nanocomposites and
inorganic graphene nanocomposites. The organic graphene nanocomposites normally are
fabricated by modifying graphene with polymers [4]. Some researchers used graphene to
graft polymer conductive properties. Compared with the carbon black and carbon
nanofibers, graphene achieves high conduction rate with significant low loading [4]. In
addition, the graphene filling materials could give polymer matrix unique mechanical and
thermal properties. The mechanical properties of the polymer/graphene composites are
remarkable and this type of nanocomposite materials could be applied in various fields [5].
Inorganic graphene nanocomposites normal fabricate through modifying the graphene

sheets by inorganic nanoparticles such as ZnO, Fe>Og3, TiO2, ZnS and CdS nanopatrticles.
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The ZnS is known as early studied semiconductors, the ZnS modified graphene nanosheets
could have both two advantages of UV-properties and large surface area. The

ZnS/graphene nanocomposites could be applied as UV sensors [6].

Magnetic nanomaterials have been applied in the different area of the modern technology:
medical treatment [7], multi-model medical imaging [8], pollution control, biomedicine,
etc. The properties and advantages of graphene-based magnetic hybrid nanocomposites
attracted attention from various fields. Pan et al. [9] fabricated FesO4/TiO2/graphene
nanocomposites for high-rate lithium storage. The researchers assembled FesOs
nanoparticles and TiO2 nanorods on the surface of the graphene nanosheets to increase the
conductivity of TiO2 nanorods. Gu et al. [10] prepared graphene/FesOs@Au
nanocomposites to fabricate magnetic-controlled biosensor. The Au luminescence
nanoparticles were deposited on graphene sheets together with magnetic nanoparticles to
fabricate high-performance electrochemiluminescence biosensor. Li et al. [11] prepared
3D ordered FezOas/graphene nanocomposites which could be applied to improve the
capacity of the Lithium battery and this nanomaterial could be used as the drug delivery
carriers. Lin et al. [12] fabricated graphene-TiO2-FesO4 nanomaterials to increase the
durability of the photocatalysts. This high stability photo-catalysts is mainly applied on
organic dyes decomposition. By varying the nanoparticles which are anchored on the
surface of the graphene sheets, these hybrid nanocomposites could achieve different

functions and properties.
2.2.1 Graphene

The two-dimensional sp?-hybridized carbon nanosheets were named graphene. These
honeycomb structure nanosheets can act as the building block of other allotropes of carbon.
The graphene can be stacked up to form graphite, rolled to make carbon nanotubes and
wrapped to become the fullerenes. It became a new exciting research area for the
researchers and scientists since Andre Geim and Konstantin Novoselov discovered the
single layer graphene nanosheet at 2004 [13]. The honeycomb structure and the long-range
m-conjugation give graphene unique electrical [14], thermal [15], optical [16] and

mechanical [17] properties. Another unique property is the quantum hall effect. It can be
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observed in two-dimensional structure materials. Researchers observed high carrier
mobility on graphene at the room temperature [18]. Since graphene holds these
extraordinary properties, there are various applications of this material. In medical
applications fields, graphene was applied in different processes since it has excellent
biocompatibility and mechanical properties. Graphene could be applied as reinforce
material for the implant device to increase the mechanical properties [19]. Graphene
solution could be used as MRI contrast agents [20]. In electronic field, graphene is an
appropriate material for field-effect transistors. Because graphene has high carrier mobility
and low noise [21]. Since it possesses transparency and electrical conductivity, graphene
can be used to fabricate transparent electrodes which are the critical part of the flexible
display devices, organic photovoltaic cells and organic light-emitting diodes [22]. In
energy generation [23] and storage field, graphene is a promised material for solar cell
fabrication because of the high transparency and high conductivity of graphene.
Graphene’s large surface area can be used for building high-performance supercapacitor
[24] and high-performance batteries which base on graphene electrode [25]. Graphene
could be used to fabricate pressure sensors [26], adsorption sensors [27], body sensors [28]
and magnetic sensors. As a material with the promising future, graphene could be applied
in various areas and different fields. Since it possesses remarkable thermal, mechanical,
optical and electronic properties. Graphene materials and graphene devices could reshape

the daily life of us.
2.2.2 Synthesis method of graphene

The single layer graphene was obtained by mechanical exfoliation at 2004 [13]. Compared
with the solution methods, mechanical exfoliation methods may be simple but inefficiency.
Ruoff’s group discovered solution method to produce the single layer graphene [29]. In
this method, graphene oxide (GO) was first produced by the Hummers’ method and the
graphene oxide transfer to graphene after a reduction process. Another method is called
thermal chemical vapor deposition technique (TCVD). In 2006, Prakash and his coworkers,
fabricate few layer graphene through TCVD method on Ni substrate [30]. Another thermal

decomposition method fabricates graphene by decomposed the SiC crystal plate on the
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surface of Si plate [31]. Some researchers un-zipping the carbon nanotubes to fabricate
graphene sheets. The carbon nanotubes were treated by with oxidizers such as (H2SOg,
KMnQOg4, and H20») and reduced by NH4OH and hydrazine monohydrate (N2Hs H20)
solution [32]. Kim and his coworkers use aluminum sulfide (Al2Ss3) to reduce GO under

high-temperature environment [33, 34].

Compared with other methods, chemical synthesis methods is simple for the normal lab to
accomplish. The chemical synthesis methods could achieve higher production rate and it
IS not necessary to introduce the special equipment. Although the mechanical exfoliation
is not complicated for a lab without specific equipment to carry out. But the production
rate of this method could be low which only enough for fundamental study [35]. In
summary, the chemical synthesis methods are easy to perform and hold high production

rate, compared with other methods.

2.3 Magnetic nanoparticles

The magnetic nanoparticle is an important type of the nanomaterials. The magnetic
nanoparticles have been developed for decades and they have been applied in various fields
such as sensors, cancer treatment, drug delivery, solar cells, high-performance batteries,
data storage materials, etc. Because magnetic nanoparticles normally are active and easy
to aggregate, the modification of the nanoparticles surface or fabrication of hybrid
nanocomposites is necessary to improve the stability of the magnetic nanoparticles. The
general strategy to protect the magnetic nanoparticles from oxidation and aggregation is
coating a non-reactivity layer on the surface of the magnetic core. By fabricating core-shell
structure, the magnetic core could be isolated from the corrosive environment. The
materials which applied as the shell include to two major types: organic materials (polymer)
[36] and inorganic materials (silica) [37]. Another strategy is embedded magnetic
nanoparticles in matrix materials such as silica nanorods, silica nanospheres, carbon
nanotubes, graphene, etc. The synthesis methods of the magnetic nanoparticles could be
divided into different types: co-precipitation, thermal decomposition, and hydrothermal
synthesis. For the iron oxides magnetic nanoparticles, the co-precipitation methods are

convenient techniques to be applied. The thermal decomposition methods are developed
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from the synthesis methods of the oxide semiconductors. Similar methods are used by the
researchers to fabricate Fe, Mn, Co, Ni, Cr based nanomaterials with small size and
different shapes. The hydrothermal process is one of the most general techniques which
are applied in the nanomaterials syntheses. Some researchers fabricated FesO4 and
CoFe204 through the methods based on this mechanism [38]. All of these synthesis
methods are developed by the researchers to precisely control the size and shape of
synthesized magnetic nanomaterials. The size and shape control of the magnetic

nanoparticles are crucial for improving various properties.

2.3.1 The influence of particle size and surface conditions on

chemical and physical properties

Magnetism is a normal physical phenomenon which is controlled by the magnetic fields.
Magnetism is generated by two different sources: electronic currents and the magnetic
moments from the single electron spin. Because the directions of the magnetic fields which
are created by the electrons in the materials may not face the same direction, different types
of the magnetic properties are generated, such as diamagnetism, paramagnetism,
ferromagnetism, antiferromagnetism, ferrimagnetism, and superparamagnetism. Some of
the magnetic nanoparticles could achieve superparamagnetism when the diameter of these
particles less than 10-20 nm. These nanoparticles would become single magnetic domain
and achieve superparamagnetism when the temperature is lower than a critical temperature

called blocking temperature.

The two curial parts which influence the chemical and physical properties of the magnetic
nanoparticles are particle size and surface conditions. The size of the magnetic
nanoparticles is a key factor which influences the physical properties especially magnetic
properties. The domain limit and superparamagnetic limit are two most investigated topics
in this area. In the large size magnetic nanoparticles, the domain walls separate the uniform
magnetization area called domains. There is a critical volume of energy for the domain
wall to stay at single-domain state when the size of the nanoparticles reduce. This lead to
a critical diameter limit of the nanoparticles to keep single-domain state. The

superparamagnetic limit could be reached by overcoming the energy barrier when the
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temperature exceeds some critical limits called blocking temperature and the size of the
nanoparticles reduced to the critical level. The small size nanoparticles hold large
superficial area. This feather could contribute to the chemical process especially catalytic
process which occurs on nanoparticles. The surface properties of the magnetic
nanoparticles become more important as the surface area of the nanoparticles increasing.
In addition, the electron spin from the surface would contribute more to the total magnetic
properties of the nanoparticles as the particle size decreasing. For example, the uncoated
antiferromagnetic nanoparticles which are influenced by the electron spin from the surface
would show weak ferromagnetism at low temperature [39]. The organic and inorganic
coatings could influence the nanoparticles magnetic properties since they influence the

surface properties.
2.3.2 FeCo nanoparticles

FeCo alloy is famous as it possesses the highest magnetic moment among the magnetic
materials. The magnetic moment of FeCo alloy could reach 245 emu/g. Since FeCo alloy
possesses these outstanding magnetic properties, FeCo nanoparticles are extremely suitable
for applications which high magnetic moment are required. FeCo is a suitable material for
fabricating magnetic film which could be used as recording media for data storage devices
[40]. FeCo nanoparticles could be applied in the biomedical field. It is a suitable material
for magnetic carriers in cells or microorganism separation process [41]. It could be used as
magnetic resonance imaging (MRI) contrast agent [42]. However, it is difficult to control
the size and composition of the FeCo nanoparticles. Compared with the formation process
of the single component nanoparticles, the two components of FeCo nanoparticles have
different growth and nucleation mechanism [43]. A lot of researchers try to solve this

problem by varying the synthesis methods [44].
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2.3.3 YBCO nanopatrticles

Yttrium barium copper oxide (YBCO) is a large series of crystalline chemical compounds
which display the high-temperature superconductivity properties. YBCO compounds
include the first material which was discovered to display superconductivity under a
temperature above 77 K (liquid nitrogen boiling temperature). Since April 1986, Yttrium
barium copper oxide (YBCO) has been one of the most important fields of the
superconductor research [45]. The application of YBCO has two main aspects: first, the
YBCO superconductors can be applied in devices of transportation vehicles in the future.
The second aspect is the coated conductor application. Since YBCO possess a great
potential to be used as the high temperature superconducting coated conductors, it could
be applied to fabricate the high magnetic parts including transformers and cables [46]. But
it holds a low current density while maintaining superconductivity, the application area is
limited. The grain boundary angle of the YBCO is the reason of this problem and this
problem could be solved by using the method such as chemical vapor deposition (CVD)
[47] or physical vapor deposition (PVD) to produce films [48]. Another method is
combining YBCO with another material to align the crystal plane [49].
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Figure 2.1 Structure of the YBCO [50] Copyright 2017, Royal Society of Chemistry
2.3.4 up-conversion nanopatrticles

Up-conversion nanoparticles doped by lanthanide elements possess anti-Stokes emission
property. For these nanoparticles, the required pump intensity is lower compared with
normal nonlinear optical devices [51]. The word up-conversion stands for a nonlinear

optical phenomenon which called anti-Stokes emission process. In this process, a particle
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absorbs low-energy photons and emit high-energy photons [52, 53]. For past fifty years,
the researchers made enormous progress on developing the application of up-conversion
nanoparticles, especially in the bio-application fields. Up-conversion nanoparticles have
been widely used in bio-imaging techniques, such as In vitro cell and tissue imaging [54],
fluorescence diffuse optical tomography [55] and multimodal imaging [56]. Up-conversion
nanoparticles are applied in drug delivery [57] and treatment fields, especially cancer
treatments [57]. In normal application field, display devices and energy transfer devices
could be fabricated by the up-conversion nanoparticles. In display technique fields, up-
conversion could be used to fabricate RGB and white-light output [58]. Similar to other
particles which possess optical properties, up-conversion could be applied as fundamental

parts of the solar cells [59] and photocatalysts [60].

