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Abstract

Magnetoresistance (MR) refers to the change of a material’s electrical resistance under the
presence of an external magnetic field. The discovery of new MR phenomena (e.g., giant
magnetoresistance (GMR) and tunneling magnetoresistance (TMR)) since the 1980s initiates
the revolution of novel electric devices in the fields of data storage, position sensing, current
sensing, non-destructive monitoring, biomedical sensing systems, etc. However, current
devices display inadequate MR at the low magnetic field/room temperature, limited working
range, and bulky size, which hinders the further application of MR sensors/devices.
Therefore, the main goal of this thesis is to develop two-dimensional MR materials with high

performance and their potential applications.

First, a new hybrid nanosheet was designed and developed by integrating reduced graphene
oxide (rGO) and FeCo nanoparticles (NPs). A facile solvothermal process was developed to
produce FeCo/rGO hybrid nanosheets with significant MR (21 +6%) at the low magnetic
field (10 kOe) and room temperature. In addition, we demonstrated that the wireless
magnetic field sensing system with FeCo/rGO hybrid nanosheets and ZigBee radio modules
was able to achieve real-time detection and data collection of a working mobile phone. By
adjusting the mass ratio of rGO adding to the system, we obtained the tunable MR of
FeCo/rGO hybrid nanosheets. On the other hand, it was found that the formation of Co-Mn
oxides NPs on rGO hybrid nanosheets was increased as the mass ratio of rGO added in the
reaction exceeded 50 wt.%. The effects of imported ions on the MR of hybrid nanosheets
were investigated. The formation of Co-Mn oxides NPs on hybrid nanosheets in this
solvothermal process could lead to relatively high MR (3.5% ~ 4.5%) compared with other

structures containing Co and Mn under the same conditions.

In addition to the chemical synthesis, we constructed FeCo/rGO hybrid nanosheets by using a
laser-assisted physical deposition process, i.e., the matrix-assisted pulsed laser evaporation
(MAPLE). The FeCo/rGO hybrid nanosheets prepared by MAPLE displayed MR with a
level of 0.7% at ambient temperature and low magnetic fields (10 kOe), which is larger than
or close to the reported MR of physically prepared FeCo-based granular materials/structures
with higher FeCo ratios.



Finally, a mechanically flexible nanocomposite hydrogel with MR properties was developed.
FeCo/rGO hybrid nanosheets were incorporated with the hydrogel matrix by using a photo-
initiated polymerization process. The significant enhancements in mechanical properties
compared with hydrogel matrix (toughness (0.11 MPa, 2.0x higher), Young's modulus (0.48
MPa, 1.5x higher), and maximal tensile stress (0.22 MPa, 1.7x higher)) and negative MR (-

1.4 +£0.3%) at room temperature and low magnetic fields were observed.

This work provides the solution to the challenges of developing ideal MR
materials/structures and offers a better understanding of designing graphene-based
nanocomposites with large MR. We believe that the flexibility and integrability of FeCo/rGO
hybrid nanosheets not only benefit the design of MR sensors but also pave the way for

extending the application of MR devices in the foreseeable future.
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Summary of Lay Audience

Magnetoresistance (MR) can be defined as the variation of a material’s electrical resistance
under the presence of an external magnetic field. Nowadays, MR sensors and devices are
employed in magnetic storage (recording), position sensing, current sensing, non-destructive
monitoring, biomedical sensing systems, etc. The performance of MR sensors at room
temperature and low magnetic fields is important in these applications. However, current
devices display inadequate MR at the low magnetic field/room temperature, limited working
range, and bulky size. Therefore, the main goal of this thesis is to design and construct ideal

MR materials/structures with large MR under these conditions.

We designed and developed a hybrid nanosheet based on reduced graphene oxide (rGO) and
FeCo nanoparticles (NPs). The chemically synthesized FeCo/rGO hybrid nanosheets
displayed significant MR at the low magnetic field and room temperature. A hybrid
nanosheets-based wireless magnetic field sensing system was constructed, which achieved
real-time detection and data collection of a working mobile phone. Meanwhile, we
discovered the formation of Co-Mn oxides NPs on rGO hybrid nanosheets as the mass ratio
of rGO added in the reaction exceeded 50 wt.%. The hybrid nanosheets with Co-Mn oxides
NPs displayed relatively high MR compared with other structures containing Co and Mn

under similar conditions.

In addition to the chemical path, we constructed FeCo/rGO hybrid nanosheets with a laser-
assisted physical deposition process, i.e., the matrix-assisted pulsed laser evaporation
(MAPLE). The MAPLE-prepared FeCo/rGO hybrid nanosheets exhibited MR close to or
larger than the MR of other physically prepared FeCo-based granular materials/structures in
previous works. Finally, by combining FeCo/rGO hybrid nanosheets with the hydrogel
matrix, we developed a nanocomposite hydrogel with significant enhancements in
mechanical properties and negative MR. The studies in this thesis provide a better
understanding of designing and developing graphene-based nanocomposites with large MR.
We believe that the findings in this thesis could be applied to overcome the obstacles of MR
sensors and devices regarding sensitivity and cost-efficiency and benefit the future
applications of MR devices.
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Chapter 1

1 Introduction and Motivation

Magnetoresistance (MR) is defined as the variation of a material's electrical resistivity
under the presence of external magnetic fields. In 1857, Lord Kelvin (William Thomson)
first observed MR [1]. In the late 1980s, two scientists discovered that the multilayer
system consists of Fe/Cr thin layers could display large MR at low temperature [2]. The
MR of this Fe/Cr multilayer system at low temperature was later known as the giant
magnetoresistance (GMR) [3]. The discovery of GMR has dramatically boosted the
development of the magnetic recording industry since IBM applied GMR reading heads
in the hard disk drive (HDD) [4]. Nowadays, MR devices/sensors have been broadly
applied in various fields including data storage, position sensing, current sensing, non-

destructive monitoring, and biomedical sensing systems [4-7].

In recent years, the demands on highly-sensitive and cost-effective MR devices/sensors
raised. Improvements in the sensitivity and production process are important to the
further applications of MR devices/sensors. The theme of this thesis is to develop a novel
material with the enhanced MR and facile preparation process, which meets the
requirements of highly-sensitive and cost-effective MR devices/sensors. Specifically, the
aim is to construct a novel MR nanomaterial with minimum requirements on extreme
conditions (e.g., low temperatures) and large magnetic fields (> 10 kOe). The
investigations and discussions of the possible origin of the MR are included in this thesis.
In addition, multifunctional MR devices/sensors were developed with the as-prepared
novel MR nanomaterials. This chapter will provide an overview of the MR phenomena
and applications of MR sensors. Meanwhile, current challenges in producing ideal MR
devices/sensors and the possible solution to existing difficulties will be discussed.

Research objectives and the outline of this thesis will be identified and listed.



1.1 ABrief Introduction of Magnetoresistance

MR is defined as a material's electrical resistance change under the presence of an
external magnetic field. It was first observed by Lord Kelvin (William Thomson) in 1857
[1]. Since the discovery of GMR in the 1980s, numerous studies have been performed to
investigate MR effects and MR materials/structures [3]. In specific, MR can be classified
as several distinct types (Figure 1.1) including ordinary magnetoresistance (OMR),
anisotropic magnetoresistance (AMR), giant magnetoresistance (GMR), tunneling
magnetoresistance (TMR), colossal magnetoresistance (CMR), and extraordinary

magnetoresistance (EMR).

Ordinary Anisotropic
Magnetoresistance Magnetoresistance
Extraoinary x Giant
Magnetoresistance ‘ Magnetoresistance ﬁ | Magnetoresistance
Colossal Tunneling
Magnetoresistance Magnetoresistance

Figure 1.1 Different types of magnetoresistance (MR).
1.1.1  Ordinary Magnetoresistance

Ordinary magnetoresistance (OMR) is related to the (electrical) resistance change (4R) of
metals under the presence of an external magnetic field (Figure 1.2). The OMR arises
from the cyclic motion of electrons, and the MR of this phenomenon is relatively small



[8]. The magnitude of OMR can be increased by raising the intensity of external

magnetic fields [9].
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Figure 1.2 Schematic diagram of ordinary magnetoresistance (OMR).
1.1.2  Anisotropic Magnetoresistance (AMR)

In anisotropic magnetoresistance (AMR), the resistance change (4R) depends on the
angle () between the electric current and the magnetization of the material [10]. The
AMR is triggered by the anisotropy of electron scattering effects in the material.
Researchers observed AMR in the alloys (based on iron, cobalt, and nickel) in the 1970s
[11, 12]. For AMR in ferromagnetic metals, the high resistance appears when the
magnetization direction is parallel to the current direction. On the contrary, the low
resistance appears when magnetization is perpendicular to the current direction (Figure
1.3) [10]. The magnitude of AMR can be calculated by the equation (1.1)

AMR =P Pr (1.1)

P1

where p, is the resistivity when the current is parallel to the magnetization direction, and

p, the is resistivity when the current is perpendicular to the magnetization direction.
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1.1.3 Giant Magnetoresistance (GMR)

In 1988, giant magnetoresistance (GMR) was discovered in the multilayer system of Fe
and Cr [2]. GMR offers larger MR at a relatively small magnetic field, although it may
require extreme conditions such as low temperatures [2, 3]. As shown in Figure 1.4, the
sandwich structure of GMR includes two ferromagnetic layers and one non-magnetic (or
non-ferromagnetic) layer. The GMR effect is related to the spin-dependent scattering of
electrons [13]. Normally, the high resistance can be observed when the magnetization
directions of two ferromagnetic layers are anti-parallel. On the other hand, the low
resistance can be observed at the parallel state. The discovery of GMR has significantly

increased the storage capacity of magnetic storage devices such as hard disk drives

(HDDs) [4].
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Figure 1.4 Schematic diagram of giant magnetoresistance (GMR).



1.1.4  Tunneling Magnetoresistance (TMR)

Tunneling magnetoresistance (TMR) adopts a similar multilayer configuration as the
GMR. The basic unit of the TMR device is the magnetic tunnel junction (MTJ). The MTJ
follows the structure of the ferromagnetic metal layer/insulator layer/ferromagnetic metal
layer (Figure 1.5) [14]. In this system, electrons tunnel through the insulator layer due to
the quantum tunnelling phenomenon [15]. TMR is generated by spin-dependent tunneling
of electrons, which is related to the magnetization directions of ferromagnetic layers. The
high resistance can be observed at the anti-parallel state. On the contrary, the low
resistance can be obtained at the parallel state. TMR reading heads have been widely
applied in HDDs since 2006 [16]. In addition, TMR sensors were used in position sensing
and non-destructive monitoring to perform position measurement and defect detection
[17-19].
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Ferromagnetic layer
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Figure 1.5 Schematic diagram of tunneling magnetoresistance (TMR).
1.1.5 Colossal Magnetoresistance (CMR)

In the 1990s, researchers discovered colossal magnetoresistance (CMR) in manganese-
based perovskite oxides [20]. Various theories have been applied to explain the origin of
CMR [21-23]. The magnitude of MR in CMR materials can be large (150% at 6 > 10*
kOe. The Qersted (Oe, CGS) and A/m (SI) are units for magnetic field intensity (H). The
Gauss (G, CGS) and Tesla (T, Sl) are units for magnetic flux density. B = pH) [23-26].
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Moreover, some CMR materials exhibit insulator-to-metal transfer at increasing
temperature or external magnetic fields [23]. CMR materials are expected to become an
important type of material for the production of MR devices/sensors. However, the future
applications of CMR materials remain limited and unclear due to the prerequisites such

as low temperature, large magnetic field, and complicated fabrication processes.
1.1.6  Extraordinary Magnetoresistance (EMR)

Extraordinary magnetoresistance (EMR) has been discovered in the hybrid structure of
semiconductors and metals [27]. EMR effect can provide significant MR (> 10%%) at
relatively low magnetic fields (3 > 10* kOe) [28]. The origin of EMR is related to the
changing ratio between currents flowing through the metal parts and the semiconductor
parts [27]. The EMR sensor is expected to be applied in the reading heads of future
HDDs [29]. However, the disadvantages of EMR devices are also obvious. The EMR
devices require precise control on the layer thickness and complicated preparation
processes. In addition, EMR devices experience difficulties in increasing the signal

output and reducing the dimension [27].
1.2 Developing Magnetoresistance Materials/Structures

Since the discovery of MR, various MR materials/structures have been developed to
achieve ideal performance under different conditions. Due to the special anisotropic
property, AMR materials are applied in designing memory sensors and angle sensors [30,
31]. However, the MR of AMR materials is relatively low (2.5%). Currently, multilayer
systems with GMR or TMR effects are widely employed in commercial applications [32-
34]. In recent years, emerging nanotechnology has offered various options for
constructing ideal MR materials/structures. Instead of the bulk layer, the granular MR
system was developed with pressed small granules of magnetic materials. Granular MR
systems are designed to reduce the complexity and improve the efficiency of the

preparation [35-37].