2.4 Fabrication methods for magnetic hybrid nanocomposites

The magnetic hybrid nanocomposites are developed by the researchers to solve the
aggregation and oxidation problem. Some of the magnetic hybrid nanocomposites are
produced to combine the magnetic nanoparticles with other nanomaterials. There are two
main types of the magnetic hybrid nanocomposites. One is modifying the surface of the
magnetic cores such as core-shell nanocomposites and dumbbell nanocomposites. Another
one is embedded or anchored the magnetic nanoparticles on the matrices such as silica
nanotube or graphene nanosheets. The researchers normally used chemical synthesis
methods to fabricate the first type nanostructures. Wu et al. [61] first time fabricated silica
shell FesOs4 nanocomposites by depositing silica on the surface of the magnetic
nanoparticles. After this, Ying et al. [62] developed the reverse-microemulsion methods to
synthesize Fe2O3@SiO. nanoparticles. Su et al. [63] modified the graphene nanosheets
with magnetic nanoparticles through hydrothermal methods. Instead of traditional
chemical synthesis methods, some of the researchers fabricated magnetic hybrid
nanocomposites through surface modification methods. Wu et al. [64] coated Fe3O4 the
surface of the carbon nanotube and fabricated magnetic hybrid nanocomposites through
the sputtering technique. Seo et al. [65] produced FeCo/graphitic shell nanocrystals which
could be applied as magnetic-resonance-imaging(MRI) agents through chemical vapor

deposition(CVD) technique. Liu et al. prepared FeCo-codoped ZnO nanowires by the CVD
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method. These studies proved the possibility to fabricate magnetic hybrid nanocomposites

with surface modification techniques.
2.5 Surface modification methods

Surface modification means to modify the surface of the substrate and provide different
physical, chemical and biological functions. Using surface modification methods, the
properties such as reactivity, surface energy, biocompatibility, and hydrophobicity could
be grafted to the substrates’ surface. A series of chemical and physical techniques have
been developed by the scientists to deposit various materials on the surface of the substrates.
There are two main streams of the surface modification method, chemical methods, and
physical methods. In physical fields, the methods include dip coating, spin coating, plasma
treatment, and physical vapor deposition, etc. In chemical field, the most important method

is the layer by layer deposition, surface grafting, and chemical vapor deposition.
2.5.1 Normal deposition methods

Spin coating and dip coating are two important methods which have been widely applied
in various fields. Since the procedures of these two methods are simple to perform and
these two methods possess advantages such as low-cost and high reproducibility. Spin
coating is a method which mainly bases on centrifugal force. The flat substrate is placed in
the center on of a rotating plate and the coating materials which could be high viscous
liquid are added to the center of the substrate. Due to its requirements for the coating
materials, spin coating is widely used in polymer film deposition. Peng and his group
member deposited colloidal crystal-polymer nanocomposite film(ETPTA and silica
microspheres) on the surface of silicon wafer [66]. These results indicate that high-quality,
large area and uniform colloidal crystals macroporous polymers could be fabricated
through this method. Chang, et al. [67] deposited Poly(3-hexylthiophene) on the surface of
heavily n-doped silicon which is the gate part to fabricate the high mobility transistor. Gang
[68] and his lab mate fabricated polymer photovoltaic cells by spin coating technique. Dean
et al. [69] investigated the relationships between the spin-coating speed with polymer

microstructure and hole mobility. However, the study shows that only 2-5 % of the
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materials deposited on the surface of the substrate by spin coating. Meanwhile, around 95 %
of the coating materials can’t be effectively deposited on the substrate. Most of them are

flung off the coating bowl [70].

Dip coating is a low cost, simple surface modification method [71]. The specific procedure
of this method is putting the substrate into the liquid form coating materials. After a period
of time, the substrate is removed from the liquid and air dried. Lu et al. [72] developed
supported cubic and hexagonal mesoporous films through dip-coating method. Duc et
al.[73] fabricated graphene-based sponges by sample dip-coating method. The graphene
sponges obtained superhydrophobic and superoleophilic properties, after dip-coating
treatment. Dong et al. [74] prepared the TiO films by sol-gel dip coating method. The
researchers found the particle size and calcination temperature would influence the
structural and optical properties. G.G. Valle et al. [75] deposited ZnO: Al films which
possess transparency and electric conductivity. These aluminum doped zinc oxide

polycrystalline films could be applied as part of the optical electronic devices.

Plasma treatment is a method that normally used for modified the surface properties of
hydrogel through oxidation of the materials’ surface. After oxidation treatment, the reactive
functional groups are grafted on the substrate surface to get hydrophilic properties. The
oxidation process could be achieved by glow discharges, radio frequencies [76] and gas
arcs. Normal plasma sources are gases such as oxygen, argon, nitrogen, and hydrogen. K.S.
Kim et al. [77] modified the polysulfone ultrafiltration membrane surface by oxygen
through plasma treatments. The polysulfone ultrafiltration membranes are changed from
hydrophobic to hydrophilic after plasma treatments since the new polar functional group
introduced. T. Ihara et al. [78] treated the anatase TiO2 with hydrogen plasma to reduce the
TiO2 and fabricate visible-light-active TiO, photo-catalyst which displayed remarkable
visible-light activities in the oxidation process for isopropanol and benzoic acid. However,
the functional groups which could be added by plasma treatments highly depend on the
chemical composition of precursors. This method could cause the aging problem,

especially for the target materials which are not stable for long-time treatment [79].
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Layer by layer deposition is a wet chemical deposition method which mainly based on the
electrostatic interaction between the two layers of materials. Stephan T. Dubas et al. [80]
deposited silver nanoparticles on the surface of the silk and nylon fibers. The treated fiber
displayed the antimicrobial activity and could be applied to treat waste water and fabricate
antimicrobial fabrics. Wei Zhao et al. [81] fabricated multilayer membranes through the
layer-by-layer method to fabricate a multilayer glucose biosensor. In this experiment, the
researchers deposited poly (diallyl dimethyl ammonium chloride) (PDDA) and poly
(sodium 4-styrene sulfonate) (PSS) on the surface of Au electrodes. Following with the
deposition of the organic protected Prussian blue nanoparticles and glucose oxidase (GOXx)

which was negatively charged.

Surface grafting is an approved method to modify the surface of the polymer materials. For
the solid materials which fabricated by polymerization, the modification for the end of the
polymer chains is necessary [82]. Toru Moro et al. [83] modified the surface of the artificial
joints through the surface grafting. By modifying the polyethylene surface with 2-
methacryloyloxyethyl phosphorylcholine (MPC), the artificial joints could be protected
from periprosthetic osteolysis while this modification reduces the decreasing amount of the
materials which were caused by friction and wear. Masahide Taniguchi et al. [84] modified
the surface of synthetic membranes to reduce the protein biofouling by UV-assisted surface
grafting. By varying the monomer types, the researchers got different hydraulic resistance
and wettability due to the different functional groups. Kai Zhang et al. [85] fabricated silica
core and polymer shell microspheres through surface grafting and emulsion polymerization.
Xiaodong Cao et al. [86] fabricated waterborne polyurethane-cellulose nanocrystal
nanocomposites through surface grafting and polymerization. The researchers found that
the cellulose nanocrystal obtained a strong interfacial adhesion with waterborne
polyurethane. The dispersion, thermal stability, and mechanical properties were strongly

improved after surface grafting treatment.
2.5.2 Chemical vapor deposition (CVD)

Chemical vapor deposition (CVD) is a popular chemical process to deposit high-quality

solid material films. It is the common method to produce films for the semiconductor
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industry. In this technique, normally the substrate materials required to be exposed to the
volatile chemical (known as precursors). The precursors would react and deposit on the
surface of the substrate to form uniform films. Meanwhile, some volatile by-products
would be removed from the reaction chamber by the pumps. Rong Yang et al. [87]
fabricated zwitterionic antifouling films with surface-tethered properties through chemical
vapor deposition. After this treatment, 30 to 100 nm thickness surface-attached zwitterionic
anti-biofouling films could be deposited on the surface of delicate substrates (such as
membranes). Hennrik Schmidt et al. [88] explored the electronic transport properties of the
MoS: film produced by CVD technique. The researchers found this film could obtain low-
temperature mobilities and a clear sign of metallic conduction when it reached the high
doping densities. Wen Liao et al. [89] prepared Ruthenium films on the surface of the SiO-
plate through low-temperature chemical vapor deposition. The researchers studied the
influence of CO on the nucleation process of Ru. The influence which depends on the
different adding time point of CO could be reversed. The CO compounds could help to
fabricate uniform and smooth film. Another popular technique which developed from the
CVD is atomic layer deposition (ALD). The difference between the CVD and ALD is input
sequence of precursors. In ALD process, the precursors are injected into the reaction
chamber in separate rounds which are different with CVD process [90]. Chun Haolin et al.
[91] prepared size-tuned ZnO nanocrucible arrays through ALD method and block polymer
lithography technique. This highly ordered nanocrucible arrays could be applied in various
fields. Mato Knez et al. [92] used biological macromolecules as the template for ALD
deposition and successfully fabricate metal oxide nanotubes by using tobacco mosaic virus
as the template of the ALD deposition. Chih-Yu Chang et al. [93] fabricated high-
performance solar cells through low-temperature ALD technique. The resulting devices
could gain both air-stability and semi-transparency. However, the disadvantages of CVD
and ALD techniques are obvious. CVD and ALD techniques are based on the chemical
reaction between the precursor and substrate surface. These processes could be harmful to
the structure of the substrate surface. Both CVD and ALD require the precursors to be
volatile, good saturation properties and highly reactive. These drawbacks limit the
application of CVD and ALD in various fields since not all the target materials could meet

these requirements and the highly reactive precursors could harm the environment.
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2.5.3 Matrix-assisted pulsed laser evaporation (MAPLE)

The early developed laser assisted surface modification method is pulsed laser deposition
(PLD). This method use focusing pulse laser beam to input the energy to the target material
inside the vacuum chamber. The molecules of the target material are lifted (vaporized) and
transferred to plasma plume. Finally, the target molecules would be deposited on the
surface of the substrates and form uniform films. This technique has been used for various
materials depositions, such as metals [94], alloys [95] and semiconductors [96]. The basic
parts of PLD deposition technique are similar to other deposition technique. But the
physical phenomena which happened on the surface of the target are quite complex when
the high energy laser beam heats the surface of the target material. The target materials
would absorb energy from the laser beam. Because the electronic excitation of the target
material, this energy is transferred to thermal energy. Meanwhile, the evaporation and
ablation occur and transfer the target materials to plasma. The major disadvantage of the
PLD method and some other deposition methods which use high energy source is that the
high energy laser beam could destroy the structure of delicate materials such as polymers
or organic materials [97]. To overcome this problem, the researchers from the US naval
research laboratory invent a new technique called matrix assist pulse laser deposition
(MAPLE). The key difference between MAPLE and PLD is that in the PLD method the
target materials are direct ablated by the high energy laser but in MAPLE method the target
materials are protected by the matrix. The target materials are dissolved in a solvent which
is highly volatile and this solution would be frozen by the liquid nitrogen. Most of the laser

energy would be absorbed by this matrix and the target material could be protected.

In the MAPLE deposition process, the target material concentration which is dissolved by
the solvent normally less than 5 wt. %. The target materials and the substrates are placed
in the vacuum chamber and the high energy laser come through the CaF, window. There
is a special double side wall target holder to place the frozen target solution and maintain
target frozen by liquid nitrogen. When the laser heat the surface of the target materials,
there is a photo thermal process initiated. The frozen target sublimates and releases the

delicate materials into the vacuum chamber [98]. The solvent molecule and delicate
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materials could gain momentum through this process and move to the surface of the
substrate. Mechanical pumps are applied to remove the solvent molecules which have
lower molecular weight and higher vapor pressure compared with target materials’
molecules meanwhile the target materials forming the film on substrate’s surface. Most of
the laser energy transfer to the solvent molecules when the target materials stay intact [99].
In addition, MAPLE provides a better method to control the morphology, homogeneity,
and roughness of the film. The thickness of the film could be controlled precisely by
alternating the laser fluence and the laser pulse number/frequency. In conclusion, the
MAPLE process provides an alternate method to deposit delicate material and protect the
chemical structure of that material. By choosing solvent matrix, solution concentration and
laser wavelength properly, this method can deposit delicate materials (polymeric, organic
and biological materials) on the substrate uniformly and minimize the thermal

decomposition.
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2.6 Our contribution

MAPLE provide a new method to deposit vulnerable material and fabricate uniform films
on the surface of the substrate. Various materials have been deposited by the MAPLE
process to improve the surface properties and overcome the problems and disadvantages

of the substrate materials.