Due to its unique physical/chemical properties, graphene has soon attracted the attention

of researchers [38]. Multilayered graphene, graphene foams, and hybrid graphene
6



nanocomposites have been introduced in the development of MR materials/structures
[39-41]. Layered graphene MR systems are constructed by introducing disorders into
monolayer/multilayer graphene or combining graphene layers in multilayer devices [42-
47]. Graphene foams (GF) are three-dimensional arranged graphene structures with good
biocompatibility and MR property [48-54]. Hybrid graphene nanocomposites with MR
are constructed with graphene and reduced graphene oxide (rGO) [41, 55-62]. A brief

review of MR materials/structures is provided in Chapter 2.
1.3 Current Applications of Magnetoresistance Sensors

The study of William Thomson set the cornerstone for the future developments of MR
devices [1]. However, few research attempts were put into the investigations of MR due
to the small magnitude of the MR effect (less than 2%) [63]. The situation was changed
when Grinberg and Fert discovered the GMR in 1988. In the meantime, the demands for
magnetic sensors raised due to the surge of magnetic data storage systems since the early
70s. This led to a significant boost of studies on MR sensors/devices [2, 3]. In 1990, the
GMR multilayer system was successfully prepared by IBM Almaden Research Center
with high-vacuum DC magnetron sputtering. This result reveals the possibility to produce
sensitive MR sensors for improving the storage capacity of magnetic storage devices
[64]. After IBM introduced the first GMR reading head in HDD, more and more studies

have focused on developing MR sensors for different applications [65].

MR sensors have been employed in different applications including biophysics and the
automotive industry since the first commercial GMR sensor came to the market in 1994
[34]. Currently, the major applications of MR sensors include magnetic storage
(recording), position sensing, current sensing, non-destructive monitoring, and
biomedical sensing systems [66-72]. MR sensors have also been applied in producing
antilock brakes, magnetocardiography, and galvanic isolators [73-79]. The total value of
the magnetic sensor market is expected to exceed 2.0 billion US dollars in 2022 due to
the brooming of the modern electronic industry [80]. As shown in Figure 1.6, the number
of the published papers on MR sensors has increased since 1995, which indicates the

growing scientific interest in this topic.
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Figure 1.6 The number of publications on MR sensors from 1991 to 2020. The data
were obtained from the Web of Science core collection with the keyword

"magnetoresistance sensor"'.

1.4 The Demands on Highly-sensitive and Cost-effective

MR Materials/Devices

The seeking of ideal MR sensors in various applications has raised the demands of
highly-sensitive and cost-effective MR sensors. Since the discovery of MR, the study has
never stopped for developing ideal MR materials/devices with large MR at room
temperature/low magnetic fields and simplified preparation processes. Currently, GMR
and TMR multilayer systems could provide applicable MR sensors and devices.
However, these multilayer systems display drawbacks including large time and
equipment cost in production, relatively low MR value at room temperature/low magnetic
fields, and limited working range. The highly-sensitive and cost-effective MR
materials/devices are in high demand to meet the specific requirements for different
applications and broaden the industrial implementations of the MR sensors/devices
(Figure 1.7).



Magnetic storage Improved data

storage capacity
Position/Current sensing
Enhanced sensing

Non-destructive monitoring _ performance

Lower cost of the MR
Biomedical sensing system
sensing devices

‘. Highly-sensitive and
cost-effective MR
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Figure 1.7 Schematic diagram of the potential impacts of highly-sensitive and cost-
effective MR materials/devices on current applications.

For data storage, the highly-sensitive MR materials/devices can enhance the sensitivity of
MR reading heads in HDDs. The area size of data bits can be minimized with the highly-
sensitive MR reading head. This leads to a higher areal density of data and a larger
storage capacity of HDDs. In addition, the highly-sensitive MR materials can contribute
to decreasing the size of current TMR sensors. The cost-effective feature can help to
reduce the production cost of MR reading heads. Therefore, these improvements could
trigger a dramatic decline in the average retail price of magnetic storage devices with
increased storage capacity. The decrease of average retail price could benefit the
development of the electronics industry, which has been demonstrated by the prevalence
of MR reading heads since the emergence of AMR, GMR, and TMR reading heads in the

market.

The sensitivity of the MR sensor is crucial for position sensing, current sensing, and non-
destructive monitoring. The targets' stray magnetic fields could be relatively low for
detection (such as electrical currents in the integrated circuits or eddy currents of the
defect area). Meanwhile, the structures above or close to the detection targets can

obstruct the sensing process. Thus, MR sensors with higher sensitivity are required for
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these applications especially for the low magnetic fields and room temperatures.
Although GMR/TMR multilayer systems exhibit enhancements on sensitivity and
reliability over the traditional Hall effect sensors, improvements are required to
strengthen the sensitivity and working range of the multilayer systems [81]. The highly-
sensitive MR sensors could offer more details and higher resolution in the applications
such as position sensing, current sensing, and non-destructive monitoring [82]. The
GMR/TMR multilayer systems increase the production cost of devices in these
applications. Applying cost-effective MR materials could reduce the economic cost for
the MR sensor-based position/current sensors and non-destructive monitor systems,

which increases the profit and broadens the commercial application.

The sensitivity of magnetic field sensors is directly related to the limit of detection (LOD)
in magnetic biomedical sensing platforms/systems. Magnetic nanoparticle (MNP) is the
most adopted magnetic label for biomedical sensing platforms based on MR sensors.
Hence, MNPs with higher magnetic moments are preferred as the stronger magnetic
signals can be picked up by MR sensors. A higher signal-to-noise ratio can be achieved
since the biological matrix exhibits low magnetic backgrounds. However, the detection
process is still strongly influenced by built-in MR sensors' sensitivity and working range.
Meanwhile, it is challenging for MR biomedical sensing systems to collect signals since
the magnetic signal of MNPs are relatively low compared with bulk targets. This requires

MR sensors to display larger signal outputs at relatively low magnetic fields [83].

Currently, GMR/TMR multilayer systems show disadvantages in MR at low magnetic
fields and limited working ranges [84]. In addition, GMR/TMR multilayer systems
increase the price of MR biomedical sensing platforms due to the high economic and time
costs of the preparation process [84]. Therefore, the ideal MR materials/devices not only
improve the sensitivity but also reduce the production cost of the biomedical sensing
systems for potential applications such as point-of-care (POC) testing, which benefits the

development of the next generation MR biomedical sensing platform [85].

Furthermore, increasing concerns appear on detections and quantifications of

electromagnetic radiations nowadays due to the fast developments of communication
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technology and personal electronic devices [86-88]. The world health organization
(WHO) has already classified the radiofrequency electromagnetic field (RF-EMF)
radiation as "possibly carcinogenic to humans” (Group 2B) [89]. WHO increases the
priority of the researches about the effects of RF-EMF exposure on the human body due
to the concerns of potential adverse effects on the brain and other organs (particularly in
children) [90]. The detection of magnetic fields is an appliable method to detect and
quantify electromagnetic radiations [91]. Hall effect sensors and MR sensors are two
major types of magnetic field sensors. MR sensors display superiorities over traditional
Hall-effect sensors in energy consumption, physical size, sensitivity, and temperature
stability [92, 93]. In addition, current MR sensors could be improved in sensitivity,
integrability, and cost-efficiency to meet the demands of possible massive usage of MR
sensors for detecting electromagnetic radiations. Therefore, further studies are required
for developing highly-sensitive and cost-effective MR materials/devices in RF-EMF

detections.

1.5 Current Challenges in Constructing Ideal MR

Materials/Devices

AMR was introduced in scientific and industrial fields by the discovery of AMR in 1857
and the application of AMR reading head of HDDs in 1991 [1, 94]. AMR materials have
been applied in constructing angular sensors and displacement sensors. The variations of
MR are related to the angle between the direction of magnetization and electrical current
in the AMR materials [95]. However, AMR displays the low magnitude of MR outputs
(< 2.5%) and the bulk effect nature, which limit the applications of AMR materials-based
sensors and hinder the miniaturization of AMR reading heads in HDDs [16, 34].

GMR and TMR sensors are the major types of MR sensors in the commercial market.
Currently, GMR/TMR multilayer systems have become dominant in most of the MR
sensors' applications (i.e., magnetic storage, position sensing, current sensing, non-
destructive monitoring, and biomedical sensing system) [84, 96]. Although GMR/TMR
sensors can achieve relatively high sensitivity in contrast with AMR sensors, the

production process of multilayer systems is complicated and time-consuming. Moreover,
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GMR/TMR multilayer systems require more layer repetitions and precise layer thickness
control to improve the performance. Various preparation techniques are employed with
requirements on special instruments (such as electron beam evaporation, magnetron
sputtering, cathodic arc deposition, molecular beam epitaxy (MBE), pulsed laser
deposition, and chemical vapor deposition (CVD)) [97-103]. In some circumstances, the
total thickness of the GMR multilayer is required to be within 20 ~ 30 nm [104].

GMR/TMR multilayer systems demand high accuracy layer thickness control since the
thickness limitations are strict. This leads to increased investments in equipment and
complicated fabrication processes. The specifications on annealing temperature (> 250
<C) of multilayer systems introduce further requirements on the instruments and
procedures [33, 105]. GMR/TMR multilayer systems can accomplish large MR at a high
magnetic field. The resistance variation range is limited for some GMR sensors and most
TMR sensors. This means that the resistance would soon reach a stable value as the
magnetic field's intensity increases, which leads to a limited working range for magnetic
field sensing [106, 107]. In conclusion, the major drawbacks of GMR/TMR multilayer
systems include the high economic and time costs for preparation, limited working range,

and relatively low MR value at room temperature, which hinder their future applications.

In recent two decades, nanoconstructed MR materials/structures are introduced by fast-
developing nanotechnology. Granular MR systems were developed by dividing the bulk
layers of magnetic materials into small magnetic particles. The magnetic particles are
pressed together or embedded in the non-magnetic medium [35-37]. The granular MR
systems exhibit superiorities in reducing the cost and complexity of the fabrication
process compared with the multilayer configuration. However, granular MR systems
require high magnetic fields (= 50 kOe) and low temperature to achieve satisfactory
resistance changes. Consequently, the MR of granular MR systems is relatively low at
room temperature and low magnetic fields. In addition, complicated fabrication methods
are involved in the production of granular MR systems (such as magnetron sputtering)
[108-112].
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The discovery of graphene offers a material with unique physical and chemical properties
[113, 114]. MR is one of the most interesting transport phenomena in graphene-based
materials, which allows graphene-based materials to be applied in constructing MR
sensors/devices [115, 116]. Monolayer/multilayer graphene devices displayed large MR
effects (up to 100%), and studies were performed for developing potential applications of
graphene MR devices [39, 117]. However, the layered graphene requires special
preparation techniques (such as chemical vapor deposition (CVD). In the meantime, it is
challenging to achieve precise control of layer number/position [39]. Demands on
specific substrates increase the production cost and complexity of layered graphene MR
systems' preparation processes. In addition, most layered graphene MR systems exhibit
small MR at room temperature, while high magnetic fields are necessary in most cases to
reach the large MR [118]. Although many attempts have been made to enhance the
performance of layered graphene MR systems, their current applications are limited by
low cost-efficiency, complicated fabrication processes, and inadequate MR at ambient

temperature/low magnetic fields.

Graphene foams have been introduced in developing MR materials due to their special
physical/chemical properties. The advantages of graphene foams include good
biocompatibility, the combination of intrinsic properties of graphene, pore size
adjustability, three-dimensional morphology, and potential for mass production.
Graphene foams achieve a large MR at high magnetic fields (50 ~ 60 kOe) by
incorporating nanoparticle/polymers or introducing disorders [52-54]. However,
graphene foams require complicated preparation methods (such as CVD) and specific
techniques for introducing disorders (such as inductively coupled plasma systems). These
procedures are not friendly for mass production and increase the investments in
equipment. Furthermore, graphene foams display inadequate MR at low magnetic fields
(< 10 kOe), and extreme temperature (~ 5 K) is required in some cases to obtain

satisfactory MR responses [40, 119].

Hybrid graphene nanocomposites have been investigated for various applications since
graphene offers a large surface-to-volume ratio and high carrier mobility [120]. Hybrid

graphene nanocomposites have been introduced in developing graphene-based MR
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materials/devices. Two different routes were applied in constructing hybrid graphene
nanocomposites. In the first route, graphene layers are prepared by chemical vapor
deposition (CVD) or mechanical exfoliation. These graphene layers are later decorated by
nanoparticles/adatoms clusters via physical process [55-59]. The product of this method
can achieve large MR at low temperatures (~ 10 K). Meanwhile, the drawbacks of this
route include demands on specific fabrication equipment, requirements on specific
substrates, and a relatively small magnitude of MR at room temperature. In addition, the
decoration process involves techniques such as thermal evaporation and electron beam

deposition, which further increase the cost and complexity of the production.

Reduced graphene oxide (rGO) is more friendly and cost-effective for mass production
and constructing hybrid nanocomposites [121]. In the meantime, rGO offers a large
surface area for nanoparticle modification [122]. It is applicable and accessible to
produce rGO hybrid nanocomposites with chemical modification. rGO hybrid
nanocomposites could improve the MR of graphene-based materials without increasing
the investments in specific equipment. Some results indicate that rGO hybrid
nanocomposites can achieve a large MR. However, the prerequisites include high
magnetic fields or low temperature. In addition, few attempts have been made to improve
the performance of rGO hybrid nanocomposites. Currently, rGO hybrid nanocomposites
hardly meet the requirements of ideal MR materials due to the issues such as small MR at
low magnetic fields and room temperatures. Therefore, further investigations are required
to increase the MR of rGO hybrid nanocomposites, which could provide a solution to

current challenges faced by MR materials/devices.

Table 1.1 summarized the advantages and disadvantages of currently developed MR
materials/devices. In conclusion, further investigations are required to push the limit of
the MR materials/devices and meet the demands of the highly-sensitive and cost-effective
MR materials. Currently, most MR materials exhibit inadequate MR at low magnetic
fields and room temperature. Therefore, breakthroughs are expected in constructing the
next-generation MR sensors with high sensitivity and low cost, which will significantly

boost the developments of the industrial application.
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Table 1.1 Summary of current magnetoresistance (MR) materials/devices.