The former researchers have shown that particles and nanoparticles could be deposited by
MAPLE method without cause damage and decomposition. Previous studies show that
various type of nanoparticles could be fabricated by MAPLE technique. The former works
of our group have already demonstrated that it is possible to deposited Ag/PVP
nanoparticles and ZnO/PEG nanoparticles on the surface of silicone hydrogels to change

the hydrophobicity and graft anti-microbial properties to the substrate.

In this study, FeCo nanoparticles were fabricated by chemical methods and deposited on
the substrates (graphene) by MAPLE process and the size of the nanoparticles was
dramatically reduced. The YBCO nanoparticles could fabricate through MAPLE process
and YBCO/graphene hybrid nanocomposites could be fabricated by this technique. In
addition, the up-conversion nanoparticles and protein modified up-conversion
nanoparticles were deposited by MAPLE method to study the influence of the MAPLE

process on biological materials.

2.7 Summary

Hybrid composites, particularly, two-dimensional hybrid nanocomposites, have been
widely applied in various materials and different fields such as electronic devices, solar
cells, biological devices, semiconductor devices, LED devices, etc. In the past decade,
various techniques were developed to deposit uniform films. Each of them has their own
advantages and disadvantages. The CVD methods are not complex for the mass production
and industry. However, the precursor properties such as high reactivity and high
vaporability limit the application fields of these techniques. Some physical methods like

dip coating and spin coating are simple to carry out and could get uniform films. But it is
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hard for these methods to control the thickness of the film. The physical vapor deposition
techniques could control the thickness of the films properly by varying the energy input
and the deposition time. The limitation of these methods is that these methods can’t deposit
the materials with delicate structure since the direct high energy input leads to the chemical
decomposition of the target materials. To overcome these obstructions, MAPLE technique
was developed by the researchers to deposit delicate materials such as polymers, organic
materials, biological materials, and nanoparticles. There are various factors (solution
concentration, substrate-target distance, holder rotate frequency, solvent types, the
temperature of substrates, deposition time, laser wavelength, laser energy and laser pulse
frequency could be controlled in MAPLE process to achieve better morphological
properties and avoid damages to the target materials. MAPLE technique is an appropriate
method to deposit delicate materials and fabricate films which need to preserve the

structure of the target materials.
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Chapter 3

3 Experimental

In this chapter, the experiment details of this project are introduced: (1) the synthesis
processes of graphene nanosheets, (2) the synthesis processes of FeCo nanoparticles, (3)
the synthesis processes of up-conversion nanoparticles and modification of protein on up-
conversion nanoparticles’ surface, (4) deposition process of nanoparticles by MAPLE, (5)

characterization methods.
3.1 Synthesis of graphite oxide

The preparation methods of graphene oxide (Figure 3.1) was based on this two references
[1, 2]. In the first step, the graphite flakes were pre-oxidized by the oxidizing solution. The
oxidizing solution was prepared by adding 10 g of phosphorus pentoxide and 10 g of
potassium persulfate into 30 ml concentrated sulfuric acid (95 - 98 %). After this, 20 g of
graphite flakes were added into the oxidizing solution. The oxidization process was
continued under stirring at 80 <C for 6 hours. After the oxidization process finished, the
mixture was diluted with water, filtered and washed until pH became neutral. The pre-

oxidized graphite flakes were dried in air at room temperature.

The graphite oxide was treated according to the Hummers method [2]. 10 g of pre-oxidized
graphite flakes were added into 230 mL cold concentrated sulfuric acid (95 - 98 %) in the
ice-water bath. Then 30 g KMnO4 was added gently with stirring. The ice-water bath was
added to keep the temperature of the mixture below 20 <C. After this step, the mixture was
stirred at 35 <C for 2 hours. The mixture was diluted with 1,500 mL water. To terminate
the reaction, 25 mL H20- (30 wt. %) was added and the color of the mixture changed into
bright yellow. Since the metal ions need to be removed, the graphite oxide was filtered and
washed with 2,500 mL diluted HCI (3.7 %). The product which was got from this step was
dried in air at room temperature. The graphite oxide was suspended in water to prepare a

viscous, brown 2 wt. % dispersion and put to dialysis, for further removing of metal ions
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and acids. For the using of following experiments, purified graphite oxide suspension was
diluted into a 0.05 wt. % dispersion

3.2 Preparation of graphene nanosheets

Graphene nanosheets were prepared by this reference [3]. To prepare graphene oxide, the
0.05 wt. % graphite oxide dispersion was treated by ultra-sonication exfoliation for 30
minutes. To remove unexfoliated graphite oxide, the dispersion was centrifuged at 3,000
rpm for 30 minutes. The following procedures were used to achieve chemical conversion
from graphene oxide to graphene nanosheets. 5 mL graphene oxide dispersion was mixed
with 5 mL water in 20 ml glass vial. Then, 5 L hydrazine solution (35 wt. %) and 35 pIL
ammonium hydroxide solution (28.0-30.0 wt. %) were added. To achieve mixing, the vial
was shaken vigorously for 3 minutes. To protect the product, 2 mL paraffin oil was added
gently to cover the liquid surface. The vial was put in the water bath of 95 <C for 1 hour.

Dialysis was applied to remove excess impurities.
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Figure 3.1 Schematic of graphene fabrication process
3.3 Synthesis of FeCo nanoparticles

The FeCo nanoparticles were synthesized base on this reference [4]. The metal ions were
reduced through polyol process (Figure 3.2). Ferrous chloride tetrahydrate 0.0025 mol,
cobaltous acetate tetrahydrate 0.0025 mol, and sodium hydroxide 0.2 mol was dissolved in

100 ml ethylene glycol. The dispersion was added to a 3-neck round bottom flask and
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stirred for around 15 min to make the chemicals completely dissolve. Meanwhile, the
nitrogen gas was added to remove the oxygen in the ethylene glycol. The solution was
heated to 130 <C and refluxed for one hour at this temperature. To terminate the reaction,
the system was cooled down to room temperature. The products were collected and washed

with ethanol for three times. The FeCo nanoparticles powder was dried by freeze dryer.
2CH,OH—CH,OH — 2CH,CHO + 2H,0

2CH;CHO + M(OH), — CH,COCOCH,; + 2H,0 + M?

M : Metal species (Fe, Co)

Figure 3.2 Schematic of polyol reduction process[5]
3.4 Synthesis of up-conversion nanoparticles

The synthesis of up-conversion nanoparticles was based on this reference [6]. 720 mg of
gadolinium (I11) nitrate hexahydrate, 170 mg of erbium (I11) nitrate pentahydrate and 160
mg of ytterbium (Il1) nitrate pentahydrate were added in 20 ml ethylene glycol. The
magnetic stirrer was applied to guarantee proper mixing of the solutes. 0.7 g of branched

polyethyleneimine (PEI) was gently added to achieve proper dissolving.

336 mg sodium fluoride was dissolved in 10 ml ethylene glycol and added into dispersion
dropwise. Then the dispersion was heated to 200 <T and refluxed for 6 hours. During the
reaction process, nitrogen protection was applied. The products were collected by
centrifugation and washed three times with ethanol and water. To collect dry powder of
nanoparticles, the products were dissolved in 10 ml ethanol and placed in a 37 °C incubator

for 12 hours.

3.5 Fabrication of protein modified up-conversion

nanoparticles

The conjugation process was based on following reference [7]. 10 mg of up-conversion
nanoparticles powder was dissolved in 5 ml distilled water. After this, 100 mg of Bovine

serum albumin (BSA) was added to the dispersion. Then, 5 mg of 1-Ethyl-3-(3-dimethyl
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aminopropyl) carbodiimide (EDC) was added into the solution. The solution was stirred
vigorously at room temperature for 2 hours. Afterwards, another 5 mg of EDC was added
to the solution. The solution was stirred for 6 hours at ambient temperature. The obtained
BSA modified up-conversion nanoparticles were isolated by centrifugation. The products

were re-dispersed in distilled water and stored at 4 <C.

NaF
Gd(NO3); 8 BSA
Er(NO,); " bsa 4
Yb(NOs); (N
Polyethyleneimine (PEI)
S &7 EDC
d
S
- =
% VIeG %[50

Up-conversion
nanoparticles

BSA ) Bovine serum albumin (BSA)

\/ Immunoglobulin G (IgG)

EDC  1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)

Figure 3.3 Schematic of fabrication and modification process of up-conversion nanoparticles
3.6 Deposition process of nanoparticles by MAPLE

The deposition process was finished by MAPLE equipment (PVD Products, Inc., USA).
2-propanol (isopropanol) was applied as the solvent for MAPLE deposition experiment.
The solution was prepared by dispersing target nanoparticles in isopropanol with a
concentration at 1 wt. %. The nanoparticles’ solution was sonicated for around 5-10
minutes before deposition to achieve uniform dispersion. No other additional additives and
surfactants were used or added in the target solution. Before the deposition process started,

the target solution was added into the target holder and froze by the liquid nitrogen.

The laser source for these experiments was Nd:YAG laser (secondary harmonic,
wavelength 532 nm). Laser frequency was 10 Hz and the trwnm = 200 ps. The laser spot
area was around 0.63 cm?. The laser fluence was different in three nanoparticle deposition

experiments. Laser fluence of YBCO deposition was 150 mJ/cm?. Laser fluence of FeCo
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deposition was 300 mJ/cm?. Laser fluence of up-conversion nanoparticles deposition was
150 mJ/cm?.

The substrates of the MAPLE process was glass slip. In FeCo and YBCO experiments, the
surface of the glass slip was covered graphene film which fabricated through drop casting.
Then the glass slips were placed in the incubator for 5 min at 37 <C to immobilize the
graphene on the surface of the substrate. The substrate glass slides were fixed on the
substrate holder. The temperature of the substrate was around 25 <C during the deposition

process.

The nanoparticle dispersion was immediately added to the target holder after the sonication
treatment. Then it was frozen by the liquid nitrogen which flowed through the sidewall of
the special target holder. Target dispersion was kept frozen during the deposition process.
The experiment was conducted under 110 Torr background pressure. The distance of
substrate to target is 4.5 cm (vertical configuration). The target and the substrate were

rotating (target: 10 rpm, substrate: 25 rpm) during the laser irradiation period.

] | ' (A) Target holder

- | (B) Substrate holder
(C) Liquid nitrogen purge
i (D) Loading tube
(E) 532nm Laser
(F) Pump extraction hole
(G) Nitrogeninlet
(H) Thermocouple
(1) Laser source
(J) Optical system
(K) Control computer
(L) Electronic devices
(M) Vacuum chamber
(N) Pumps

Figure 3.4 lllustration of MAPLE equipment and vacuum chamber
3.7 Characterization methods

The size and configuration nanoparticles before and after deposition were characterized by
Transmission electron microscope (TEM, Philips CM10) and scanning electron

microscopy (SEM, Hitachi 3400s). The deposition products were characterized by energy-
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dispersive X-ray spectroscopy (SEM-EDS, Hitachi 3400s/TEM-EDS, Philips 420),
vibrating sample magnetometer (VSM, LakeShore 7407, moment measure range: 10-7 to
103 emu; field accuracy: “+0.05%” full scale) and Fourier transform infrared spectroscopy
(Bruker vector 22). The fabricated graphene nanosheets were observed by transmission
electron microscope (TEM, Philips CM 10) and ultraviolet—visible spectroscopy (Cary 60
UV-Vis). The target solution and nanoparticles after ablation were characterized by
Transmission electron microscope (TEM, Philips CM 10) and photoluminescence
spectroscopy (PL, PTI QuantaMaster™ 40). The protein modified up-conversion
nanoparticles were tested with human umbilical vein endothelial cells (HUVECS) and
characterized with the confocal microscope (Zeiss LSM 5 Duo Vario Microscope). The
TEM, SEM, TEM-EDS, SEM-EDS and confocal microscopy characterizations are

performed with the help of biotron center at Western University.
3.7.1 Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique which based on the
electron beam. The beam of electron transmits through the sample while the electron beam
interacts with the sample. The image is formed by collecting information produced by the
interaction between electron beam and samples. Meanwhile, the picture of the sample is
displayed by magnifying and focusing the image onto an imaging device. The TEM
micrographs of FeCo particles, YBCO particles, up-conversion nanoparticles and protein
modified up-conversion nanoparticles were collected by Phillips CM 10 TEM. The TEM
samples were treated with MAPLE processes. The substrates of the samples were carbon
coated copper grids (200 meshes) part of the grids were coated graphene films on its surface
through the drop casting method. Some copper grids were fixed on the surface of the
substrate holder and treated with MAPLE processes. The TEM samples which used to
characterize nanoparticles were prepared by placing a drop of the sample solution on the

surface of copper grids and were air-dried before the characterization.
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3.7.2 Scanning electron microscopy

Scanning Electron Microscope (SEM) is a kind of microscope mainly based on the electron
beam. The image of the target surface are generated through applying an electron beam to
scan the surface of the sample. The electron beam interacts with the sample surface, the
electrons are scattered and absorbed by the sample surface. The secondary electrons are
produced through these processes and their intensifiers carry information of sample's
surface topography and composition are collected by the detectors. The specimens are
required to be electrically conductive for SEM characterization. Meanwhile, to prevent the
accumulation of electrostatic charge, the samples require being electrically grounded. The
non-conductive samples like organic samples need to be treated with metal coatings to
grain conductivity. The conductive metal coatings could use platinum, gold, graphite, and
tungsten as coating agents. In this study, FeCo/graphene samples were coated with gold on
the surface of glass substrates by Hummer VI Sputter Coater. The micrographs and energy-
dispersive X-ray spectroscopy (EDS) spectra were collected through SEM (Hitachi 3400s)
at 30 kV.

3.7.3 Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) is a technique which applied for elemental
analysis and chemical characterization of the specimen. This technique is based on
stimulation the emission of X-rays from the sample surface. This process would be
achieved by the X-ray beam generated by the equipment interact with the sample surface.
The high energy electron beam is focused on the specimen. This beam could excite the
electrons in the inner shell of the atom, then another high energy electron would fill the
shell hole and release a larger energy characteristic photon. The data which contains the
information of unique structures of the sample atoms is collected by the special detector.
The analyzer would identify the element type of the sample by analyzing the peaks on the
emission spectrum. In this study, the energy-dispersive X-ray spectroscopy test of the
deposition products was performed by Phillips 420 TEM-EDS and Hitachi 3400s SEM-
EDS.
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3.7.4 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FT-IR) is a technique which is applied to
characterize the functional groups of proteins and protein modified up-conversion
nanoparticles. This technique generates an infrared spectrum absorption or emission of the
liquid, gas and solid specimen. The mechanism of the FT-IR technique is that target
molecules would vibrate when absorbing the energy from a monochromatic beam. In this
study, FT-IR technique was used to characterize the up-conversion nanoparticles and
protein modified up-conversion nanoparticles to identify the conjugation between proteins
and nanoparticles. In addition, FT-IR was applied to verify the existence of the up-
conversion nanoparticles and protein modified up-conversion nanoparticles on the surface
of the substrate after MAPLE process. In this study, the FT-IR spectra of samples were
characterized by Bruker Vector 22 FT-IR spectrometer. The scan range applied for the FT-
IR was 600-4000 cm™ and the scan resolution was 1 cm™. In this test, the air was used as

background for the instrument.
3.7.5 Ultraviolet—Visible spectroscopy

Ultraviolet—visible spectroscopy (UV-Vis) is a technique which is based on the absorption
and reflectance of the ultraviolet-visible spectral region. This technique is an important
method of analytical chemistry. UV-Vis has been widely applied in physics, chemistry and
life sciences. In nanotechnology, UV-Vis spectrum is applied to characterize the surface
plasmon resonance (SPR) of Ag-PVP nanoparticles in solution and the size/shape of the
Ag/PVP nanoparticles [8] and test the absorption properties of quantum dots [9] and carbon
dots [10]. In addition, the UV-Vis spectrum is applied to test the E.coli concentration in
the solution [8]. In this study, Agilent Cary 60 UV-Vis spectrophotometer was used to

characterize the absorption spectrum of the graphene solution and graphene oxide solution.
3.7.6 Vibrating sample magnetometer

Vibrating sample magnetometer (VSM) is an equipment mainly used to measure magnetic

properties. The test process of this instrument is that the specimen is placed in a uniform
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magnetic field to magnetize the sample. The sample is placed in a quartz sample holder
which is connected to a vibration motor. This motor would sinusoidally vibrate during the
test process. The information is collected by the detector. Vibrating sample magnetometer
has been applied in the test of various materials, such as magnetic powder, superconducting
materials, magnetic films, anisotropic materials, magnetic recording materials and
solid/liquid/ monocrystal magnetic materials, etc. In this study, the products of MAPLE
process were collected and placed in the quartz sample holder. The magnetic properties
were measured by LakeShore 7407 vibrating sample magnetometer (moment measure

range: 107 to 10% emu; field accuracy: “+ 0.05 %” full scale).
3.7.7 Fluorescence spectroscopy

Fluorescence Spectroscopy is a technique which is applied to analyze fluorescence
properties of the nanoparticles with optical properties. A beam of light was applied in this
instrument to excite the electrons of sample molecule and the emission of the sample is
collected by the sensors on the other end of the equipment. This data is collected by the
detector and analyzed by the computer. In this study, the QuantaMaster™ 40
Spectrofluorometer (Photon Technology International Inc.) was applied to measure the

fluorescence properties of up-conversion nanoparticles.
3.7.8 X-ray diffraction

X-ray crystallography is a method to characterize atomic structure/crystal structure of the
material. This technique is based on the diffraction of the input x-ray into the specimen.
The diffracted beam would be detected and collected by the sensors of the equipment. A
graph is generated by the equipment which contains crystal structure information about the
specimen materials. The information includes the position of the atom in the crystal lattice
and the lattice structure of the materials. The YBCO particles crystal structures were
studied by X-ray diffraction (XRD, Rigaku rotating-anode X-ray diffractometer with Co-

Ka radiation).
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3.7.9 Confocal microscopy

The confocal microscope is a microscope which based on adding spatial filters to increase
the contrast of the micrograph. Compared with the normal optical microscope, this
technique could rebuild the 3D structure of the samples by collecting information from
different depth of the sample. The specimen is excited by the laser of the confocal
microscope and the emission lights are detected by the sensors of the microscope. This
technique is widely applied in biological fields, especially cell biology and microbiology.
The deposited up-conversion nanoparticles samples and protein modified nanoparticles
samples were tested by human umbilical vein endothelial cells (HUVECSs) and imaged by

the confocal microscope (Zeiss LSM 5 Duo Vario Microscope).
3.7.10 Cell viability test

The cells viability test is used to determine the cells and organs’ ability of recover and
maintain viability. This experiment is based on the chemical reaction process between the
tetrazolium salt and the living cells. This technique has been applied to test the effect of
the materials to the organisms. In this study, the deposited glass substrates were tested with
the human umbilical vein endothelial cells (HUVECs) which cultured in MCDB media
mixed with 10 % fetal bovine serum, 1 % penicillin and amphotericin B. The cells were
incubated at 37 <C and 5 % COz environment. The cells concentration were characterized
by the hemocytometer, then the cells were added to the 8 wells plates. The plates were
incubated for 24 hours for the cells to seed and grow. Then the MTT agent (3-(4, 5-dimethyl
thiazolyl-2)-2, 5-diphenyl tetrazolium bromide) was added to the cell media to reacted with
the cells and created purple formazan with intracellular shape and cells were incubated for
3 hours. The cell media was removed and DMSO was added to the well to dissolve the
formazan. The liquid was transferred to the 96 well plates and analyzed with the bio-kinetic
reader at 490 nm (Bio-Tek Instruments EL3401 Microplate Reader).
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Chapter 4

4 Fabrication of FeCo/graphene hybrid nanocomposites by
MAPLE

In this chapter, FeCo nanoparticles were deposited on the surface of graphene sheets by
MAPLE technique. The FeCo/graphene hybrid nanocomposites were fabricated through
this process. The morphology and microstructures of the FeCo/graphene were
characterized by TEM. The element composition and atomic ratio were characterized
through TEM-EDS. The magnetic properties of FeCo nanoparticles and FeCo/graphene

hybrid nanocomposites were collected and analyzed with VSM.
4.1 Introduction

Magnetic nanoparticles have drawn the great attention of the scientists in this decade.
Various magnetic nanoparticles were developed with different methods. Different
synthesis methods were developed to precisely control the size of the magnetic
nanoparticles and fabricate monodisperse magnetic nanoparticles. The magnetic
nanoparticles have been applied in different fields. These applications include
contaminants/pollution removing [1, 2], computer memory devices [3], catalysts [4, 5],
biotechnology [6] and Magnetic resonance imaging (MRI) [7, 8]. Due to the quantum
confinement effect, the magnetic domain of the particles would reduce to one. The particles
could achieve superparamagnetic behavior when the temperature above the blocking
temperature and the size of the particles lower than a critical value. This type of magnetic
nanoparticles has a fast response and giant paramagnetic behavior when outside

environment magnetic fields are applied.

The magnetic nanoparticles are widely applied in various fields. One of the most common
application is the separations process which is performed to recollect catalysts, wastes,
bioproducts and cells in the liquid phase [9, 10]. Another application of magnetic
nanoparticles in the catalyst fields is fabricating a new type of catalyst based on core-shell

magnetic nanoparticles. The shell part of these nanoparticles could be the active layer of
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the catalyst materials and the core parts with strong magnetic properties are applied as a

crucial part of separation and recollection of the nano-catalysts [11, 12].

In biotechnology fields, the magnetic nanoparticles could be used to collect cells,
biomolecules, and proteins. In most of the studies, the magnetic nanoparticles are modified
by biomolecules, antibodies, and ligands to immobilize the target molecules on the surface
[13]. Another application in biotechnology field is working as carriers for high-efficiency
DNA and mRNA separation process [14]. The separation and collection of DNA, RNA
and mRNA are extremely important for the investigation of disease diagnosis, gene library
construction and gene expression process. The magnetic molecule carriers could increase
the efficiency of these processes [15]. In addition, the magnetic nanoparticles could play a
role as drug transporter for drug delivery process. By attaching the drugs on the surface of
the magnetic nanoparticles and targeting the magnetic nanoparticles to the designated sites,
drugs could be delivered to the lesions precisely and efficiently [6, 16]. Recently years, the
hyperthermia treatment applications of the magnetic nanoparticles have drawn the interest
of the scientists. The magnetic nanoparticles surgery method could be applied as an
alternative way of cancer therapy. The mechanism of this method is to expose the magnetic
nanoparticles in varying magnetic fields and the magnetic hysteresis losses would generate

heat to treat the cancer cells [17, 18].

The FeCo nanoparticles are well-studied magnetic nanoparticles since these nanoparticles
possess highest magnetic moments [19]. Furthermore, the FeCo alloy is one type of soft
magnetic materials. Different with the superparamagnetic FezO4 nanoparticles which have
negligible remanence and coercivity, the large size FeCo nanoparticles could be changed
magnetic direction quickly when environment magnetic fields are reversed. These
properties make FeCo nanoparticles extremely suitable for the applications which require
high magnetic moments, such as recording tape and magnetic-resonance-imaging (MRI)
agents [19]. However, the magnetic properties of the FeCo nanoparticles rely on the
accurate manipulation of size and composition of the FeCo nanoparticles [20]. The
researchers have developed various synthesis methods to overcome the challenges of
controlling the composition and size of FeCo nanoparticles in the synthesis process. The

normal chemical synthesis methods of FeCo nanoparticles include polyol method, thermal

60



decomposition method, and metal salt reduction method. An alternate method to synthesize
small scales FeCo nanoparticles is chemical vapor deposition [19]. In this study, the FeCo
nanoparticles were first synthesized through polyol method. Then the chemical synthesized
FeCo nanoparticles were deposited and by Matrix Assisted Pulsed Laser Evaporation
(MAPLE) technique. To fabricate FeCo/graphene hybrid nanocomposites, the graphene
nanosheets were immobilized on the surface of the substrates. Then FeCo nanoparticles

were deposited on the substrates by the MAPLE equipment.
4.2 Results

The FeCo nanoparticles were synthesized based on modified reference method [21]. The
FeCo nanoparticles were synthesized through polyol process and rinsed by ethanol and
water. To prepare the target solution for MAPLE process, as prepared FeCo nanoparticles
were dispersed in isopropanol. The target solution was treated by MAPLE process.
Meanwhile, FeCo/graphene hybrid nanocomposites were fabricated through this process.
The influence of MAPLE process to the size, shape, and morphology of FeCo nanoparticles
on the surface of the substrates was studied and characterized in this study. To investigate
the effect of deposition time (t), the MAPLE deposition processes were performed in four
different time periods: 0.5 h, 1 h, 1.5 h and 2 h. The magnetic properties and chemical
composition of FeCo nanoparticles were characterized after the MAPLE deposition

process.
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Figure 4.1 Schematic of MAPLE experiment and FeCo/graphene hybrid nanocomposites
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4.2.1 Characterization of graphene nanosheets

The microstructures of graphene nanosheets which were prepared follow the reference [22].
The prepared graphene nanosheets were characterized by TEM. Figure 4.2 shows the TEM
micrograph of the graphene nanosheets. The graphene nanosheets can be clearly observed,

wrinkles or folds were observed which could be attributed to graphene’s large aspect ratio.