Type of magnetoresistance
(MR) devices

Advantages

Disadvantages

Anisotropic magnetoresistance
(AMR) materials/devices

Multilayer systems based on
giant magnetoresistance (GMR)
and tunneling magnetoresistance
(TMR)

Anisotropic properties of
AMR materials/devices
have advantages in
position sensing and
navigation (angular and

displacement sensing)

GMR/TMR multilayer
systems exhibit high
sensitivity for low

magnetic fields

GMR/TMR multilayer
systems can be integrated
with the electronic circuit

easily

The low magnitude of AMR
outputs (4R/Rg < 2.5%)

Difficult to reduce the size and

hard for miniaturization

Multilayer structures require
complicated fabrication
processes and specific
equipment due to the strict
limitations of layer thickness
(increasing cost on equipment
and extending the fabrication
process lead to expensive

products)

GMR/TMR multilayer systems
exhibit limited resistance
variation range (working
range, especially for TMR)
and relatively low MR at room

temperature (mostly for GMR)
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Type of magnetoresistance
(MR) devices

Advantages

Disadvantages

Granular MR systems

Granular MR systems
bring simplified
fabrication procedures
and reduced investments

in instruments

Relatively large MR at
room temperature can be
achieved by some
specifical designed
granular MR systems

Magnetic field > 50 kOe is the
prerequisite to achieve large
MR at ambient temperature
(relatively small resistance
change for low magnetic fields

at room temperature)

Some granular MR systems
require extremely low

temperatures for large MR

Although granular MR
systems can reduce the
complexity of the fabrication
process, the dependence on
specific fabrication techniques
(such as magnetron sputtering)

remains
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Type of magnetoresistance
(MR) devices

Advantages

Disadvantages

Layered graphene MR systems

Graphene foam MR systems

Layered graphene MR
systems exhibit large MR
value and potential to be
applied on fabricating
next-generation
spintronics based on
layered graphene

Graphene foam MR
systems display relatively
large MR at room
temperature and offer
unique 3-D structures for

potential applications

Most layered graphene MR
systems require extremely low
temperatures to achieve large
MR

Special designed
substrates/circuits are required

Precise control of layer
number and positions is

challenging

Special fabrication techniques
are required for preparing
layered graphene, which
further increases the
production costs and the

complexity

Large magnetic fields (> 50
kOe) are required for graphene
foams to reach considerable
MR (the magnitude of
resistance change shrinks
rapidly as the magnetic field
reduce to the level of 10 kOe)

Graphene foams require
complicated fabrication
processes (such as CVD) and
specific defects-introducing

instruments
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Type of magnetoresistance

(MR) devices

Advantages

Disadvantages

Hybrid graphene

nanocomposites

Based on
CVD/mechan
-ical
exfoliation
produced
graphene

Based on
reduced
graphene
oxide (rGO)

Relatively large values
were achieved for both

positive and negative MR

Future applications in
fabricating graphene-
based circuits

rGO and rGO hybrid
nanocomposites can be
both obtained with facile
preparation processes
leads to lesser
requirements on special

equipment

Reduced investments in
instruments and
simplified production
process (cost-effective
and friendly for mass

production)

Large MR was achieved
by the rGO hybrid

nanocomposites

Special designed
substrate/circuits are required
for CVD/mechanical
exfoliation produced graphene
leads to complicated
fabrication processes with
more investments and time

costs

Exhibiting small magnitude of
MR at room temperature

Current results of rGO hybrid
nanocomposites show
relatively small MR at the low
magnetic field (< 10 kOe) and

room temperature

Few investigations have been
performed to develop and
improve the MR of rGO

hybrid nanocomposites
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1.6 Motivations, Objectives, and Outcomes

Currently, the demand arises in developing highly-sensitive and cost-effective MR
materials. The complicated preparation processes lead to the escalation of MR
sensors/devices' prices, which obstructs the further application of MR sensors. Thus, the
facile preparation process can reduce the investments and time costs of future mass
production. In the meantime, the enhancement of MR can bring enormous improvements
in data storage capacity, signal resolution, signal-to-noise ratio, and device

miniaturization of industrial applications [66-72].

The major motivation of my work is to develop the highly-sensitive and cost-effective
MR materials and devices. The objectives are to enhance the performance at low
magnetic fields and room temperature and to overcome the obstacles of reducing the
complexity of the fabrication process. The investigations of graphene have revealed
unique physical and chemical properties [113, 114]. Developing graphene
nanocomposites can be considered as a possible route to construct ideal MR materials.
However, the preparation of layered graphene is challenging, complicated, and expensive
due to the requirements for special preparation techniques and instruments. Reduced
graphene oxide (rGO) can be applied to reduce the cost and complexity of the preparation
processes. rGO is facile to produce, and it is favorable for mass production [123]. rGO
offers a large surface area and functional groups, which are suitable for the modification
of nanoparticles [122]. Therefore, it is possible to develop MR materials based on rGO
hybrid nanocomposites, which exhibit enhanced MR at low magnetic fields and room

temperature.

Ferromagnetic transition metals have been widely applied in the fabrication of
GMR/TMR multilayer systems due to the spin-dependent scattering effects [97-103].
Ferromagnetic nanoparticles are adopted in constructing granular MR systems [124-126].
In addition to the single ferromagnetic metal, FeCo, FeNi, and FeGa have been applied in
the production of GMR/TMR multilayer systems [127-129]. FeCo is an important type of
ferromagnetic layer due to high saturation magnetization, high curie temperature, good
mechanical strength, and spin-dependent scattering feature [130, 131]. FeCo
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nanoparticles (NPs) are applied as the building blocks in various magnetic nanoparticle-
based devices [132, 133]. In addition, FeCo granular MR systems exhibit considerable
MR at large magnetic fields, which incorporate FeCo granules with the non-magnetic
matrix [108-112]. Thus, FeCo NPs can be considered as one of the promising candidates

for developing ideal nanoconstructed MR materials/devices.

In addition, A. A. Abrikosov pointed out that the inhomogeneous materials can display
large positive MR, which contain layered materials with relatively small electron
concentration and embedded metallic clusters/atoms [134, 135]. This theory later adopted
graphite as an example of the layered substrate. Abrikosov proposed this theory in 1998 ~
2000 when the era of graphene didn't come yet. It is possible to construct ideal MR
materials/structures with graphene or rGO since graphene has been extensively studied
nowadays. Therefore, rGO is applied as the substrate for developing materials with ideal
MR performance in this thesis, which reduces the investments and complexity of the
preparation process. FeCo NPs are applied to construct the hybrid nanocomposites with
enhanced MR due to the unique magnetic properties and strong spin-dependent scattering
effects. The expected outcome is to produce MR materials with improved performance
based on rGO nanocomposites (i.e., FeCo/rGO hybrid nanosheets), which meet the
requirements of cost-effective and highly-sensitive MR materials. Both chemical and
physical routes are utilized to construct hybrid nanocomposites. In addition, FeCo/rGO
hybrid nanosheets are applied in developing novel MR sensors and composite materials.

The main goals of this thesis are summarized to the objectives listed below:
e To develop the FeCo/rGO hybrid nanosheets with the chemical synthesis process.

e To construct the FeCo/rGO hybrid nanosheets with the laser-assisted physical

deposition process.

e To study the chemical and physical properties of FeCo/rGO hybrid nanosheets
and investigate the possible origin of the special MR of FeCo/rGO hybrid

nanosheets.
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e To develop novel MR sensors and composite materials based on FeCo/rGO

hybrid nanosheets for potential applications.

1.7 Thesis Outline

In what follows, the dissertation will be organized in an outline as:

In Chapter 1, an overview of the research background is provided regarding
magnetoresistance (MR), developments of MR materials/structures, and applications of
MR sensors. This chapter mentioned the demands on highly-sensitive and cost-effective
MR materials and revealed current challenges in constructing ideal MR materials/devices.

This chapter identified the research motivations, objectives and outcomes of this thesis.

In Chapter 2, a brief review is provided in respect of the current progress on developing
MR materials/structures. In addition, this chapter reviewed the major applications of MR
sensors (including magnetic storage, position sensing, current sensing, non-destructive
monitoring, and biomedical sensing systems). This chapter also mentioned the current

advancements of MR sensors in these applications.

In Chapter 3, we designed and developed a new hybrid nanosheet with FeCo NPs and
rGO. The FeCo/rGO hybrid nanosheets were successfully produced with the facile polyol
process as FeCo NPs in-situ grown on the rGO. The FeCo/rGO hybrid nanosheets exhibit
significant MR (21 +=6%) at low magnetic fields and room temperature. Meanwhile, the
tunable MR was achieved by adjusting the ratio of reaction materials. The possible origin
of the MR was discussed by using the quantum magnetoresistance (QMR) model.
Moreover, FeCo/rGO hybrid nanosheets were applied in constructing a wireless magnetic

field sensing system, which finished the real-time detection of magnetic fields.

In Chapter 4, we investigated the influences of increasing the mass ratio of rGO in the
reaction. Co-Mn oxides NPs were observed on rGO as the rGO mass ratio surpassed 60
wt.% in the reaction. The rGO with Co-Mn oxides NPs achieved large MR (3.5% ~ 4.5%)
at low magnetic fields and the room temperature in contrast with other reported structures

containing Co and Mn. This study reveals the effects of increasing the rGO mass ratio in
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the reaction. It suggests a facile route to produce the nanocomposites with Co-Mn oxides

and rGO, which can help the further investigations of the potential applications.

In Chapter 5, the objective is to construct FeCo/rGO hybrid nanosheets with the laser-
assisted physical deposition technique (i.e., matrix-assisted pulsed laser evaporation
(MAPLE)). The MAPLE technique was applied to stoichiometrically transfer FeCo NPs
on rGO substrates. We successfully deposited FeCo NPs on rGO with MAPLE, and the
influences were investigated regarding the deposition duration. The MAPLE-prepared
FeCo/rGO hybrid nanosheets displayed positive MR (~ 0.7%) at the low magnetic field
and room temperature. This MR is close to or relatively larger than the MR of other

physically prepared FeCo-based granular systems with higher FeCo ratios.

In Chapter 6, we developed a mechanically flexible nanocomposite hydrogel with MR
properties. This nanocomposite hydrogel was constructed by incorporating FeCo/rGO
hybrid nanosheets with the copolymer of 2-hydroxyethyl methacrylate and 2-aminoethyl
methacrylate (p(HEMA-co-AEMA)). The nanocomposite hydrogel offers outstanding
mechanical properties (2.0x higher toughness, 1.5x higher Young's modulus, and 1.7x
higher maximal tensile stress). In addition, a negative MR (-1.4 £0.3%) was observed in

the nanocomposite hydrogel at room temperature and low magnetic fields.

In Chapter 7, the summary and conclusions were provided regarding the important
findings of this thesis. This chapter discussed the challenges and limitations of the current
investigations. Chapter 7 also identified perspectives for future studies based on this

thesis.
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Chapter 2

2 Background and Literature Review

2.1 Review of Current Progress on Developing

Magnetoresistance Materials/Structures

2.1.1 GMR and TMR Multilayer Systems

The multilayer configuration was adopted in the production of MR sensors since the
discovery of giant magnetoresistance (GMR) and tunneling magnetoresistance (TMR).
The GMR effect was observed in the Fe/Cr multilayer system, and the TMR effect was
discovered in Fe/Ge/Co multilayer system at low temperature (4.2 K) [1-3]. As
mentioned previously, these multilayer systems consist of ferromagnetic material layers
and non-magnetic material layers (GMR) or insulator layers (TMR). Two different
configurations were involved in the fabrication of multilayer systems: current in plane
(CIP) and current perpendicular to plane (CPP) (Figure 2.1) [4]. In the CIP
configuration, the electrodes are placed on the side of the multilayer with the current
flowing along with the multilayer system. The current flows perpendicular to the
multilayer system in the CPP configuration, which achieves a higher MR value in
contrast with the CIP configuration [5, 6]. In multilayer systems, the magnitude of the
MR is related to various factors such as layer thickness, number of layer repetitions, layer
crystallinity, interface roughness, and band/lattice matching between layers [7].

Accurate control of the layer thickness is crucial for the MR values. Various preparation
processes (Figure 2.2) have been involved in the construction of multilayer systems
including electron beam evaporation, magnetron sputtering, cathodic arc deposition,
molecular beam epitaxy (MBE), pulsed laser deposition (PLD), and chemical vapor
deposition (CVD) [8-14]. These techniques provide precise control on the layer thickness

and layer repetitions. However, most of these techniques required prolonged/complicated
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preparation processes and specific equipment/instruments, which leads to increasing

economic costs and time costs for production.
Electrodes
\'} _ ~
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Figure 2.1 Schematic diagram of current in plane (CIP) configuration and current

perpendicular to plane (CPP) configuration.
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Figure 2.2 Schematic diagram of magnetron sputtering (left) and Cu-based metal
multilayer fabricated by magnetron sputtering (right). Reprinted with permission
from ref. [15].
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Ferromagnetic metals (such as Fe, Co, and Ni) are involved in the fabrication of the
ferromagnetic layer in multilayer systems. Meanwhile, non-magnetic layers (Cu, Cr, Ag,
Au, Ru, etc.) are applied in the construction of multilayer systems [16]. Alloys such as
FeCo (Figure 2.3) and FeNi are adopted in the production of both GMR and TMR
multilayer systems due to their strong spin-dependent scattering properties [17, 18]. FeCo
possesses unique properties such as high saturation magnetization, high Curie

temperature, and good strength, which are ideal for constructing multilayer systems [19].