Figure 4.2 TEM image of graphene nanosheets

In addition, the UV-Vis spectra (Figure 4.3) of graphene oxide and graphene were collected
to characterize the results of the reduction process. The graphene oxide solution has an
absorbance peak at 231 nm. After hydrazine reduction, the absorbance peak red shifted to
270 nm, which suggested that the electronic conjugation within graphene basal plane was

restored. Therefore graphene nanosheets were successfully prepared.
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Figure 4.3 UV-Vis spectrum of (1) graphene and (2) graphene oxide. (The absorbance peak red-

shifted from 231 nm of graphene oxide to 270 nm of graphene)
4.2.2 Characterization of FeCo nanoparticles

The chemical synthesized FeCo nanoparticles were characterized by transmission electron
microscopy (TEM). The TEM micrographs were presented in Figure 4.4. The TEM
micrographs indicate the average diameter of chemical synthesized FeCo nanoparticles is
300 £50 nm. Both cubic shape and sphere shape FeCo nanoparticles could be observed.
The reason for this phenomenon could be the different Fe:Co ratio between the particles
[21]. Most of chemical synthesis FeCo nanoparticles are cubic shape, part of the
nanoparticles are sphere shape. The aggregation problems of nanoparticles present in the
TEM micrographs. This problem is caused by the surfactant concentration and strong
affinity between FeCo nanoparticles. The size of chemical synthesized FeCo nanoparticles
was measured by software and the results were showed in the histogram. The results

indicate the average size of chemical synthesized FeCo nanoparticles is 350 =50 nm.

The magnetic properties of chemical synthesized FeCo nanoparticles were measured by
vibrating sample magnetometer (VSM) equipment. The room temperature magnetic
hysteresis loop of FeCo nanoparticles was presented in Figure 4.5. The saturation
magnetization (Ms) of the FeCo nanoparticles is highly related to the amount of the Fe

element in the nanoparticles [21]. The saturation magnetization (Ms) of the FeCo
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nanoparticles reached maximum (182 +=2 emu/g) when the environment magnetic field at
11 +1 kOe. The FeCo nanoparticles show the ferromagnetic property at room temperature
with a coercivity (Hc) around 0.13 £0.01 kOe. In addition, some references mention the
size of the FeCo nanoparticle influence the magnetic moments and the magnetic properties
of the nanoparticles [20]. The nanoparticles display ferromagnetic property since the
particle size is large than 250 nm.

Figure 4.4 TEM micrograph of chemical synthesized FeCo nanoparticles and the size distribution

histogram of FeCo nanoparticles
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Figure 4.5 Magnetic hysteresis loop of FeCo nanoparticles at room temperature
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4.2.3  Characterization of  FeCol/graphene  hybrid

nanocomposites

The FeCo/graphene hybrid nanocomposites were characterized by the transmission
electron microscopy (TEM). To prepared the TEM sample for the FeCo/graphene hybrid
nanocomposites through MAPLE technique. The 200 mesh copper grids were fixed on the
surface of the substrate holder, next to the glass slides which coated by graphene
nanosheets. In Figure 4.6, the FeCo/graphene hybrid nanocomposites and small size FeCo
nanoparticles could be observed. The graphene nanosheets were placed under the FeCo
nanoparticles, this was shown by the TEM micrographs. In TEM micrographs, the wrinkles
and folds of the graphene nanosheets could be observed and this shows that the structure
of graphene nanosheets are preserved after the MAPLE deposition process. The TEM
micrographs indicate that the size of the FeCo nanoparticles is extremely decreased from
300 £50 nm to 15 10 nm. The shape of the FeCo nanoparticles is changed from cubic
shape to sphere shape. This phenomenon indicates that the FeCo nanoparticles are

influenced by the laser energy. The absorbance properties of the FeCo nanoparticles to the

532 nm Nd:YAG pulse laser could be the reason which causes this phenomenon[23].

2 FS ™ ‘ o

Figure 4.6 TEM micrograph of the FeCo/graphene hybrid nanocomposites
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In addition, the chemical composition and element ratio of the FeCo hybrid
nanocomposites after deposited by MAPLE technique was characterized through TEM-
EDS. The results of TEM-EDS indicates the composition of the FeCo nanoparticles. The
peak position in Figure 4.7 is same with reference [24]. The weight percentage and the
atom percentage of different elements are presented in Figure 4.7. The results indicate that
the molar ratio of Fe and Co is 1.79:1.92, close to 1:1. The TEM-EDS spectrum indicates
that the chemical composition of the FeCo nanoparticles is not influenced by the pulse laser

beam since the majority of laser energy is absorbed by the highly volatile solvent.

Element Wt % At % Fe Co
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Figure 4.7 TEM-EDS result of the FeCo/graphene hybrid nanocomposites witht=2 h

4.2.4 Relationship between surface morphology and

deposition time (t)

In this study, the deposition time (t) was applied as a factor of the experiments. Among the
experiment process, four deposition time periods were applied: 0.5 h, 1 h, 1.5 hand 2 h.
The surface morphology of the substrates was investigated. The particle shape, particle size,
and distribution of the FeCo nanoparticles on graphene surface were characterized by

transmission electron microscopy (TEM).

66



Figure 4.8 TEM micrographs and size distribution of the FeCo hybrid nanocomposites under
different deposition time (a) t=05h (b)t=1h(c)t=15h(d)t=2h

In Figure 4.8, the size of the FeCo nanoparticles varied from 50 nm to 10 nm. The average
particles size is remarkably reduced, compared with the as prepared chemical synthesized
FeCo nanoparticles. After analyzing with the size measure software, the average particle
size is 15 5 nm when deposition time was 0.5 h (Figure 4.8 a) and 1 h (Figure 4.8 b). The
average particles size of FeCo nanoparticles is not exceeding this range when deposition
time reached 1.5 h (Figure 4.8 c) and 2 h (Figure 4.8 d). The maximum size of nanoparticles
increases to 45 =10 nm when deposition time increased to 1 h and 1.5 h. Furthermore,
most of the FeCo nanoparticles were sphere shape and part of the FeCo nanoparticles’
shapes are irregular. These two factors indicate that the nanoparticles are influenced by the
532 nm laser. Base on the reference [23], the same phenomenon happened when
researchers performed the TiO2 nanorods deposition by the MAPLE technique. The

reasons for this phenomenon could be the absorbance properties of the FeCo alloy and the
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properties of the highly volatile solvent. In the addition, the amount of the FeCo
nanoparticles on the surface of the graphene nanosheets are influenced by the MAPLE
deposition time (t). It could be observed that the amount of the FeCo nanoparticles
increased as the deposition time (t) changing from 0.5 h to 2 h. This could be concluded
that more and more particles are deposited on the graphene surface as the deposition time

accumulating.

4.2.5 The magnetic properties of the FeCo/graphene hybrid

nanocomposites

The magnetic properties of FeCo/graphene hybrid nanocomposites were measured by the
vibrating sample magnetometer (VSM, LakeShore 7407, moment measure range: 107 to
10% emu; field accuracy: “+ 0.05 %” full scale). The FeCo/graphene nanosheets samples
were collected by using the solvent to dissolve the samples and centrifugation was applied
to concentrate the samples. The solution of the samples was injected into the sample holder

of VSM equipment and was dried before testing.

The magnetic hysteresis loop of the FeCo hybrid nanocomposites is presented in Figure
4.9. The maximum magnetization (Ms) of the hybrid nanocomposites with t = 0.5 h
approaches to 0.4 +0.2 emu/g. The coercivity (Hc) of the FeCo/graphene nanosheets at the
room temperature is around 0.02 £0.001 kOe. The FeCo/graphene hybrid nanocomposites
displayed ferromagnetic property under the room temperature. These results indicate the
magnetic FeCo/graphene hybrid nanocomposites could be fabricated through MAPLE
technique. The saturation magnetization (Ms) and coercivity (Hc) of the magnetic hybrid
nanocomposites are decreased compared with the chemical synthesis FeCo nanoparticles.
Because samples were mainly made of graphene nanosheets and a small amount of FeCo
nanoparticles were mixed inside of it. The magnetic properties of the samples could be
improved by extending the deposition time (t). To achieve better results, the MAPLE
system needs to be modified and improved to carry out long-time deposition. Another
reason is the influence of the laser energy on the properties of the FeCo/graphene hybrid

nanocomposites. The effects of laser energy need further investments and characterizations.
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In Figure 4.9, the significate noise effects could be observed. This noise effects caused by
the low amount of the FeCo nanoparticles and a lot of nonmagnetic graphene sheets. The
deposited samples were tested by SEM-EDS to characterize the weight ratio/molar ratio of
FeCo and carbon. The results indicate that the weight percentage of FeCo nanoparticles is
1.57 £0.2 %, that is, the mole percentage of FeCo nanoparticles is 0.034 +0.006 %. The
low loading weight of FeCo nanoparticles results in the weak magnetic signal of the FeCo
nanoparticles loaded graphene. The results would easily be influenced by the
environmental vibration.
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Figure 4.9 Magnetic hysteresis loop of FeCo/graphene hybrid nanocomposites at room temperature
4.3 Conclusion

In this study, the FeCo nanoparticles were synthesized through polyol process. the particles
were further introduced in MAPLE system (532 nm laser/ fluence 300 mJ/cm?) to fabricate
FeCo/graphene hybrid nanocomposites. The particle size, particle shape and magnetic
properties of FeCo nanoparticles were characterized by VSM and TEM. The results of
TEM and TEM-EDS indicate the successful deposition of the FeCo nanoparticles on
graphene nanosheets and chemical composition/atom ratio of the samples which are around
1.79:1.92 (Fe:Co). These results indicate that MAPLE technique could minimize the
influence of laser on the chemical composition by introducing highly volatile solvent. The
effect of time (t) on the size distribution and average particle size of the nanoparticles were

investigated. The significant decrease of nanoparticle size is observed. The size of the FeCo
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nanoparticles decreases dramatically from 350 50 nm to 15 10 nm after 0.5 h ablation
by the laser. The amount of the FeCo nanoparticles on the graphene surface increases as
the deposition time increases from 0.5 hto 2 h (0.5 h, 1 h, 1.5 h and 2 h). The magnetic
properties of the FeCo/graphene hybrid nanocomposites were analyzed by the VSM. The
decreasing of the maximum magnetic moment of FeCo/graphene hybrid nanocomposites
were found compared with the chemical synthesized FeCo nanoparticles. The maximum
magnetization (Ms) change from 182 +2 emu/g to 0.4 0.2 emu/g and coercivity (Hc)
change from 0.13 #0.01 kOe to 0.02 +0.001 kOe. The reason for this phenomenon could
be caused by the composition of the hybrid nanocomposites. None-magnetic graphene
nanosheets are the main component of the hybrid nanocomposites sample. This result
indicates that magnetic graphene nanosheets can be achieved by depositing FeCo
nanoparticles by MAPLE method. MAPLE technique is a suitable technique for the
fabrication of the small size FeCo nanoparticles/hybrid nanocomposites. The influence of
the 532 nm laser on the particle size, particle shape and magnetic properties of FeCo
nanoparticles requires further investment. To further investigate the influence of laser and

modify the MAPLE technique, more studies and experiments would be performed by our

group.
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Chapter 5

5 Fabrication of YBCO/graphene hybrid nanocomposites by
MAPLE

In this chapter, YBCO/graphene hybrid nanocomposites were prepared by depositing
yttrium barium copper oxide (YBCO) superconductor particles onto graphene nanosheets
via MAPLE process. The microstructures of YBCO nanoparticles deposited on graphene
sheets by the MAPLE process are studied in terms of particle size and particle shape as a
function of the deposition time (t). The surface morphology of YBCO/graphene hybrid
nanocomposites samples (t=0.5h, 1 h, 1.5 h, 2.0 h) was characterized through TEM. The
element composition of YBCO/graphene hybrid nanocomposites were characterized by
TEM-EDS. The shape and size of YBCO particles before and after laser ablation were
observed by TEM.

5.1 Introduction

Graphene is a typical two-dimensional carbon nanomaterial. It offers remarkable
mechanical, electrical, thermal and optical properties. There are various applications of
graphene sheets in energy-storage devices, polymer composite materials, mechanical
resonators, sensors[1], etc. Graphene has a large surface area which can provide good
catalytic properties and adsorption abilities. Many graphene nanocomposites were
investigated and synthesized with enhanced performance and novel chemical, physical

properties for supercapacitor [2], photovoltaic, electrodes, sensors [3], etc.

Yttrium barium copper oxide (YBCO) materials include different crystalline chemical
compounds with the molecular formula: YBa:CuzO;. YBCO materials display
superconductivity properties at the temperature around 77 K. High-temperature
superconductivity has been utilized in magnetic resonance imaging (MRI), electrical
devices, magnetic field sensors, etc. [4]. With the development of deposition technology,

YBCO films coated on electrically conductive materials can overcome the low current
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density and the grain boundary angle problems. Therefore, they could be used in different
areas, including transformers and cables [5]. Conventional deposition processes (chemical
vapor deposition [6] and physical vapor deposition [7]) could help YBCO materials

overcome these drawbacks.

In this study, the YBCO/graphene hybrid nanocomposites were fabricated through
MAPLE process. MAPLE is a contamination free surface modification system which could
protect the structure of the target material. The target materials are dissolved or suspended
in the solvent which is highly volatile. The solution is frozen by liquid nitrogen. The frozen
solution (target) is irradiated by the high-energy pulsed laser beam. This whole process is
performed under vacuum. Solvent molecules are pumped away by the pumps. The target

molecules are deposited on the substrates.
5.2 Results

The as-purchased YBCO particles were properly dispersed in the isopropanol. By treating
the target dispersion with MAPLE process, the YBCO nanoparticles were fabricated and
deposited on the surface of graphene substrates. Meanwhile, the YBCO/graphene hybrid
nanocomposites were produced through this process. To study the relationship between
deposition time (t) and microstructure of the YBCO nanoparticles on the substrate,
deposition time (t) was varied from 0.5 h, 1 h, 1.5 hand 2.0 h. The raw YBCO particles

and YBCO/graphene hybrid nanocomposites were characterized to study the influence of

»
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the laser.
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Figure 5.1 Schematic of MAPLE experiment and YBCO/graphene hybrid nanocomposites
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5.2.1 Characterization of graphene nanosheets

In this study, the graphene nanosheets were prepared through the same method with the
chapter 4 [8]. The graphene nanosheets were characterized by TEM and UV-Vis
spectroscopy. The results were presented in chapter 4. Both of the TEM micrograph and

UV-Vis spectra indicate that the graphene nanosheets were successfully synthesized.
5.2.2 Characterization of original YBCO particles

Figure 5.2 (a) shows the TEM micrographs of the original YBCO particles. The average
size of these particles is around 3.5 =2 pm. These YBCO particles were applied as
precursors in this study. The TEM micrographs indicate that the original YBCO particles
possess irregular shape and rough surface which are caused by the mechanical fabrication
processes. X-ray diffraction (XRD) test indicate that the XRD profile of as purchase
original YBCO particles fits well with the structure of Bao.esY0.33CuOs, of which the card
number is PDF#41-0227 as shown in Figure 5.2 (b).

(a) (b) Ba, ¥ U0,
g
l k A
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10 20 30 40 50 60

Two theta (degree)

Figure 5.2 TEM micrograph (a) and XRD spectrum (b) of original YBCO particles
The original YBCO particles magnetic properties were characterized by VSM equipment.

The hysteresis loops of YBCO were measured at 80 K and 300 K respectively, as shown
in Figure 5.3. The YBCO particles show ferromagnetism at these temperatures. When
temperature decreased from 300 K to 80 K, the saturation magnetization (Ms) at 10 kOe

increases from 0.03 to 0.05 emu/g, while the coercivity (Hc) increases slightly from 120.6
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to 123.0 Oe. As the particle size is much smaller than the bulk, the critical temperature of

the YBCO powder may be even lower than 80 K.
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Figure 5.3 Magnetic properties of YBCO powder at (1) 80 K (2) 300 K, (a) full-scale magnetic

hysteresis loops (b) magnetic hysteresis loops near axis origin.

5.2.3 Characterization of YBCO/graphene hybrid

nanocomposites

The produced YBCO/graphene hybrid nanocomposites were characterized by TEM
(Figure 5.4). To take TEM micrographs of YBCO/graphene hybrid nanocomposites,
copper grids (200 meshes) were coated graphene on its surface and placed on the substrate
holder. The polydisperse sphere shape YBCO nanoparticles could be observed in Figure
5.4. YBCO nanoparticle displayed darker color which contrasted with the color of
graphene nanosheets. The size of YBCO nanoparticles was dramatically reduced (d < 500
nm), compared with the original YBCO particles (3.5 =2 ). The graphene nanosheets
could be observed in this micrograph and the wrinkles or folds remained. This shows that
the structures of graphene nanosheets are preserved after interacted with YBCO

nanoparticles fluxes which are generated by the MAPLE process.
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Figure 5.4 TEM micrograph of YBCO/graphene hybrid nanocomposites

In addition, the shape of YBCO nanoparticles which are deposited on the graphene surface
becomes uniform (sphere). This phenomenon could be caused by the mechanism of
MAPLE process. MAPLE process input high energy to the frozen target and there is a
small part of the laser energy which is absorbed by the YBCO particle. To check the
chemical composition of YBCO/graphene hybrid nanocomposites which are deposited on
the graphene surface, the TEM-EDS was applied. The TEM-EDS spectrum is presented in
Figure 5.5 and this spectrum is similar with the reference [9]. The results of element
analysis indicate that the element composition and the atom ratio of YBCO are not changed

after MAPLE deposition.

Counts

Cu
v Ba
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Figure 5.5 TEM-EDS spectrum of YBCO/graphene hybrid hanocomposites (t = 2 h)
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5.2.4 Relationship between surface morphology and

deposition time (t)

The microstructures and particle size distribution of the hybrid nanocomposites were
characterized by TEM. The samples were deposited with different deposition time (t = 0.5
h, 1 h, 1.5 hand 2.0 h). The TEM micrograph (Figure 5.6) of the samples indicate that the
particle size distribution, particle amount and surface morphology of the deposition YBCO
particles are related to the deposition time (t). The YBCO nanoparticles with 100 =10 nm
diameter could be observed when (t) = 0.5 h and 1.0 h (Figure 5.6 a and 5.6 b). When the
deposition time (t) is increased to 1.5 h and 2.0 h (Figure 5.6 ¢ and 5.6 d), the large YBCO

nanoparticles (250 =50 nm) are presented in the micrographs.

Figure 5.6 TEM micrographs of the YBCO particles on the surface of the substrate under different
depositiontime ()t=05h(b)t=1h(c)t=15h(d)t=2h

After analysis with software, the results indicate that the average particle size of YBCO

nanoparticles is 60 =20 nm. When the deposition time (t) is increased to 1.5 h and 2.0 h,
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the large YBCO nanoparticles with 250 =50 nm diameter are presented. The particle
amount is influenced by the deposition time. After analyzing the particle amount on the
substrate surface, the results indicate that particle amount has a positive correlation with
deposition time (t). The particle amount increases slightly when deposition time (t) was
increased from 0.5 h to 1 h. However, the particle amount increases dramatically when the
deposition time (t) was increased to 1.5 h. This result may indicate that 1 hour could be a
threshold for the increase of the particle amount since the amount difference between 1.5
h sample and 2.0 h sample are not that obvious. As the (t) increasing, more YBCO
nanoparticles would be carried out by the matrix molecules and the more YBCO
nanoparticles are deposited on the substrates. The ablation phenomenon of nanoparticles
could be observed in samples of various deposition time. This phenomenon is caused by
the solvent absorbance of laser energy and the energy transfer between particles and solvent
molecules. The same ablation phenomenon appeared when A.P. Caricato [10] and his co-
workers operated the TiO> deposition experiments. This part needs further study to explain

the mechanism of the YBCO deposition.
5.3 Conclusions

In this study, the YBCO/graphene hybrid nanocomposites were successfully fabricated
through MAPLE equipment with 532 nm laser (150 mJ/cm?). The deposition results were
characterized by TEM and TEM-EDS. The XRD profiles and magnetic properties of as
purchased YBCO particles were tested and collected by x-ray diffraction equipment and
vibrating sample magnetometer. VSM results indicate the maximum magnetization (Ms)
of original YBCO particles at 10 kOe increases from 0.03 to 0.05 emu/g, while the
coercivity (Hc) increases slightly from 120.6 to 123.0 Oe when temperature decreased from
300 K to 80 K. The XRD profiles of the YBCO particles were found matching perfectly
with the existing data of YBCO materials (PDF#41-0227). The TEM micrographs indicate
the particle size distribution, particle amount and surface morphology of the deposited
YBCO nanoparticles. The particles size of YBCO particles reduced dramatically after the
MAPLE process. The average size of YBCO particles changes from 3.5 =2 pm to 60 %20
nm after MAPLE deposition process. The shape and morphology of YBCO particles before
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and after MAPLE process was observed through TEM. The TEM-EDS spectrum shows
the element composition and atomic ratio of YBCO nanoparticles was preserved after
MAPLE deposition. Consequently, MAPLE is a proper method to produce
YBCO/graphene hybrid nanocomposites and the YBCO/graphene hybrid nanocomposites

can be applied as parts of conductor devices in the future.
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Chapter 6

6 Deposition of protein modified up-conversion nanoparticles
by MAPLE

In this chapter, protein modified up-conversion nanoparticles were deposited by Matrix
Assisted Pulsed Laser Evaporation (MAPLE). Up-conversion nanoparticles (NaGdFas:
Yb®, Er*") were synthesized through chemical processes. The proteins (BSA and IgG)
were modified on the nanoparticles surface by forming peptide bonds with amino groups
on up-conversion nanoparticles surface. The up-conversion nanoparticles and protein
modified up-conversion nanoparticles were deposited on the surface of glass substrates.
The deposition results were characterized by transmission electron microscopy (TEM) and
Fourier transform infrared spectroscopy (FT-IR). The human umbilical vein endothelial
cells (HUVECs) were applied to test the biocompatibility of the deposited samples (IgG
modified up-conversion nanoparticles). The results of this study demonstrate that MAPLE
is a suitable process for depositing organic/biological nanoparticles. The up-conversion
nanoparticles with/without protein modification could be deposited through MAPLE

technique.
6.1 Introduction

The Lanthanide-doped up-conversion nanoparticles have been studied and invested by the
researchers for decades. A noticeable feature of these nanomaterials is an optical
phenomenon called up-conversing phenomenon (anti-Stokes emission). This phenomenon
means that nanoparticles could absorb two or more low-energy photons and result in the
emission of high-energy photons [1, 2]. The concept of the anti-Stokes emission was
revealed by a physicist called Nicolaas Bloembergen in 1959 [3]. The studies of the up-
conversion materials were accelerated in the mid-1960s. The first significance result of the
up-converting phenomenon was found by Frangis Auzel in 1966 [1]. In that study, the
energy transfers happened between Yb3* and Er®*/Tm3". The Yb®" was used to sensitize

those two elements (Er¥*/Tm?3*) for the emission of high energy photons. Other researchers
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soon found new element matches of different energy photons’ emission. In 1966,
Ovsyankin and Feoflov discovered the up-converting phenomenon which Yb3*sensitize the
other element [4]. After a short time, researchers found a new element couple Yb3*-Ho%*
which could achieve the green light emission [5]. There are three mechanisms of the up-
conversion process: energy transfer up-conversion (ETU), excited-state absorption (ESA)
[6, 7] and photon avalanche (PA). The terminology “up-conversion” means transfer long
wavelength radiation to the short wavelength radiation. An essential requirement for
fabricating the up-conversion nanoparticles is the special stair-like arrangement of the

energy levels which make the ions easily reach the emission energy level.