(b) .
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-o- SV-FeGa/FeCo

ARIR(%)
2N W s OS

-600-400-200 0 200 400 600
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Figure 2.3 (a) Schematic diagram of multilayer system with FeGa/FeCo. (b) MR
performance of the multilayer system with FeGa/FeCo. Reprinted with permission
from ref. [17].

In engineering applications, the GMR multilayer systems normally consist of
ferromagnetic layers with 4 ~ 6 nm thickness and 35 nm non-magnetic conductive spacer
layer. The GMR and TMR multilayers exhibit good compatibility for integrating with
electronic devices (Figure 2.4) [20]. GMR and some TMR multilayer systems display
inadequate MR at the low magnetic field and room temperature. In addition, their
applications are hindered by the limited working range (especially for TMR multilayer
systems, shown in Figure 2.5) and complicated fabrication processes, which require

further investigation to overcome current challenges [21].
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Figure 2.4 (a, b) Microscopy of TMR multilayer system consists of 500 MTJs. (c)
Schematic diagram of TMR multilayer system. Reprinted with permission from ref.
[21].
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Figure 2.5 Outputs of TMR multilayer sensor array (MTJs) for (a) one and (b) four

connected in serial. Reprinted with permission from ref. [21].
2.1.2  Nanoconstructed MR Systems

2.1.2.1 Granular MR Systems

Various methods have been developed to increase the sensitivity of the conventional
GMR and TMR multilayer systems. One route is to maximize the layer numbers of the
multilayer system. Although it is possible to achieve this architecture via the
physical/chemical deposition processes mentioned previously, this route significantly
increases the complexity and decreases the efficiency of the production process. The
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granular MR systems (Figure 2.6) are developed to replace the multilayer configuration,

which can increase the sensitivity and reduce the potential economic costs and time costs.
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Figure 2.6 Schematic diagram of granular MR systems.

The small grains are pressed together to construct the granular MR system in the first
geometry [22]. Another geometry is constructed by embedding the magnetic particles in
the non-magnetic matrix (conducting or insulating) [23, 24]. The hypothesis suggests that
these geometries can improve the magnitude of the MR since every boundary between
the granular particles can become a spin-selecting junction [22]. In contrast with the
conventional multilayer systems, granular MR systems reduce the investment in
instruments and the complexity of the production process. Granular MR systems suffered
from non-uniform distributions and poor grain boundaries in the early stages.
Chemically/physically prepared nanoparticles have been applied to construct the granular

MR systems since emerging nanotechnology provides uniformly dispersed nanoparticles.

Similar to the multilayer systems, nanoparticles containing Fe and Co are employed in
the granular MR systems. Chemically synthesized FezOs nanoparticles are adopted in
constructing granular MR systems because of their accessibility, stability, and large
magnetization. The FesO4 granular MR systems achieved -1.6% and -1.2% of resistance
change at 5 kOe for thin film and pressed powder [25]. Various granular MR systems

were developed based on core-shell structures of FesOs including Fe30s@SiOo,
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Fe30:@2ZnS, Fe304@ZrO, and MgO@FesOs [22, 26-28]. These granular systems
achieved a large linear working range (~ 2 T) and relatively large negative MR responses
(-4% ~ -8%). However, most of them require low temperatures to obtain satisfactory MR

values.

In the meantime, Co is widely applied in constructing granular MR systems. The
investigations were performed on Co-Cu, Co-Ag, Co-Ni, and Zn0O/ZnO-Co granular MR
systems [29-31]. It should be noted that electrodeposition is applied in producing Co-
based granular MR systems, which may slightly increase the cost of specific instruments
in the preparation. In addition, the chemically synthesized CoFe.O4 nanoparticles (Figure
2.7) exhibited a large negative MR (-18% ~ -19%), which was obtained at a high
magnetic field (70 kOe) [22].
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Figure 2.7 (a) TEM micrographs of CoFe204 nanoparticles. (b) MR of CoFe204
nanoparticles with different diameters. Reprinted with permission from ref. [22]

(https://pubs.acs.org/doi/10.1021/acscentsci.8b00399, further permissions related to

the material excerpted should be directed to the ACS).
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Another geometry of granular MR systems is based on embedding nanoparticles in the
non-magnetic matrix (Figure 2.8). Fe nanoparticles were deposited on the SiO2 matrix
with the ion beam, which achieved a positive MR at 40% at a large magnetic field (80
kOe) and room temperature [32]. Meanwhile, FeCo exhibits good compatibility with the
granular MR system that consists of magnetic nanoparticles and the non-magnetic matrix.
FeCo processes high saturation magnetization and strong spin-dependent scattering

properties, which are favoured in MR materials [33-35].
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Figure 2.8 (a) 3-D AFM (left) and MFM images (right) of nanogranular FeCo-Si—-N
film. (b) MR of 75 nm thick FeCo-Si-N films at room temperature (different Si and
N ratio). (¢) MR of FeCo-Si (9%)-N (12%) with different thicknesses at room
temperature. Reprinted with permission from ref. [33].
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FeCo granules/particles have been embedded in Si-N, SiOz, Al2O3, Cu, and carbon matrix
by magnetron sputtering technique [33, 36-39]. In these studies, FeCo granular systems
achieved the MR up to 30% at room temperature (Figure 2.8). However, the high
magnetic field (50 kOe) is the prerequisite for FeCo granular systems to achieve large
MR at ambient temperature. Therefore, although granular MR systems can reduce the
cost and complexity in producing MR structures/devices with enhanced sensitivity, the
granular systems still display inadequate MR at the low magnetic field (< 10 kOe). In
some cases, granular MR systems may require special conditions (i.e., low temperatures,

large magnetic fields, etc.) to achieve proper performances.

2.1.2.2 Graphene-based MR Systems

2.1.2.2.1 Layered Graphene MR Systems

The discovery of graphene provided a powerful tool for developing MR materials as
graphene possesses unique physical and chemical properties [40, 41]. The high electron
mobility of graphene is promising for constructing spintronics [42, 43]. Large MR has
been observed on MR systems based on monolayer graphene, bilayer graphene, and
multilayer graphene (Figure 2.9) at room temperature or extremely low temperatures (1.9
K) [41, 44-46]. The results indicate the feasibility to design MR sensors with layered
graphene systems, although specific substrates/preparation techniques are required in

most circumstances.

Various methods were developed to enhance the MR of layered graphene systems.
Normally, two different routes are applied. The first method relies on introducing
disorder into the graphene layers. This method employs the monolayer or multilayer
graphene produced by mechanical exfoliation or chemical vapor deposition (CVD) [47,
48]. The disorders are introduced by Ga* ion irradiation or nitrogen doping [47, 48]. The
origin of the MR improvements is attributed to the increasing diffuse scattering at
crystallite boundaries after the increase of disorders [47, 48]. Although this process can

improve the performance of layered graphene systems, it requires specific substrate and
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instrument, which leads to the increase in complexity and investment of the preparation

process.

B (M)

Figure 2.9 (a) STM micrograph showing honeycomb structure of graphene grown
on SiC substrate. (b) Picture of graphene MR device (scale bar: 40 pm). (¢) MR of
the layered graphene-based systems at different temperatures (10 K ~ 300 K).
Reprinted with permission from ref. [41].

The second method incorporates graphene layers into the multilayer systems. This
method combines graphene layers with the other layered materials including using
graphene as the inset layer for the multilayer systems or combining graphene with other
two-dimensional materials [49-52]. Although some studies achieved significant
improvement of MR performance for layered graphene systems, the issues can't be
ignored regarding the requirements on specific instruments for producing

mono/multilayer graphene and other layered materials.

The layered graphene system is one of the promising materials for developing future MR
devices. However, it is noted that preparing layered graphene systems require specific

substrates/circuits and instruments (for precise control of layer number), which increases
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the cost and complexity of production processes. This hinders the further applications of
layered graphene MR systems. Extreme conditions are required to achieve proper MR
performances (such as low temperatures). Although various methods were developed to
improve the performance of layered graphene systems at room temperature, these
methods still rely on specific instruments, which result in prolong processes and low cost-
efficiency. Moreover, some layered graphene systems display relatively small MR at the
low magnetic field (< 10 kOe), and higher magnetic fields are required to obtain large

MR values in most circumstances.
2.1.2.2.2 Graphene Foam MR Systems

Graphene foam (GF) attracts the interest of researchers as it provides a solution to
transfer two-dimensional material into a three-dimensional architecture. The advantages
of graphene foams include biocompatibility, the combination of intrinsic properties of
graphene, pore size adjustability, three-dimensional morphology, and potential for mass
production [53-56]. Currently, graphene foams have been applied in designing gas
sensors, lithium-ion batteries, and supercapacitors [53, 57, 58]. In addition, graphene
foam can also be applied in the production of shapable electronic devices, although it

suffers from the problems such as non-flexible structure and unstable mechanical strength.

Recently, researchers discovered interesting magneto-transport properties of graphene
foams since three-dimensional graphene foams exhibit different morphology in contrast
with two-dimensional graphene [59]. The magneto-transport properties are related to the
size of graphene sheets, connections between graphene sheets, the edge boundaries of
graphene sheets, and the layer number of graphene sheets in the graphene foams [60-64].
The trajectories of charge carriers are affected by the morphology of graphene in
graphene foams under the presence of external magnetic fields [59]. Graphene foams
produced by CVD exhibited large MR (80% ~ 90%) at the high magnetic field (> 50
kOe) and room temperature (Figure 2.10) [59, 65, 66].
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Figure 2.10 (a) HRTEM and SAED of graphene foam (prepared by CVD, inset:
picture of as-prepared graphene foam). (b) MR of graphene foam at different
temperatures. Reprinted with permission from ref. [59]. Copyright (2017) American
Chemical Society.

The disorder and inhomogeneity are considered as the crucial factors for MR in graphene
foams [65]. Two major routes are applied to further improve the performance of graphene
foam MR systems. The first route is to introduce disorder to graphene foam. On the other
hand, the second route is to incorporate other nanostructures/nanomaterials with graphene
foam. Graphene foams were combined with polydimethylsiloxane (PDMS), poly(methyl
methacrylate) (PMMA), and Cu2ZnSnS4 nanocrystals to enhance the MR performances
or achieve tunable MR (Figure 2.11) [59, 66, 67]. In another approach, the inductively
coupled plasma system was applied to perform the fluorination of graphene foams for

introducing disorders [68].

Currently, graphene foams have exhibited potentials in developing future MR devices.
However, graphene foams require complicated preparation processes that rely on specific
equipment for producing graphene foams and introducing disorders. Meanwhile,
graphene foams display inadequate MR at low magnetic fields (< 10 kOe), and most of
the results indicate that graphene foams exhibit large MR at the high magnetic field (> 50
kOe). In addition, extreme temperatures (~ 5 K) are required in some circumstances to
obtain satisfactory MR values for graphene foams. Therefore, further investigations could

focus on enhancing the MR performance and reducing the complexity of production
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processes. This would undoubtedly boost the applications of graphene foams for

producing future MR devices/sensors.
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Figure 2.11 The schematic diagram of graphene foam combining with Cu2ZnSnSs

nanocrystals (left). The MR of (a) CVD prepared graphene foam and (b-d)

Cu2ZnSnSs nanocrystals modified graphene foams at different temperatures.

Reprinted with permission from ref. [67]. Copyright (2019) American Chemical

Society.

2.1.2.2.3 Hybrid Graphene Nanocomposites MR Systems

Graphene offers unique features such as high carrier mobility, high thermal conductivity,
and a large surface-to-volume ratio [69]. The large surface area of graphene allows
modifications for different applications (such as polymers, biomolecules, and
nanoparticles) [70-72]. The nanoparticles modified graphene has been extensively
investigated for various applications including biological medicine, biosensing, gas
sensing, catalysis, microwave absorption, and energy storage. [73-78] Hybrid graphene
nanocomposites provide outstanding outputs and promising properties in these areas.
Therefore, it is possible to applied heterostructures based on hybrid graphene

nanocomposites in the fabrication of MR devices.
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Two different routes are adopted to achieve large MR values for hybrid graphene
nanocomposites. In the first route, nanoparticles/adatoms clusters are decorated on the
surface of CVVD/mechanical exfoliation prepared graphene layers by thermal evaporation
or electron beam deposition [79-83]. Both positive and negative MR were obtained in this
route. Some studies suggested that relatively large MR could be achieved at low magnetic
fields (-9% at ~ 7 kOe). However, this negative MR was reached at an extremely low
temperature (10 K), and the MR deteriorated significantly to -3% as the temperature
slightly increased to 50 K (Figure 2.12). Moreover, the physical deposition processes
need specific preparation techniques. Specific substrates are required by
CVD/mechanical exfoliation-produced graphene. These drawbacks increase the time and
equipment investments of the production process, which hinders the possible applications
in the future.
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Figure 2.12 (a) SEM micrograph of graphene/nanodiamond film (scale bar: 1 pm,
inset: as-prepared graphene/nanodiamond device). (b) MR of
graphene/nanodiamond device at different temperatures. Reprinted with permission
from ref. [83]. Copyright (2019) American Chemical Society.