A large amount of the element couples were found by the researchers, for example, Re*
[8, 9], Ni?* [10], Ti?* [11, 12] and Mo>" [13, 14] doped solids [15, 16]. Various synthesis
methods have been developed by the researchers for fabricating up-conversion
nanoparticles. These up-conversion nanoparticles could be divided to two main types: up-
conversion nanoparticles based on oxidic materials [17, 18] and up-conversion
nanoparticles based on fluorides [19, 20]. Researchers use co-precipitation methods
prepared LuPO4 and YbPO4 up-conversion nanoparticles [21]. Kong and his co-workers
fabricated Er®* doped YVO. nanoparticles through hydrothermal processes [22]. To re-
disperse up-conversion nanoparticles in the water, the surface modified Y203 nanoparticles
were synthesized by the researchers [23]. The fluorides type up-conversion nanoparticles
hold a higher transfer efficiency compared with oxidic materials based up-conversion
nanoparticles. In 2002, van Veggel and his co-workers fabricated LaFs nanoparticles which
doped with rear earth ions [24]. After a period of times, the rear earth elements doped YF3
and YbFs up-conversion nanoparticles were developed by the researchers. In 2005, Li and
colleagues developed a method to fabricate rear earth elements doped Y Fs nanoparticles in
2 steps reaction [25]. The researchers tried to control the size distribution of the doped LaF3
up-conversion nanoparticles [26]. Up-conversion particles with different shapes were
developed by the researchers. NalL.uF4 microplates with doped with Yb%", Er®* elements
were produced by Li and his group member [27]. Hao et al. fabricated the NaGdF4 doped
Yb®, Er®* with magnetic properties which could be applied in both MRI and imaging fields

[28]. In 2004, the researchers from three groups fabricated ultra-small NaYFs up-
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conversion nanoparticles which could form transparent colloidal solutions [29]. To control
the size of the up-conversion nanoparticles, the Gd®* ions were introduced to the synthesis
processes. Wang and his group member doped Gd** into the NaYF4:Yb3*, Er®* system to
reduce the size of the up-conversion nanoparticles [30]. In 2009, Li and his group members
synthesized 10 nm size up-conversion nanoparticles based on CaF,: Yb®", Er¥* through
hydrothermal processes [31]. More and more up-conversion nanoparticles with different
shapes, sizes, compositions, and properties were developed by the researchers for different

applications.

The up-conversion nanoparticles hold good fluorescence properties for imaging
applications and part of them hold magnetic properties which could be applied in therapy
treatments. In the biotechnology fields, the specific biological molecules were modified on
the surface of the high-quality fluorescence up-conversion nanoparticles for the
observation of the biological processes. The up-conversion nanoparticles could be widely
applied in biological fields since they hold advantages such as good photo-stability,
monodispersity, biocompatibility and high signal-to-noise ratio by NIR [32]. The
penetration properties of the NIR radiation is high compared with other radiation sources.
The applications of the up-conversion nanoparticles in the biological fields include: in vitro
detection, in vivo detection, multimodal imaging, and cancer therapy. In medication
detection fields, the up-conversion nanoparticles were connected with biotin and avidin for
the in vitro detection [33]. A FRET biosensor based on modified up-conversion
nanoparticles with gold nanoparticles were fabricated by the researchers [34]. For the in
vivo detection, the up-conversion nanoparticles are introduced to the living organisms and
the detection is based on the distribution of the nanoparticles. Since NIR radiation has
better penetration properties, up-conversion nanoparticles could be detected under 10 mm
depths [35]. Up-conversion nanoparticles could be applied to the RNA interference therapy
to replace the fluorescence quantum dots which have drawbacks such as toxicity and auto-
fluorescence [36]. The researchers connected the up-conversion nanoparticles with
biomolecules and were used for tumor detection and drug delivery [37]. In these years, a
new type of up-conversion nanoparticles which are doped with the gadolinium (Gd**) was

fabricated and could be applied as the contrast agent for the MRI [38]. These up-conversion
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nanoparticles could be used as magnetic and optical contrast agent for multimodal imaging
[39]. Another application of the up-conversion nanoparticles is used as catalysts for the
cancer treatment The up-conversion nanoparticles could activate photosensitizers which
conjugated on their surface through resonance energy transfer and generate ROS or

reacting O to eliminate cancer cells [40, 41].
6.2 Results

In this study, the up-conversion nanoparticles (NaGdF4: Yb**, Er®*), Bovine serum albumin
(BSA) modified up-conversion nanoparticles and Immunoglobulin G (1gG) modified up-
conversion nanoparticles were fabricated through the chemical processes. Transmission
electron microscopy (TEM) and Fourier transform infrared spectroscopy (FT-IR) were
applied to characterize the modification results of the experiments. 1-Ethyl-3-(3-dimethyl
aminopropyl) carbodiimide (EDC) and borate buffered saline (BBS) were applied to
connect the up-conversion nanoparticles with the protein include IgG and BSA. The
nanoparticles were collected after centrifugation. Then, nanoparticles were dissolved in the
volatile solvent and frozen by the liquid nitrogen. Up-conversion nanoparticles, BSA
modified up-conversion nanoparticles and IgG modified up-conversion nanoparticles were
deposited through MAPLE technique. The deposition time (t) equal to 2 hours. The glass
substrates with/without gelatin coating were fixed on the rotating substrate holder to
achieve good morphology. The deposition results were characterized through TEM and
FT-IR technique to investigate and characterize the deposition product. The human
umbilical vein endothelial cells (HUVECs) were used to test the biocompatibility of the

samples after the MAPLE treatment.
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Figure 6.1 Schematic of the conjugation process (BSA and IgG with up-conversion nanoparticles)

and MAPLE deposition process

6.2.1 Characterization of BSA modified up-conversion

nanoparticles

The TEM micrographs of up-conversion nanoparticles and BSA modified up-conversion
nanoparticles were presented in Figure 6.2. The TEM micrographs indicate that the up-
conversion nanoparticles are mono-dispersed and the average diameter is 60 10 nm with
a cubic shape. The diameter of the up-conversion nanoparticles and BSA modified up-
conversion nanoparticles were measured through the software. The results are presented in
Figure 6.2. The results indicate the size of the up-conversion nanoparticles are around 60
+10 nm and the BSA modified up-conversion nanoparticles’ average diameter is 65 +10
nm. Most of the up-conversion nanoparticles and BSA modified up-conversion
nanoparticles’ shapes are cubic shapes and some of them are sphere shapes. It could be
observed that the surface of the original up-conversion nanoparticles are rough and can’t
observe coating on their surface. Compared with the original up-conversion nanoparticles,
5 - 6 nm BSA coatings on the nanoparticles’ surface are clearly presented in the TEM
micrographs. This indicates the BSA was successfully conjugated with the up-conversion
nanoparticles. The fluorescence spectrum of the up-conversion nanoparticles was

measured by the QuantaMaster™ 40 Spectrofluorometer (Photon Technology
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International Inc.) and the spectrum is presented in Figure 6.2. Two peaks (550 nm and 650

nm) could be observed in the spectrum (Aex = 980 nm).
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Figure 6.2 (a) TEM micrographs of up-conversion nanoparticles (NaGdF4: Yb%*, Er®*) (b) TEM
micrographs of BSA modified up-conversion nanoparticles (c) fluorescence spectrum of the up-

conversion nanoparticles (excited by 980 nm laser, power 1.05 W)

To further study the modification results, Fourier-transform infrared spectroscopy (FT-IR)
was applied (Figure 6.3). The FT-IR results indicate BSA and BSA modified up-
conversion nanoparticles spectra have stretching vibration bands of the —OH groups at
3288 cm™ and 3293 cm™. The —OH band of the up-conversion particles’ spectrum is not
obvious because up-conversion nanoparticles are covered with branched PEIL. The
stretching vibrations bands of the Carbonyl groups are found at 1644 cm™ and 1646 cm™
for BSA and BSA modified up-conversion nanoparticles which indicate the presence of
the peptide bonds. In addition, the bending vibrations bands of -NH> was found at 1522

cm?, 1527 cm™® and 1523 cm™ in all 3 spectra because all these 3 nanoparticles contain
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amino groups. Therefore, the successful modification was characterized by the FT-IR

spectra.
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Figure 6.3 FT-IR spectra of (1) BSA modified up-conversion nanoparticles (2) up-conversion

nanoparticles

6.2.2 Characterization of BSA modified up-conversion

nanoparticles on the substrate after MAPLE process

The TEM micrographs of deposited up-conversion nanoparticles and BSA modified up-
conversion nanoparticles are presented in Figure 6.4 (a) and Figure 6.4 (b). The TEM
micrographs of the up-conversion nanoparticles on the substrate indicate the average size
is 60 =10 nm. However, the shape of the up-conversion nanoparticles was influenced by
the laser and changed from cubic shape to sphere shape. The same phenomenon was found
by Caricato, A. P and his group member, this phenomenon is the effect of the laser or the
volatile solvent on the target materials [42]. Figure 6.4 (b) is the TEM micrograph of the
up-conversion nanoparticles which were deposited on the substrate. The BSA coatings on
the surface of the nanoparticles are obvious in this micrograph. The average size of the
nanoparticles is 50 =10 nm and nanoparticles are sphere shape and cubic shape. These
results indicate the successful deposition of the up-conversion particles and BSA modified
up-conversion nanoparticles on the glass substrates through the MAPLE technique. In
addition, these results indicate that the laser effects were minimized by the volatile solvent.

The FT-IR characterization (Figure 6.4 c) was applied to further study the deposition
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results of the up-conversion nanoparticles and BSA modified up-conversion nanoparticles.
The stretching vibration band of —OH groups is found at 3667 cm™, This result indicates
the existence of carboxyl groups on the substrate which come from the BSA modified up-
conversion nanoparticles on substrates surface. The bending vibration band of amino
groups is found at 1577 cm™ and this is caused by the amino groups which were fixed on
the surface of up-conversion nanoparticles. The stretching vibration bands of methylene
could be found in both two spectra and indicate the existence of BSA and branched PEI.
Therefore, the FT-IR spectra indicate the successful deposition of both up-conversion

nanoparticles and BSA modified up-conversion nanoparticles.
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Figure 6.4 TEM micrographs of (a) up-conversion nanoparticles (b) BSA modified up-conversion
nanoparticles on the substrate after MAPLE deposition (c) FT-IR spectra of (1) BSA modified up-
conversion nanoparticles deposited on glass substrate (2) up-conversion nanoparticles deposited glass

substrate (3) glass substrate
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6.2.3 Characterization of 1gG modified up-conversion

nanoparticles before and after MAPLE process

The IgG-conjugated up-conversion nanoparticles were characterized through FT-IR and
TEM. The FT-IR spectra are presented in Figure 6.6 (b). In Figure 6.6 (b), the stretching
vibration bands of —~OH groups could be observed at 3673 cm™, 3372 cm, and 3382 cm!
at both two spectra. The —OH groups are found by FT-IR which indicate that 1gG antibodies
are conjugated on the surface of the up-conversion nanoparticles. The stretching vibration
bands of methylene are found at 2987 cm™ and 2900 cm™. These two peaks are obvious at
the spectrum of IgG modified up-conversion nanoparticles. These peaks indicate the
presence 1gG modified up-conversion nanoparticle on the deposited substrates’ surface.
The bending vibration bands of amino groups were found at 1515 cm™ and 1511 cm™ for
both two spectra. Both PEI (polyethylenimine) and 1gG antibodies which are fixed on the
surface of the up-conversion nanoparticles possess amino groups. The stretching vibration
bands of carboxyl groups could be found at 1249 cm™ in IgG modified up-conversion
nanoparticles spectrum. The stretching vibration bands of peptide bands is found at 1650
cm™. These results indicate the successful conjugation between IgG antibodies and up-

conversion nanoparticles.