Reduced graphene oxide (rGO) was employed by another route to decrease the
equipment/time investments. rGO is facile to produce, and it is favourable for mass
production [84]. Meanwhile, rGO is an appropriate substrate for nanoparticles due to the
large surface area and functional groups on its surface. Therefore, it is possible to modify

nanoparticles on the surface of rGO for developing MR materials. The rGO hybrid
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nanocomposites can significantly decrease the requirements on specific instruments in the
preparation process and reduce the complexity of the production process, which is
promising for the mass production of future MR devices. Relatively large MR can be
achieved by rGO hybrid nanocomposites (Figure 2.13) [85-88]. However, few attempts
were made to develop ideal MR devices based on rGO hybrid nanocomposites. Currently,
rGO hybrid nanocomposites display inadequate MR at the low magnetic field (< 10 kOe)
and room temperature, which is not suitable for future applications.
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Figure 2.13 (a) MR of FeNis/graphene hybrid nanocomposites at different
temperatures. (b) Zoom-in view of low magnetic fields (<20 kOe). Reproduced from
ref. [85] with permission from The Royal Society of Chemistry.

2.2 Review of Current Applications of Magnetoresistance

Sensors

2.2.1 MR Sensors in Magnetic Storage

The anisotropic magnetoresistance (AMR) sensor was utilized as the reading head in hard
disk drives (HDDs) by IBM since the 1990s [89]. Later, the reading heads were designed
on GMR and TMR sensors, which led to the rapid development of the HDDs' storage
capacity. The first HDD, IBM 350, can store 4.4 MB of data with 2 kb/in? areal density
[90]. In contrast with IBM 350, current HDDs can be 2108 higher in data storage (10
TB) with the areal density reaching 1 Th/in?. Meanwhile, the average retail price of
HDDs has decreased dramatically as a result of the huge advance in the areal density of
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data [89]. The cost of storing digital data is close to $10° per GB in IBM 350, and it is
$0.01 per GB for modern HDDs (Figure 2.14).
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Figure 2.14 (a) Areal density of HDDs vs. year with the corresponding compound
growth rate (CGR) of the areal density. (b) Average retail price of digital data
storage per GB of storage vs. year. Reprinted with permission from ref. [89]. ©
[2016] IEEE.

The emergence of the MR sensor has introduced the AMR reading head, GMR reading
head, and TMR reading head in 1991, 1997, and 2006, respectively [91-93]. Figure 2.14
displays the compound growth rate (CGR) of HDDs' storage densities. A significant

improvement of CGR (from 25% per year to 60% per year) occurred in 1991 as IBM
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introduced the MR reading head in HDDs. The CGR was further improved to 100% after
introducing the GMR reading head. Although the AMR reading head significantly boosts
the development of the HDDs, further applications are hindered by the low MR
performance and difficulties in reducing the size. Therefore, GMR and TMR sensors

have become the mainstream MR reading heads applied in HDDs.

As shown in Figure 2.15, the read-write head of HDD consists of a traditional coil-
structure writing head and a GMR or TMR reading head. The traditional coil structure
writing head is used to adjust the magnetization of data bits. In the meantime, The MR
reading head is applied to detect the magnetic field of data bits. The variation of magnetic
fields can influence the resistance of the MR reading head. The signals of resistance

change will be collected by electronic devices.
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Figure 2.15 Schematic diagram of the modern read-write head for HDDs. The data
bits are displayed in the recording layer. Reprinted with permission from ref. [89].
© [2016] IEEE.

GMR reading heads are considered as the starting point of the era of modern spintronics,
which increase the MR responses and decrease the device dimensions [4]. The TMR
effect exhibits a large MR within a small range of the magnetic field, which is

appropriate for sensing the data bits since the outputs are "0" and "1". It is challenging to
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further decrease the size of TMR reading heads due to the obstacles for reducing the
thickness of the insulator layer. Studies are performed to seek MR materials that can

replace the current TMR sensors [93].

Another important application is magnetic random access memory (MRAM). MRAM
requires less static power consumption since the data can be stored by magnetization [94,
95]. Random access memory (RAM) is an important component of modern electronic
devices. Nowadays, electronic devices mainly employ dynamic random access memory
(DRAM) in production, which bases on semiconductor technologies. The key feature of
DRAM is volatile property. DRAM may lose all the data after power-off as it is
constructed on the circuits with capacitors. Currently, the semiconductor-based DRAMs
are facing difficulties to keep the significant growth rate for the storage capacity due to
the increased power consumption, which is triggered by the charge leakage problem in
reducing the dimension of DRAMSs. Therefore, non-volatile memories attract the interest

of researchers due to their low power consumption.

MRAM is one of the candidates with features including non-volatility, unlimited read and
writes cycles, and high-speed operation [96]. Magnetic tunnel junction (MTJ) is the
major component for data storage in MRAMs. As shown in Figure 2.16, the MTJ
displays low resistance under the parallel magnetization directions of the fixed layer and
the free layer. It exports a high resistance output at the anti-parallel state. The data
stability of MRAM s is not influenced by the measurement and power cut-off in contrast
with DRAMs. Although MRAMs exhibit better scalability and relatively low writing
current compared with other RAMs, the reliability issues of MRAMs can't be ignored,
which can be caused by oxide barrier breakdown and barrier thickness variability [97].
Therefore, further investigations are required for MRAMSs to meet the demands of ideal
RAM in the future [98].
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Figure 2.16 Schematic diagram of field-switched MRAM cell during (a) read and (b)
write operations (Inset: magnetization of the TMR multilayer system). Reprinted
with permission from ref. [96]. © [2006] IEEE.

2.2.2 MR Sensors in Position Sensing, Current Sensing, and Non-

destructive Monitoring

Magnetic sensors (including MR sensors) have been widely applied in position sensing,
current sensing, and non-destructive monitoring [99-101]. In these applications, magnetic
sensors are applied to detect the magnetic fields generated by the targets. The magnetic
signals are subsequently transferred to other outputs (such as voltage changes, current
changes, and resistance changes). Magnetic displacement sensors have been broadly
applied in position sensing. Magnetic sensors are cost-effective, stable, and contact-free
compared with other sensors in this field [102, 103]. Magnetic field sensors are crucial
parts of magnetic position sensing systems. In position sensing, two major categories of
magnetic sensors are Hall effect sensors and MR sensors [104-106]. MR sensors are more
suitable for position sensing because of the high sensitivity, low power consumption, and

larger detection range in contrast with traditional Hall effect sensors.
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TMR multilayer systems have been applied in producing commercial position sensing
devices by Multidimension Technology Co., Ltd and NVE Corporation [107, 108]. The
exported sine/cosine signals are transferred to position information in this sensing process.
Meanwhile, a newly designed position sensing system embedded TMR magnetic field
sensors into the permanent magnet linear synchronous motor (PMLSM). The position
sensing was finished by the detection of permanent magnets in the PMLSM systems
[100].

Sensor arrays are designed and constructed with GMR/TMR multilayer system (Figure
2.17) to achieve the two-dimensional and three-dimensional detections [109, 110]. The
close-packed MR sensor array was built to dynamically detect magnetic microparticles
with high precision. This sensor array can detect the magnetic field in the range of =500
Oe due to the limitation on the detection range of TMR. Despite the limited working
range, it still set a good example to detect travelling particles with the MR sensor array.
Another route integrates multiple GMR/TMR sensors with specifically designed circuits.
The output signals are analyzed with computer-based driving/detection systems to obtain
the magnetic field components at x-, y-, and z-axis.

X

Modﬁlation A
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Figure 2.17 (a) Schematic diagram of the design of the three-dimensional field
sensor based on GMR multilayer system. (b) Picture of the three-dimensional field
sensor based on GMR multilayer system. Reprinted with permission from ref. [110]
© [2015] IEEE.
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The detection target is the magnetic field generated by the electrical current in (electrical)
current sensing and non-destructive monitoring. GMR/TMR sensors are applied in
constructing magnetic electrical current sensing systems. The MR current sensing system
is employed in differentiating currents, switching regulators, wattmeters, independent
voltage/current measurement, and voltage/current measurement multiplying. Meanwhile,
MR sensors are adopted in current sensing devices for integrated circuits (IC) monitoring
(such as miliwattmeters and electrical isolators) [60]. The smart grid is another important
field for MR sensors in electrical current sensing. Special designed MR sensors are

applied since various types of currents need to be measured in the smart grid [111].

Non-destructive monitoring (or non-destructive testing) is a crucial tool to inspect the
defects in metallic materials. Non-destructive monitoring is applied in large metallic
structures such as storage tanks and pipes for oil and gas delivery (in the petroleum
industry) [112]. Two different sensing routes are adopted for non-destructive monitoring
with magnetic field sensors: magnetic flux leakage testing and eddy current testing. The
first route utilizes the breaks of magnetic field lines caused by the surface breaking [113].
Eddy current testing is a more commonly applied testing route for probes equipped with
MR sensors (Figure 2.18) [114]. Eddy current is introduced by the external magnetic
field source. The inspection is performed to detect both surface and subsurface defects.
Compared with the conventional probes, the GMR and TMR sensors exhibit significant
increases in efficiency during the inspection of eddy currents due to improvements in the
sensitivity of the probe. The accuracy can be increased to 98.2% and 99.4% for reading
excitation magnetic fields in the detection of subsurface defects (DC excitation and AC
excitation). Therefore, MR sensors are promising for the eddy current testing, and they
can certainly benefit the future industrial applications of non-destructive monitoring.
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Figure 2.18 (a) Picture of eddy current probe with GMR sensor. (b) Typical color
map response of the non-destructive monitoring. Reprinted with permission from
ref.[114]. © [2019] IEEE.

2.2.3 MR Sensors in Biomedical Sensing Systems

The development of biomedical sensing platforms has been boosted in the past decade
thanks to nanobiotechnology. The MR sensor-based biomedical sensing platforms have
attracted the interest of researchers since they are sensitive, compact, user-friendly, and
cost-effective. MR biosensors experience low background noise in contrast to other
biosensors (optical, plasmonic, and electrochemical) since most of the biological
environments are nonmagnetic. Therefore, the target's medium triggers limited negative

effects, which leads to the reliable and high-precision detection of magnetic labels [115].

In the typical sensing process, the functionalized magnetic nanoparticles (MNPs) are
adopted as the magnetic labels (Figure 2.19). The sensing process is performed by
detecting the stray magnetic fields of MNPs with MR sensors. Variations of the magnetic

field's intensity are related to quantity differences of MNPs. Magnetic signals are
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transferred to other processable signals such as resistance change or current change [116].
Compared with other nanomaterials, the advantages of MNPs include high stability, less

operating difficulty, and a high signal-to-noise ratio.

The capture probes are firstly immobilized on the surface of MR sensors [117]. The
analytes attached with MNPs can be grubbed by capture probes on the surface of MR
sensors for sequential magnetic field sensing [118]. The MR sensor-based biological
sensing platforms have attracted the interest of researchers since the first GMR biosensor
array was developed in 1998 [119]. Currently, MR biosensors are applied in three major
categories of biomedical applications: biomedical diagnosis, food safety, and

environmental monitoring [120-122].
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Figure 2.19 Schematic diagram of the sensing process of the MR biosensing
platform. Reprinted with permission from ref. [117]. © [2013] IEEE.

MR sensors-based biomedical sensing platforms are suitable for diagnosis applications.
The precise and robust diagnosis technique is decisive for treating patients and restricting
the spread of the diseases [123]. Various proof-of-concept MR biosensors were designed
for diagnosis even in the early stages of MR devices' development [124, 125]. GMR and
TMR sensors were applied in the direct detection of proteins and antigens such as

endoglin, pregnancy-associated plasma protein-A (PAPP-A), proprotein convertase
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subtilisin/kexin type 9 (PCSKO9), and suppression of tumorigenicity 2 (ST2) [126, 127].
In these biosensing platforms, the nano-sized MR sensors were applied for real-time
monitoring and quantitative detection of the targets in the human serum, which were used
to construct the array of GMR sensors. The limit of detection (LOD) reached 40 pg/mL in

this process.

Other important topics of biosensing include early detection and diagnosis of cancers and
the monitoring of tumors for therapeutic goals. These applications demand enhanced
sensitivity and specificity for cancer diagnosis. The GMR biosensing platforms
successfully detected cancer antigens including interleukin 6 (IL6), human epididymis
protein 4 (HE4), and cancer antigen 125 (CA125 Il). GMR biosensors achieved the
LODs at the level of 7.4 pg/mL, 3.7 U/mL, and 7.4 pg/mL in these applications [128].
Meanwhile, the GMR biosensing platform was combined with microfluidics for
simultaneous detection of 12 tumor markers including human chorionic gonadotropin
(free B-hCG) and alpha-fetoprotein (AFP) [129]. This system achieved multi-analyte
detection with the LOD at ng/mL level, which can significantly reduce the complexity of
the conventional test process.

Currently, demands have been raised regarding the fast and accurate detection of viruses
and antibodies due to the global pandemic of COVID-19 [116]. The world health
organization (WHO) estimated that up to 82% of COVID-19 patients developed very
mild symptoms. A robust approach is crucial for the early detection of virus/antibody to
control this global pandemic [130, 131]. The MR biosensing platform is considered to be
a potential solution since MR biosensors exhibited high accuracy and high stability in the

detection of viruses and antibodies of other diseases.

MR biosensing platforms successfully detected influenza viruses including HIN1 and
H3N2v in solution and nasal swab [132, 133]. A portable device was developed to meet
the requirements of point-of-care (POC) applications (Figure 2.20). The LODs for HIN1
and H3N2v are both 250 TCIDso/mL. Meanwhile, the MR immunoassay achieved LODs

at the level of 10 ng/mL and 50 ng/mL for detection of human immunoglobulins G and M
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(IgG and IgM) [134]. MR biosensors were also applied in detecting hepatitis B virus
(HBV), hepatitis E virus (HEV), and human immunodeficiency virus (HIV) [135-137].
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Figure 2.20 (a) Schematic diagram real-time data collection and data transmission
of the portable biosensing platform based on MR sensors for the detection of
influenza viruses. (b) Picture of the portable devices. (c) Picture of the GMR sensor
array. Reprinted with permission from ref. [133]. Copyright (2017) American

Chemical Society.