In addition, the TEM micrographs indicate the successful conjugation between the up-
conversion nanoparticles and IgG antibodies. The TEM micrographs of the 1gG modified
up-conversion nanoparticles are presented in Figure 6.5. The IgG antibodies are found in
these pictures (mark with red circle). The size of the 1gG antibodies in the TEM
micrographs are 20 =5 nm [43]. The structure of the IgG is presented clearly in these
micrographs. This is another proof for the successful fabrication of the 1gG modified up-

conversion nanoparticles.
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100 nm

Figure 6.5 TEM micrographs of the 1gG modified up-conversion nanoparticles (IgG marked with red

circles)

Then the 1gG modified up-conversion nanoparticles were deposited on the glass slide.
Samples were tested with FT-IR after MAPLE deposition process treatments (Figure 6.6
a). The results indicate that the stretching vibration bands of —OH groups could be observed
at 3648 cm™. -OH groups come from the IgG antibodies which are conjugated on the
surface of the up-conversion nanoparticles. The existence of methylene groups could be
indicated by the stretching vibration bands at 2985 cm™ and 2900 cm™. The existence of
amino groups could be observed by the bending vibration band at 1575 cm™ which were
found at the spectrum of the up-conversion nanoparticles. These functional groups are parts
of the branched PEI which are fixed on the surface of the up-conversion nanoparticles.
Compared with the spectra of the up-conversion nanoparticles and glass substrate, these
results could indicate the existence of 1gG modified up-conversion nanoparticles on the

surface of substrates after MAPLE deposition.
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Figure 6.6 (a) FT-IR spectra of (1) IgG modified up-conversion nanoparticles deposited on glass
substrate (2) up-conversion nanoparticles deposited glass substrate (3) glass substrate (b) FT-IR

spectra of (1) 1gG modified up-conversion nanoparticles (2) up-conversion nanoparticles
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6.2.4 Biocompatibility test of the deposited samples

In this test, the glass substrates were coated with gelatin for cells seeding. Among the
deposition process, different substrates were applied to investigate the difference between
the control group samples and deposition treated samples. The biocompatibilities of three
different types samples were tested by this experiment: control group samples, up-
conversion nanoparticles deposited samples and 1gG modified up-conversion nanoparticles
deposited samples. Figure 6.7 presents the confocal microscope micrographs of three
different samples. Compared with the control samples, the cells which grow on the other
two samples’ surface hold higher amounts and better connections with each other. These
results indicate the successful deposition of two nanoparticles (UCNPs and UCNPs-IgG)
and the biocompatibility of these nanoparticles. The results indicate the IgG modified up-
conversion nanoparticles were successfully deposited by the MAPLE technique and hold

good biocompatibility.

Control UCNPs UCNPs-IgG

Figure 6.7 Confocal micrographs of HUVECs on the surface of (a) control sample, (b) p—conversion

nanoparticles samples, (c) 1gG modified up-conversion nanoparticles samples

The length of cells, the length of connections, area of the cells and cells number were
investigated through the ImageJ software (Figure 6.8). The lengths of the cells are defined
as the largest length value which could be measured in this cell. The length of the
connection is defined as the distance between the edge of the cells tips and the cell nuclei.
The former three factors are indicated the better growth status of the HUVECs on the
surface of up-conversion/IgG modified up-conversion nanoparticles, compared with the
control samples. The cells number on the surface of up-conversion nanoparticles sample is

higher than other two groups and the cells number of 1gG modified up-conversion
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nanoparticles sample is similar to the control groups’ result. Most of the references show
the up-conversion nanoparticles have a good biocompatibility compared with other
nanoparticles [44, 45]. The results of the investigation by ImageJ software indicate that
both up-conversion nanoparticles and IgG modified up-conversion nanoparticles possess
good biocompatibility. The influence of IgG modified up-conversion nanoparticles on the
cells is not obvious compared with the up-conversion nanoparticles. Because the 1gG is
one kind of antibodies, its effect on the growth of the cells is not obvious compared with

other biomolecules.
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Figure 6.8 Investigation results of HUVECSs for control sample/UCNPs/UCNPs-1gG: (a) cell area, (b)

cell connection length (c) cell length (d) cells number
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6.2.5 Cell viability test of the deposited samples

The tests were carried out by testing the cell concentration on the surface of the deposited
samples. The HUVECs were grown on the surface of the deposited samples for 24 hours.
The results of this test could indicate the cells’ response to the up-conversion nanoparticles
and IgG modified up-conversion nanoparticles. Three types of samples were tested: control
samples, up-conversion nanoparticles deposited on glass substrates and IgG modified up-
conversion nanoparticles deposited on glass substrate. These samples were soaked in the
cell culture medium for 24 hours at 37 <C in the incubator. Then the MTT test was carried
out after 24 hours. Figure 6.9 indicates the results of MTT test. The results show that the
cell concentration of the glass substrates, up-conversion nanoparticles samples and IgG
modified up-conversion nanoparticles samples were 103.96 %, 105.44 % and 103.96 %
individually (Figure 6.9). The results could indicate that up-conversion nanoparticles and
protein modified up-conversion nanoparticles have no toxic effects on the cells and these

particles could be considered as biocompatible materials.
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Figure 6.9 Cell viability of control sample, glass substrate, UCNPs, and 1gG modified UCNPs
6.3 Conclusions

In this study, the up-conversion nanoparticles, BSA modified up-conversion nanoparticles,
and 1gG modified nanoparticles were successfully deposited on the surface of the glass

substrate with or without gelatin coating. The TEM and FT-IR results indicate the
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immobilization of these nanoparticles on substrates’ surface which was achieved by the
MAPLE equipment with a pulsed Nd:YAG laser at 532 nm (150 mJ/cm?). The up-
conversion nanoparticles were characterized by the fluorometer and peaks at 550 nm/650
nm were observed under 980 nm continuous laser excitation. The size of the up-conversion
nanoparticles was 60 =10 nm and 5-6 nm BSA coatings were observed by the TEM. The
deposited samples were characterized by TEM. The average size of BSA modified up-
conversion nanoparticles is 50 210 nm and the BSA coatings were observed after MAPLE
deposition process. To verify the deposition results, deposited samples were characterized
by FT-IR. The presences of functional groups (-OH/-NH2/-COOH) indicate successful
deposition of protein modified up-conversion nanoparticles. The influence of laser on the
particle shape and particle size are minimized. The proteins (BSA and IgG) are protected
by the volatile solvents and deposited on the substrate surface along with the up-conversion
nanoparticles. These products could be used to fabricate the new biological devices which
are based on the up-conversion nanoparticles. Our group is currently working on
developing biomaterial devices based on protein modified up-conversion nanoparticles
which are deposited through MAPLE technique. The further investigation of the
interactions between the deposited nanoparticles with primary umbilical vein endothelial

cells (HUVECs) would be carried out in the future studies.
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Chapter 7
7 Summary and future work

7.1 Summary

The deposition methods of nanocomposites include dip coating, spin coating, chemical
vapor deposition, physical vapor deposition, etc. Among these deposition techniques,
Matrix Assisted Pulsed Laser Evaporation (MAPLE) method overcomes the drawbacks of
the conventional physical vapor deposition methods such as target material degradation,
thickness controlling and polymer/biomaterial deposition. This technique is applied in the
deposition of polymers, biomolecules, proteins, and nanoparticles. To solve the biofouling
problems of the silicone hydrogel, our group developed anti-biofouling coating by
depositing ZnO/PEG nanoparticles and Ag/PVP nanoparticles through MAPLE technique.
In this study, three different magnetic nanocomposites were deposited by using the
MAPLE technique.

In Chapter 4, the major objective is fabricating FeCo/graphene magnetic hybrid
nanocomposites with magnetic properties through the MAPLE technique. FeCo
nanoparticles were deposited on the graphene sheets by the MAPLE technique (532 nm
laser/fluence 300 mJ/cm?). The microstructures and properties of the FeCo/graphene
hybrid nanocomposites were characterized. The TEM micrographs indicate the
morphology of the FeCo nanoparticles on the graphene surface with increasing deposition
time (t). The chemical composition and atomic ratio of the FeCo nanoparticles were
investigated by the TEM-EDS. The atomic ratio of the deposited FeCo nanoparticles
(Fe:Co) is around 1.79:1.92. Our results indicate that the chemical composition of FeCo is
preserved after the MAPLE deposition. The particle size and shape of the FeCo
nanoparticles were studied when the deposition time (t) increases from 0.5 hto 2 h (0.5 h,
1 h, 1.5 h and 2 h). The relationships between t and size distribution of the FeCo
nanoparticles were analyzed. The size of the FeCo nanoparticles decreases dramatically
from 350 50 nm to 15 £10 nm after 0.5 h ablation by the laser. The number of the FeCo
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nanoparticles on the surface of the graphene substrate increases as t increasing. The
maximum magnetization of the chemical synthesized FeCo nanoparticles is 182 2 emu/g,
while the maximum magnetization of the FeCo/graphene hybrid nanocomposites (t = 0.5
h) is 0.4 £0.2 emu/g. The decreased Ms of the FeCo/graphene hybrid nanocomposites as
compared to the Ms of the FeCo nanoparticles before the deposition could be related to the
very small amount of FeCo nanoparticles were deposited on the graphene sheets when t =
0.5 h. With t increasing, it is expected that the Ms of the FeCo/graphene hybrid
nanocomposites could increase. Consequently, magnetic graphene nanosheets can be
achieved by depositing FeCo nanoparticles onto graphene sheets’ surface. MAPLE
technique offers a way to control the magnetic properties of magnetic graphene sheets by

adjusting the deposition time.

In Chapter 5, the main objective of this session is depositing YBCO nanoparticles onto the
surface of graphene nanosheets through the MAPLE technique. The YBCO nanoparticles
were deposited on the surface of the graphene nanosheets to fabricate YBCO/graphene
hybrid nanocomposites by MAPLE system (150 ml/cm?). Transmission electron
microscopy (TEM) micrographs demonstrate the successful deposition of the YBCO
nanoparticles. The chemical composition of the YBCO/graphene hybrid nanocomposites
were characterized by the TEM-EDS. The results of the TEM-EDS indicates the chemical
composition of the YBCO nanoparticles was preserved after the MAPLE treatment. The
effects of the deposition time (t) which was changed from 0.5hto 2 h (0.5, 1, 1.5and 2 h)
on microstructures (particle size/shape) of nanoparticles were studied. The TEM
micrographs show the particles size and shape of the YBCO nanoparticles on the surface
of the graphene nanosheets are different before and after deposition. The average particle
size changes from 3.5 2 pm to 60 =20 nm and the particle shape changes from irregular
shape to sphere shape after the MAPLE deposition. The amount of the YBCO nanoparticles

increases as the deposition time (t) increasing.

In Chapter 6, the main objective of this session is verifying the possibilities of depositing
up-conversion nanoparticles and protein modified up-conversion nanoparticles through
MAPLE system. Up-conversion nanoparticles and protein modified up-conversion

nanoparticles were deposited on the surface of the glass substrates. The laser fluence of
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this project is 150 ml/cm? The protein-modified up-conversion nanoparticles were
characterized by TEM and FT-IR. The TEM micrographs show that the average size of the
up-conversion nanoparticles is 60 =10 nm. The BSA coated on nanoparticles can be
observed in TEM micrographs. The bending of amide functional groups and stretch of
carboxyl groups at 1644 cm™ and 1249 cm after proteins are modified onto nanoparticles
can be observed in FT-IR spectra. These results indicate the successful modification. The
samples were characterized by the TEM/FT-IR after MAPLE deposition. The FT-IR
spectra indicate that both up-conversion nanoparticles and protein modified up-conversion
nanoparticles are deposited by the MAPLE process with the presence of the peaks of -OH/-
NH: groups at 3367 cm™/3648 cm™ and 1575 cm™Y/1577 cm™. The TEM micrographs of
the deposited up-conversion nanoparticles and BSA modified up-conversion nanoparticles
indicate that the average particles size of the nanoparticles is around 50 =10 nm, and the
BSA coatings’ thickness is 5 - 6 nm. In addition, TEM micrographs clearly demonstrate
that IgG antibodies were modified onto the up-conversion nanoparticles. Human umbilical
vein endothelial cells (HUVECs) were applied to study the interactions between cells and
the deposited samples. As compared to the control samples, cell length, cell connection
length, cell area and cells number of HUVECs which grew on the surface of the up-
conversion nanoparticles are increasing. The results indicate that up-conversion
nanoparticles may enhance the adhesion of the cell, and improve the cell growth. The MTT
test shows the up-conversion nanoparticles and IgG modified up-conversion nanoparticles

do not cause the toxic effect on cells.

The results of this study indicate the good versatility of MAPLE deposition system for
depositing  different kinds of nanoparticles and preserve their chemical

composition/microstructure.
7.2 Future works

In this study, MAPLE process was applied in all three projects. One disadvantage of the
MAPLE deposition technique is the production rate, especially for the deposition of YBCO
and FeCo nanocomposites. The structural changes of the equipment or the modifications

of the deposition processes could be developed to improve the production rate of the
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deposition products. More experiments and characterizations would be applied to study the

mechanism of the deposition processes.

The effects of the laser on the target materials are found in the MAPLE deposition
processes of all three nanocomposites. These effects could be minimized by changing the
wavelength of the laser and high volatile solvent. The effect of the laser wavelength, laser

fluence and volatile solvent type on target materials would be investigated in the future.
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