The detection of bacteria is another important topic due to the serious consequences of
bacterial infections. For example, Escherichia coli (E. coli) can trigger diseases such as
urinary tract infection (UTI). In the meantime, food safety is another application that
requires the detection of bacteria. The pathogenic bacteria in food have become one of
the major health and public concerns nowadays. The detection of bacteria with MR
biosensors follows a similar mechanism with the previously discussed MR biosensing
platforms. The TMR sensor array has been applied in the detection of E. coli O157:H7
with a LOD at 10> CFU/mL [138]. Meanwhile, microfluidics was employed in the GMR
biosensing platform for E.coli detection (Figure 2.21) [139]. Moreover, the GMR
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biosensing platform accomplished the detection of the Salmonella’s (another food
pathogen) DNA [140].
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Figure 2.21 (a) Pictures of the MR biosensing platform for E.coli detection (b) The
E.coli inside the detection microchannel bind with the MNPs (captured by
fluorescent microscope.) Reprinted with permission from ref. [139]. © [2014] IEEE.

In the meantime, the detections of mycotoxins and allergens are important for food
safety. The GMR sensor array was applied in the detection of various mycotoxins such as
aflatoxins B1 and zearalenone with a LOD at 50 pg/ml. This array achieved simultaneous
detection for various mycotoxins [141]. MR biosensing platforms are capable of
detecting major peanut allergens ara hl, ara h2, and gliadin, which can trigger a serious
response. The LODs of these allergens can reach 7.0 ng/mL, 0.2 ng/mL, and 1.5 ng/mL
[142]. Although MR biosensing platforms exhibit low LODs, the 96 well ELISASs still
display a higher sensitivity in terms of the allergens testing. Further studies are required
in this area to improve the sensitivity [123].

Environmental monitoring is another major application of MR sensor-based biosensing
platforms. This application analyzes the hazardous contents and pollutants in the

environment as they can accumulate in the human body through the food chain. The
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GMR biosensing platform was modified with thymine-thymine (TT) molecules, which
achieved precise detection of mercury ions (Hg?") in the natural environment [143]. The
LOD is at the level of 10 nM for buffer and natural water. In another study, the ricin
toxins were detected by the TMR biosensing platform in polluted water. The TMR
biosensing platform completed the quantitative detection of ricin toxins with a LOD at 1
ng/mL [144]. The TMR biosensing platform experiences minimum interferences from the
other contents and environmental factors. These results indicate the possibility for the
MR biosensing platform to finish detections of hazard contents in other complex samples

such as soil, food, and blood.

Further improvements are required for MR biosensing platforms to meet the demands of
clinical implements. Meanwhile, MR biosensing platforms display superiorities such as
simultaneous detection, user-friendly procedures, and simple integration with electronic
devices. MR biosensing platform is a promising candidate for the development of ideal
next-generation biosensing systems. Currently, MR biosensing platforms experience
difficulties in the magnitude of MR (especially for low magnetic fields), sensing range,
and investments for commercially accessible MR sensors [123]. Moreover, the
performance of multilayer systems is inadequate at room temperature [123]. Although the
TMR multilayer system could display a large MR, the limited working range can't be
ignored. GMR/TMR multilayer systems could be expensive compared with traditional
testing approaches due to the complicated preparation processes. The price of MR
sensors limits the commercial applications of MR biomedical sensing platforms.
Therefore, further investigations are required on developing cost-effective MR
materials/devices with enhanced MR response at low magnetic field/room temperature,
which can benefit the future commercial applications of MR biomedical sensing systems.

2.3 Summary

Since the first observation of MR, more and more attempts have been put into the
development of ideal MR sensors for various applications. Meanwhile, many studies
were performed to extend the application of MR sensors [145-151]. The major
applications of MR sensors include magnetic storage, position sensing, current sensing,
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non-destructive monitoring, and biomedical sensing system. Meanwhile, MR sensors
were applied in antilock brakes, magnetocardiography, and galvanic isolators [122, 152-
157]. The expansion of the electronic industry leads to the significant growth of
commercial magnetic sensors. The total value of the market is expected to surpass 2.0
billion US dollars in 2022 [158].

The sensitivity and efficiency are crucial to commercial MR sensors in terms of
improving the performance of the devices. Ideal MR sensors require enhanced MR at low
magnetic fields and room temperature, reduced time/equipment cost, and enlarged
working range, which can boost the advancement of devices with built-in MR units. In
specific, ideal MR materials/devices contribute to improving the storage capacity and
decreasing the production cost of magnetic storage devices (such as HDDs and MRAMS).
More details can be provided in position sensing, current sensing, and non-destructive
monitoring since the sensitivity and cost-efficiency are enhanced for MR sensors. The
LOD relies on the performance of MR sensors in magnetic biomedical sensing
platforms/systems (especially for ultra-low detections). The improvements of MR sensors
can lower the LOD of MR biomedical sensing platforms. Meanwhile, the decrease in
production costs can help to improve the accessibility of MR sensor-based point-of-care
(POC) testing devices.

Currently, GMR and TMR multilayer systems have been widely applied in commercial
MR sensors [159-161]. However, the drawbacks of multilayer systems can't be ignored
including inadequate MR at room temperature and low magnetic fields, limited working
range, and complicated preparation process. Various MR materials have been studied to
enhance the performance of MR sensors. Many attempts have been made to develop
nanoconstructed MR materials such as granular MR materials, layered graphene,
graphene foam, and hybrid graphene nanocomposites [33, 41, 67, 85]. However, current
MR materials experience difficulties in enhancing the MR at low magnetic fields/room
temperature and reducing the complicity of the preparation process. Breakthroughs are
expected to improve the performance and reduce the manufacturing cost of devices with
built-in MR units, which overcome existing challenges and benefit the future application

of MR sensors/devices.
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Chapter 3
3 Developing FeCo/Reduced Graphene Oxide (rGO)

Hybrid Nanosheets with Special Magnetoresistance

Used for Wireless Magnetic Field Sensor

In this chapter, we applied a facile polyol method to synthesis the FeCo/rGO hybrid
nanosheets with large special positive magnetoresistance (MR) at room temperature and
low magnetic field (10 kOe). MR sensors/devices have been studied extensively since the
discovery of MR in 1856. The developments of MR sensors/devices surged after the
observation of giant magnetoresistance (GMR) in the 1980s. The MR devices/sensors
have been applied in magnetic storage, position sensing, non-destructive monitoring, and
biomedical testing [1-4]. Most of these devices/sensors are based on multilayer systems
with GMR or tunneling magnetoresistance (TMR), which require special equipment and
prolong/complex fabrication process since it is challenging to precisely control the layer
thickness [5]. The recent advancements of nanotechnology have introduced
nanoconstructed materials to the development of cost-effective and highly-sensitive MR
devices/sensors. However, most of the current nanoconstructed MR materials/structures
suffer the problems such as requiring extreme conditions (~ 10 K), limited sensing range,
and inadequate MR at low magnetic fields (< 10 kOe) [6-8].

We successfully synthesized the FeCo/rGO hybrid nanosheets with a facile polyol
process. The FeCo nanoparticles (NPs) were in situ modified on the surface of chemically
synthesized reduced graphene oxide (rGO). A large MR up to 21 +6% was observed on
FeCo/rGO hybrid nanosheets at room temperature and low magnetic fields (10 kOe). In
the meantime, the tunable MR was achieved by adjusting the mass ratio of adding rGO in
the reaction (Mrco). The A. A. Abrikosov's quantum magnetoresistance (QMR) model
was applied to investigate the possible origin of the large special MR of FeCo/rGO
hybrid nanosheets at the low magnetic field, which exhibits good agreements with the
resistance change curves of FeCo/rGO hybrid nanosheets with different Mico. In

addition, a wireless magnetic field sensing system based on FeCo/rGO hybrid nanosheets
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was developed to detect the electromagnetic radiation caused by a working mobile phone
in real-time. With large MR at room temperature and low magnetic fields,
flexible/adjustable MR performance, and facile fabrication process, the FeCo/rGO hybrid
nanosheets can be considered as the appropriate candidate for various applications that
demand highly-sensitive and cost-effective MR materials. In addition, we believe that the
wireless field sensing system based on the integrated FeCo/rGO hybrid nanosheets
magnetic field sensor can benefit the developments of the future connected society and
internet-of-things (10T).

3.1 Introduction

Since the discovery of giant magnetoresistance (GMR), magnetoresistance (MR) sensors
have been widely applied for various applications. MR refers to the resistance change of
the material under the presence of the external magnetic field. However, the ordinary
magnetoresistance (OMR) exhibits less than 1% of MR at the large magnetic field for
several Tesla [9]. The discoveries of GMR and tunneling magnetoresistance (TMR) have
significantly improved the performance of MR sensors/devices. In magnetic storage, IBM
has introduced both GMR and TMR reading heads based on multilayer systems to
increase the storage capacity of the hard disk drive (HDD) [10]. The GMR/TMR
multilayer systems have brought dramatic improvements in the data density of magnetic

storage devices.

Non-destructive monitoring and position sensing are two major applications of MR
sensors/devices [11, 12]. By detecting the magnetic field generated by the target probe or
the current, MR sensors can transfer the resistance change into various other output
signals including voltage or current variations. As the magnetic nanoparticles (MNPs)
can generate the stray magnetic fields for biological labelling, the MR sensors were
extensively investigated for developing novel biomedical testing platforms [13]. MR
biosensors with MNPs testing probes were employed in detecting various biological

targets such as bacteria, proteins, viruses, and biomolecules [14-17].
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In recent years, magnetic field sensors have been widely applied in industrial applications
for precise measurement and control purposes. The demands on highly-sensitive and
cost-effective magnetic field sensors became essential. For the previous applications, the
highly-sensitive and cost-effective MR sensors significantly reduced the potential cost of
mass production and dramatically increased the measurement accuracy of the magnetic
field sensors. Moreover, the performance of MR sensors at the low magnetic field is
crucial for detections of the limited quantity of magnetic targets, weak electric currents,
and low-level electromagnetic fields. Due to the developments of communication
technology and personal electronic devices, concerns regarding the negative effects of
low-level electromagnetic fields (EMF) on children’s brains and organs have been raised
[18-20]. Whereas the lack of a sensitive sensing device for quickly detecting low-level
EMF leads to difficulties in information collection and decision-making to prevent the
adverse effects of EMF generated by personal electronic devices on the environment and
health. Compared with traditional Hall effect magnetic field sensors, MR magnetic field

sensors offer lower energy consumption and higher sensitivity [21, 22].

Currently, although targets with low magnetic fields are detectable for conventional MR
magnetic field sensors, the prolonged fabrication process and strict limitations on the
layer thickness of GMR and TMR multilayer systems lead to less cost-efficiency and
requirements on specific equipment. Moreover, the TMR multilayer system exhibits a
limited working range as the MR rapidly reaches the plateau at a small magnetic field
intensity variation. The fast advancements of nanotechnology in recent years have given
a rise to nanoconstructured MR materials. The granular/nanogranular MR material is one
of the alternative configurations that were developed to reduce the complexity of the
multilayer systems. However, most nanostructured granular MR systems display

inadequate MR at low magnetic fields (< 10 kOe) and room temperature [6, 8, 23].

The investigations have revealed the unusual phenomena of transport in graphene due to
the unusual energy dispersion relation at the Fermi energy [24, 25]. MR is one of the
most interesting transport phenomena in graphene, which allows graphene-based
materials to contribute to the miniaturized spintronic devices [24, 25]. Multilayered

graphene, graphene foams, and hybrid nanocomposites based on graphene (or reduced
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graphene oxide (rGO)) are potential candidates for fabricating cost-effective and highly-
sensitive MR devices/sensors. The layered graphene MR systems require complicated
fabrication processes such as chemical vapor deposition (CVD) to control the layer
number and position, and extremely low temperature/high magnetic fields are needed for
layered graphene MR systems to achieve large MR [26, 27]. To achieve satisfactory MR
performance, the graphene foam MR systems require the presence of high external

magnetic fields and extreme temperatures [7, 28].

The hybrid graphene (or rGO) nanocomposites are considered as the solution to the
current obstacles. The one type of hybrid graphene nanocomposites involves complex
processes to introduce disorder or inhomogeneity on monolayer and bilayer graphene,
which leads to the unsolved issues of cost and complicated fabrication process [29, 30]. It
IS more appropriate and accessible to design the hybrid nanocomposites based on rGO
due to its facile and low-cost chemical synthesis process and residual function groups for
chemical modification. In addition, studies indicate that rGO could show abnormal
electrical and magnetic properties because of the alter of conducting n-n* states in a
weakly disordered graphene sheet [31, 32]. However, few investigations were performed,
and the current attempts can achieve < 8% of MR at the low magnetic field (< 10 kOe)
and room temperature, which are not suitable for quickly sensing low-level EMF [33,
34]. Thus, new manufacturing processes and suitable theory of the magneto-transport in
hybrid graphene (or rGO) nanocomposites are in high demand to overcome the barriers
for the development of graphene-based materials with large MR at low magnetic fields

and room temperature.

In this study, we developed the FeCo/rGO hybrid nanosheets with large MR at low
magnetic fields and room temperature. The nanoconstructed hybrid material was
designed by integrating FeCo nanoparticles (NPs) with rGO as A. A. Abrikosov proposed
that large MR could occur in inhomogeneous materials consisting of layered materials
with relatively small electron concentration and clusters of metallic atoms [35, 36]. In
addition, incorporating inorganic elements or NPs with graphene nanosheets can alter the
charge carriers and scatters in graphene, which leads to the change of magnetotransport
properties [37, 38].
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In this work, we demonstrated the FeCo/rGO hybrid nanosheets that exhibited large MR
up to 21 +6% at the low magnetic field (10 kOe) and room temperature. FeCo NPs were
in situ modified onto the surface of rGO as the residual functional groups on the rGO
surface provide the nucleation sites [39, 40]. The tunable MR was achieved by simply
adjusting the particle density of FeCo NPs on rGO with varying the mass ratio of adding
rGO (Mico). Meanwhile, the quantum magnetoresistance (QMR) model proposed by
Abrikosov was applied to understand the possible origin of the large positive MR of
FeCo/rGO hybrid nanosheets. In addition, the MR sensor based on FeCo/rGO hybrid
nanosheets was seamlessly integrated with a wireless system to achieve real-time

detection of the EMF generated by a mobile phone.
3.2 Experimental

3.2.1 Preparation of Reduced Graphene Oxide (rGO)

rGO was obtained by reduction of graphene oxide (GO) with hydrazine, which can
introduce defects and amine groups on the rGO surface (Figure 3.1) [40]. In specific, 1 g
of graphite flake (Graphite flake, natural, -325 mesh, 99.8% (metals basis), Alfa Aesar)
was added to 50 mL concentrated sulfuric acid (98%, Caledon Laboratory Chemicals). 3
g of potassium permanganate (> 99.0%, ACS, Millipore Sigma) was gradually added
while maintaining the temperature of the solution below 10 <C. After proper stirring for
20 mins, the suspension was kept stirring for 22 mins, followed by 8 mins of sonication.
The stirring-sonication cycle was repeated 12 times (6 hours in total). The reaction was
quenched by adding 200 mL of Milli-Q water into the mixture. The mixture was further
sonicated for 2 hours before adjusting the pH to 7 by sodium hydroxide solution (1 M).
Before the reduction process, the mixture was sonicated for another hour. The reduction
process was carried out by adding 50 mL of hydrazine hydrate (50 - 60%, Sigma-Aldrich)
solution into the mixture, and the temperature of the mixture was increased to 90 <C for 3
hours. The black rGO precipitates were simply collected by high-speed centrifugation
and washed with 1 M hydrochloric acid (Caledon Laboratory Chemicals).
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Figure 3.1 Schematic illustration of the reduced graphene oxide (rGO) preparation

process.

3.2.2

FeCo NPs were in situ grown on the surface of rGO via a modified polyol process
(Figure 3.2) [41]. Briefly, 2.5 mmol of ferrous chloride tetrahydrate (FeCl, 4H-0O, puriss.
p.a., > 99.0%, Sigma-Aldrich), 2.5 mmol of cobaltous acetate tetrahydrate (Co(OAc)2
4H,0, ACS reagent, > 98.0%, Sigma-Aldrich), 200 mmol of sodium hydroxide (ACS
reagent, > 97.0%, pellets, Sigma-Aldrich), and varied mass of as-prepared rGO were
added into 100 mL of ethylene glycol (EG, Fisher chemical). Samples were prepared
with different mass ratios of rGO (Mrco) added to the reaction. The samples (Mrco
increasing from 10 wt.% to 50 wt.% with an interval of 10 wt.%) are denoted to Sample 1
to 5. After proper mixing for 20 minutes, the suspension was further sonicated to allow
the rGO to disperse uniformly in ethylene glycol. The mixture was heated to 130 T for 1

hour under nitrogen gas protection. The black precipitate was washed by ethanol,
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centrifuged, and freeze-dried. FeCo NPs were synthesized with the same polyol process

without adding rGO into the reaction.

Fe2+' C02+
, ;
Polyol .
Reduced Graphene Process FeCo/rGO Hybrid
Oxide (rGO) Nanosheets

Figure 3.2 Schematic illustration of the FeCo/rGO hybrid nanosheets preparation

process.
3.2.3 Magnetoresistance Measurement

Each sample with 10 mg was pressed with a dimension of 1 cm <1 cm, and the thickness
was kept at 150 pm. The MR measurement was performed by the Model 74046 MR
probe attached to the vibrating sample magnetometer (VSM, LakeShore 7407). In the
MR measurement and mathematical calculation part, the MR (%) is defined by the

following equation:

— R,
MR (%) =

x 100% (3.1)
0

The resistance change (4R, Q) is defined by the equation below

AR =R —R, (3.2)

where R is the total resistance (Q) of the sample under the presence of an external

magnetic field and Ro the sample resistance (Q2) at zero magnetic field.
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3.24 Materials Characterization

Transmission electron microscope (TEM) micrographs and electron diffraction patterns
were taken by Philips CM-10 (TEM) operating at 80 kV. A Hitachi S-3400N scanning
electron microscope (SEM) attached with the INCA PentaFET-x3 system (Oxford
Instruments) was used to obtain SEM micrographs and energy-dispersive X-ray spectra
(SEM-EDX) of FeCo/rGO hybrid nanosheets. The magnetic property and MR
measurements were performed by the vibrating sample magnetometer (VSM, LakeShore
7407, moment measure range: 107 to 10° emu; field accuracy: “+ 0.05%” full scale). The
PHI Quantera scanning X-ray microprobe (X-ray source: Al Ka, sputter rate: 2.7 nm min-
1, take-off angle: 45<) was utilized to measure the X-ray photoelectron spectra (XPS) and
depth profile of FeCo/rGO hybrid nanosheets. X-ray diffraction spectra (XRD) of the
samples were measured by Rigaku rotating-anode X-ray diffractometer (XRD, Co-Ka

radiation).
3.25 Mathematical Calculation

The mathematical calculation for the quantum magnetoresistance (QMR) model was
performed by MATLAB (The MathWorks), Python(x,y) (https://python-xy.github.io/),
and 1stOpt (7D-Soft High Technology Inc.), which gave us similar results.

3.2.6  Constructing Wireless Magnetic Field Sensing System

The ZigBee radio module unit (XBee®/XBee-PRO® ZigBee RF Modules) was produced
by Digi International (Digi International, Inc.) (Figure 3.3). All electronic devices
involved were purchased from Digi-Key Electronics (https://www.digikey.com/). The
magnetic field sensor chip was connected to a resistor with appropriate resistance to

perform in the physical pins’ function range of the ZigBee module.
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Figure 3.3 Picture of the XBee® ZigBee radio module unit (Digi International).
3.3 Results and Discussion

3.3.1 Developing FeCo/rGO Hybrid Nanosheets for Magnetic Field

Sensing

rGO was obtained by reduction of graphene oxide (GO) with hydrazine, which can
introduce defects and amine groups on the rGO surface [42]. In a modified one-pot
process, the mixture of iron (Fe?") salt and cobalt (Co?*) salt can be reduced to Fe and
Ca®. FeCo NPs deposited on the surface of rGO through reacting with sodium hydroxide
in ethylene glycol (EG) at 130 <C with an inert (N2) atmosphere [41]. In the reaction, the
metal hydroxides were reduced to obtain FeCo NPs. The synthesis process includes

dehydration (1) and oxidation (2) reactions in ethylene glycol [41].

2CH;0H-CH20H — 2CH3CHO + 2H,0 (1)

2CH3CHO + M(OH); — CH3COCOCH;3 + 2H,0 +M° (2
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Different amounts of rGO were introduced in the one-pot reaction. The as-prepared
FeCo/rGO hybrid nanosheets were denoted as Sample 1 to Sample 5 based on the
increasing mass ratio of rGO (Mrco) from 10 wt.% to 50 wt.% with an interval of 10

wt.%.

FeCo/rGO hybrid nanosheets were studied with the transmission electron microscope
(TEM). As Mco increases from 10 wt.% to 50 wt.%, the average particle size of the
FeCo NPs growing on the rGO decreases from 220 = 50 nm to 89 £ 20 nm
correspondingly (Figure 3.4). The cubic structure of NPs is observed in all 5 samples.
The size distribution of FeCo NPs is narrower when Mico increases to 50 wt.%. The
decrease in particle size of FeCo NPs with increasing Mico can be related to the increase
of nucleation sites on rGO as the in situ deposition occurs on the defects and residual
functional groups of rGO.

The selected area electron diffraction (SAED) patterns of Sample 1 and Sample 5 are
shown in the inset images of Figure 3.4. The diffraction ring patterns indicate the body-
centered cubic (BCC) structure of the FeCo NPs with (110), (200), and (211) crystal
planes. The result is similar to the reported FeCo nanostructures [43, 44]. Figure 3.4e
shows the HRTEM micrograph of Sample 5 that displays the BCC FeCo NPs in situ

deposited on rGO with an interplanar distance (d) of 0.20 nm.

To further investigate the crystal structures, FeCo/rGO hybrid nanosheets were measured
by X-ray powder diffraction (XRD). In Figure 3.5, the XRD profile of rGO shows two
broad diffraction peaks around 23.5°and 43.3<representing (002) and (100) planes of
rGO, respectively. The typical peak of GO at 20 = 11<in the XRD profile disappears
after the hydrazine reduction, which indicates the successful reduction of the rGO [45].
The XRD profile of FeCo NPs displays two peaks at 44.8<and 65.3referring to (110)
and (200) crystal planes of the BCC FeCo (CoFe PDF# 49-1568) [46]. Furthermore, no
single Co phase is observed in the pattern, which confirms that the BCC FeCo is
successfully produced by the polyol process [46, 47]. Meanwhile, since all the products
are stored in the ambient environment, the possibility of the presence of the Fe metal can
be eliminated [46].
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Figure 3.4 TEM micrographs of FeCo/rGO hybrid nanosheets. (a) TEM micrograph
of Sample 1 (Mrco = 10 wt.%), and the small inset is the SAED pattern of Sample 1;
(b) Size distribution of Sample 1; (¢) TEM micrograph of Sample 5 (Mrco = 50
wt.%0), and the small inset is the SAED pattern of Sample 5; (d) Size distribution of
Sample 5; (e) HRTEM micrograph of Sample 5.
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In the XRD data of FeCo/rGO hybrid nanosheets (i.e., Sample 2 (Mico = 20 wt.%)), two
diffraction peaks of (110) and (200) crystal planes of the BCC FeCo are observed at
similar positions with FeCo NPs. The presence of the diffraction peak at 23.5<indicates
that (002) plane of rGO remains in the FeCo/rGO hybrid nanosheets, and part of the peak
at 43.3<referring to (100) plane of rGO overlaps with the (200) crystal plane of BCC
FeCo at 44.8< Thus, the FeCo NPs on FeCo/rGO hybrid nanosheets maintain the BCC
FeCo structure. In addition, we notice that the crystal structure and the chemical
composition of NPs on rGO may change as Mco increases beyond 50% due to the

interference of imported ions/impurities in a large amount of rGO, which will be

(110)
A (200
A

discussed in another paper of our group.

FeCo NPs
W =
Sample 2
(002) (100)
rGO
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]
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|
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A
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Figure 3.5 X-ray powder diffraction (XRD) profile of FeCo NPs, FeCo/rGO hybrid

nanosheets (i.e., Sample 2, Mrco = 20 wt.%), and rGO.
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The scanning electron microscope (SEM) micrographs and energy-dispersive X-ray
spectra (SEM-EDX) are shown in Figure 3.6. The SEM micrographs indicate the
presence of the rGO with FeCo NPs grafted on the surface, which is consistent with the
results of TEM characterization. To investigate the chemical composition of the
FeCo/rGO hybrid nanosheets with various Mrco amounts, the SEM-EDX was applied.
Four major elements (i.e., C, O, Fe, and Co) are detected in the FeCo/rGO hybrid
nanosheets with different Mrco (10 wt.% and 50 wt.%). A significant increase in carbon
content is observed due to the rise of rGO in the sample. Meanwhile, the decline of the

signals of iron and cobalt elements is noticed as the result of the increase of Mco.
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Figure 3.6 SEM micrographs and corresponding SEM-EDX of (a) sample 1 (Mrco =
10 wt.%0) and (b) sample 5 (Mrco = 50 wt.%).

The atomic ratio of FeCo NPs in FeCo/rGO hybrid nanosheets decreases from 9.6 0.4
at.% to 1.3 £0.1 at.% as Mo increases from 10 wt.% to 50 wt.%. In addition, as shown

in Figure 3.7, the atomic ratio of Fe:Co is approximately 1:1 to all samples as the Mrco
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increases from 10 wt.% to 50 wt.%, which is consistent with the XRD data. The weight
percentage (wt.%) of FeCo NPs in samples is estimated as shown in Figure S3.1. Sample
1 (Mrco = 10 wt.%) shows 39 +=2 wt.% of FeCo NPs, and Sample 5 (Mrco = 50 wt.%)
shows 9 1 wt.% of FeCo NPs. The exponential fitting curve (y = 7.9 + 31.9¢(*-321/67.1),
R? = 0.965) depicts the relationship between the weight percentage of FeCo NPs and
Mico.
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_ —=—Co
9 —e—Fe
4
O ]
B3
L ]
£ 2+
S
< 14
0- Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
10 20 30 40 50
Mass ratio of rGO in the reaction (M ., wt.%)

Figure 3.7 The atomic ratio of Fe and Co in FeCo/rGO hybrid nanosheets with
different Mrco.

X-ray photoelectron spectroscopy (XPS) survey and in-depth XPS were performed to
analyze the chemical status of the major elements in FeCo/rGO hybrid nanosheets. The
peaks of O 1s, C 1s, N 1s, Co 2p, and Fe 2p are observed in the XPS survey scan spectra
(Figure 3.8) of Sample 2, 4, and 5 (Mrco = 20 wt.%, 40 wt.%, and 50 wt.%). The O 1s
peak indicates the presence of the remaining oxygen function groups that work as ‘anchor
spot’ of FeCo NPs together with the nitrogen residues [48, 49]. Meanwhile, the presence

of the N 1s peak is due to the hydrazine reduction process of the rGO [50].
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Figure 3.8 The XPS survey spectra of FeCo/rGO hybrid nanosheets with different
Mrco (20 wt.%, 40 wt.%, and 50 wt.%6).

High resolution XPS spectra of C 1s and N 1s are shown in Figure 3.9. All samples
exhibit comparable deconvoluted peaks of C 1s spectra. The C sp? and C sp® peaks are
observed at 284.6 eV and 285.6 eV [50-54]. The epoxy groups are not observed in the
samples, which indicates the successful reduction of GO.

The high resolution N 1s XPS spectra of Sample 2, 4, and 5 indicate the existence of
pyridinic N (Sample 2: 398.6 eV, Sample 4: 398.5 eV, Sample 5: 398.4 eV) and amine
groups (Sample 2: 400.1 eV, Sample 4: 400.0 eV, Sample 5: 399.9 eV). The pyrrolic N
peaks are observed in the spectra of Sample 4 (399.5 eV) and Sample 5 (399.4 eV) [55-
57]. As shown in Figure 3.9, the proportion of pyrrolic N raises as the Mico increases to
50 wt.%. Meanwhile, the peak that is attributed to pyrrolic N is not observed in Sample 2
(Mrco = 20 wt.%), which is possibly due to the formation of FeCo NPs on the rGO
surface since the pyrrolic N exhibits a strong chelation effect with ions of Fe and Co [49].
Less Mico provides limited pyrrolic N spots, and most of the spots are taken by FeCo

NPs during the in situ deposition. On the other hand, the increase of rGO in the reaction
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introduces a large quantity of pyrrolic N sites, which are not completely occupied by the
FeCo NPs.

a b

C1s C1s

C sp?
Csp®

;_:, Sample 5 g
2 >
© |Sample 4 g Sample 4 - v
- i = ) Z,X Pyridinic N

Sample 2 Sample 2

290 288 286 284 282 408 404 400 396 392
Binding energy (eV) Binding energy (eV)

Figure 3.9 High resolution XPS spectra of FeCo/rGO hybrid nanosheets: (a) C 1s
and (b) N 1s.

The high resolution Co 2p XPS spectra of samples are shown in Figure 3.10. Peaks at
778.8 eV, 782.8 eV, and 793.5 eV (Sample 2, 4, and 5) are attributed to Co 2pzs, Co 2p3s2
(satellite), and Co 2p1s, respectively. The spin-orbit splitting peaks of Co indicate the
presence of the zerovalent metallic states Co elements [58, 59]. The peaks at 707.4 eV,
713.4 eV, and 721.4 eV in the high resolution Fe 2p spectra of Sample 2, 4, and 5
correspond to Fe 2pas2, Fe (111) 2psr2, and Fe 2p1» [48, 60]. The peaks at 707.3 ~ 707.4 eV
are attributed to the presence of metal Fe [61, 62].

To further study the oxidation of Fe in samples, XPS depth profiling characterization was
performed on FeCo/rGO hybrid nanosheets (Table S3.1-S3.4). The atomic ratio of the Fe
element increases with increasing sputter time as the characterization depth increases
from 0 nm to 81 nm. Meanwhile, the atomic ratio of the oxygen element decreases
simultaneously. The ratio of Fe (0) over oxidized Fe (Il/Ill) increases with increasing
sputter time (Figure S3.2). Therefore, the oxidized iron remains on the surface as all

samples are stored in the ambient environment.
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It is noticed that XRD provides the characterization with a larger penetration depth
(micrometer level) compared with XPS (surface characterization). Thus, the results of
XPS do not conflict with the results of XRD that indicate the formation of the BCC phase
of FeCo NPs on rGO. Furthermore, the ratio of Fe (I11) 2pa2 peak over Fe 2ps» peak
increases with increasing Mrco. The decrease of particle size and the increase of particle
density of FeCo NPs with increasing Mrco can enlarge the surface area of NPs, which

leads to more oxidation on the surface of NPs detected by XPS.
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Figure 3.10 High resolution XPS spectra of FeCo/rGO hybrid nanosheets: (a) Co 2p

and (b) Fe 2p.

3.3.2  Special Magnetoresistance of FeCo/rGO Hybrid Nanosheets

The magnetic hysteresis loops were measured by vibrating sample magnetometer (VSM)
at ambient temperature (Figure 3.11, the VSM result of rGO is shown in Figure S3.3).
The FeCo/rGO hybrid nanosheets exhibit ferromagnetic behaviours. The coercivities of
all samples are less than 250 Oe. The saturation magnetizations (Ms) at 10 kOe for
FeCo/rGO hybrid nanosheets (Mico = 10 wt.% - 50 wt.%) are 74 emu/g, 36 emu/g, 28
emu/g, 14 emu/g, and 12 emu/qg, respectively (Table S3.5). The Ms (emu/g) of the
FeCo/rGO hybrid nanosheets decreases with increasing Mrco. All samples of FeCo/rGO
hybrid nanosheets display very small M,/Ms ratios, which stems from the thin thickness.
Moreover, to characterize the magnetic anisotropy of as-prepared FeCo/rGO hybrid

nanosheets, the samples were measured with parallel and perpendicular configurations.
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The magnetic anisotropy of FeCo/rGO hybrid nanosheets is not significant (Figure
3.11b).
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Figure 3.11 Magnetic hysteresis loops of FeCo/rGO hybrid nanosheets. (a) Magnetic
hysteresis loops of samples with different Mrco (Mrco = 10 wt.%, 20 wt.%, 30 wt.%,
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40 wt.%, and 50 wt.%0). (b) Magnetic hysteresis loops of Sample 3 (Mrco = 30 wt.%0)

at parallel and perpendicular magnetic fields.

The magnetoresistance (MR, %) curves of FeCo/rGO hybrid nanosheets were measured
by the 4-pin probe of LakeShore 7407. To investigate the MR (MR (%), 4R/Ro) and
further understand the relationship between MR of FeCo/rGO hybrid nanosheets and the
mass ratio of adding rGO (M:co), the MR curves of Sample 1-5 were obtained as the
magnetic field increased from 0 to 10 kOe at room temperature. As shown in Figure 3.12,
the FeCo/rGO hybrid nanosheets with different Mico exhibit positive magnetoresistance
(PMR) as the magnetic field increases from 0 to 10 kOe. The average increasing rates of
MR (%) per kOe of FeCo/rGO hybrid nanosheets increase from 0.45 +0.10% (Mco = 10
wt.%) to 2.50 +0.07% (Mrco = 50 wt.%).
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Figure 3.12 Magnetoresistance (MR, %) of FeCo/rGO hybrid nanosheets (Sample 1
- Sample 5, Mrco = 10 wt.% - 50 wt.%) at room temperature (magnetic field
increases from 0 to 10 kQe).

Figure 3.13 shows that the MR at 10 kOe increases as Mrco increases from 10 wt.% to

50 wt.%. The average MR at 10 kOe of FeCo/rGO hybrid nanosheets with various Mo
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(Sample 1 - 5, Mico = 10 wt.% - 50 wt.%) are 5 1%, 6 1%, 9 +4%, 15 £5%, and 21
+ 6%, respectively. A very high MR (21 =+ 6%) is achieved by FeCo/rGO hybrid
nanosheets with 50 wt.% of Mrco at room temperature and low magnetic field. Thus, the
tunable MR is achieved by simply adjusting the mass ratio of adding rGO (Mrco) in the
synthesis of FeCo/rGO hybrid nanosheets.
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Figure 3.13 Magnetoresistance (MR, %) of FeCo/rGO hybrid nanosheets (Sample 1
- Sample 5, Mrco = 10 wt.% - 50 wt.%0) at 10 kOe (room temperature).

The quantum magnetoresistance (QMR) model proposed by A. A. Abrikosov is applied
to understand the MR of the FeCo/rGO hybrid nanosheets. As Abrikosov proposed, QMR
can happen in complex materials with ‘charge reservoirs’ (atom/layer with higher
electron density) embedding into the layered materials possessing relatively lower
electron density [35, 36]. The electron density of FeCo is 1.1 x10?° cm™, and the electron
density of graphene is 2.5 <10 cm (300 K), which meets the condition calculated by
Abrikosov (n < 10 cm™®) [35, 63, 64]. In our assumption, FeCo NPs play the role of
charge reservoirs, and FeCo NPs hinder the transportation of electron carriers on
FeCo/rGO hybrid nanosheets [65]. As per Abrikosov’s QMR model, the total resistance
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(in resistivity) of complex material (px) can be expressed by Equation 3.3 (the size

differences of the testing samples are neglectable in our study) [35]

_HN, sinh(1/)
 mecn? cosh("™/4) + cosh("/,)

Pax (3.3)

where no is the excess electron density, H the magnetic field intensity, Ni the
concentration of scattering centers, e the elementary electron charge, ¢ the invariant speed,
6 = T/t (2t is the bandwidth), m = w/t, h = H/Ho, and Ho = (z'no € d)/e (d is the interlayer
distance). Abrikosov’s QMR model indicates that m = sin(z/h) as T = 0, which is applied
to simplify the modified equation. Meanwhile, the theoretical factor pxx is more close to
resistance change (4R) instead of actual total resistance since it equals zero when H =0
[35]. Therefore, the relationship between magnetic field intensity (x = H) and resistance

change (y = 4R) in our case can be expressed by Equation (3.4).

sinh (%)

cosh [w] + cosh [_sin(i/ ax)]

y=b-a-x- (3.4)

Three different parameters (a, b, and c) are introduced based on Equation 3.3, where a =
1/Ho, b = (Ni €)/(no €?), and ¢ = 6.

In our case, c is set at 1.5 for fitting optimization since the QMR model has been used to
study the MR at different temperatures (including room temperature) [27, 35, 36]. The
resistances (Q) of FeCo/rGO hybrid nanosheets increase when the magnetic field
increases from 0 to 10 kOe. As Mco increases from 10 wt.% (Sample 1) to 50 wt.%
(Sample 5), the average increasing rate of resistance (in resistance per kOe) rises from
0.0837 Q/kOe to 0.9282 Q/kOe (Table S3.6). Figure 3.14 shows that the QMR model
exhibits good agreements with the MR of FeCo/rGO hybrid nanosheets. The fitting
results are displayed in Figure 3.14a-e; for Sample 1: a = 0.0002238, b ~ 1.36584, and
for Sample 5: a = 0.0002243, b = 15.18023. Factor b is related to (N; d)/(no €?), and the

difference between Sample 1 and Sample 5 in terms of factor a (¢ = e/(mwno € d)) is
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negligible. Therefore, the concentration of scattering centers (Ni) is the

parameter for the increase of MR.
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Figure 3.14 Fitting results of QMR model on FeCo/rGO hybrid nanosheets with
different Mrco: (a) Sample 1 (R? = 0.996), (b) Sample 2 (R? = 0.996), (c) Sample 3
(R?=0.997), (d) Sample 4 (R? = 0.997), and (e) Sample 5 (R? = 0.991).

In our study, the increase of N; is directly related to the particle density of metallic
nanoparticles (FeCo NPs) on rGO (Figure 3.15). It is noted that the particle density of
FeCo NPs rises as the nucleation sites of rGO increase with increasing Mco, which also
leads to the decrease of particle size of FeCo NPs [65, 66]. The phenomenon is observed
in the results of TEM and scanning electron microscope (SEM). Figure 3.15c, d show
the SEM micrographs of Sample 1 (Mrco = 10 wt.%) and Sample 5 (Mrco = 50 wt.%).
Thus, the results suggest that improving the particle density of FeCo NPs on rGO can

enhance the scattering effect. Meanwhile, tunable MR is achieved by adjusting the
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particle density of FeCo NPs on the rGO surface, which can be controlled by varying the

quantity of the nucleation site.
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Figure 3.15 SEM micrographs of, (a) Sample 1 and (b) Sample 5 (Average distance
between random FeCo NPs (red circle) and three closest NPs: Sample 1 = 790.21 nm
and Sample 5 = 410.21 nm). Schematic illustration of the conduction process based
on Abrikosov’s model: (¢) Sample 1 with fewer scattering centers and (d) Sample S

with more scattering centers (FeCo NPs on rGO acting as the scattering centers).

3.3.3 Fabricating the Magnetoresistance Wireless Field Sensor
System with FeCo/rGO Hybrid Nanosheets

To harness the FeCo/rGO hybrid nanosheets with special MR in the real-time detection
of the low-level EMF, we integrated the magnetic field sensor based on FeCo/rGO hybrid
nanosheets into a wireless communication system. As shown in Figure 3.16, three
components of the wireless magnetic field sensing system are (i) a data center, (ii) a

wireless FeCo/rGO hybrid nanosheets-based magnetic field sensor, and (iii) a wireless
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signal indicator. ZigBee protocol is adopted, and three ZigBee radio modules (i.e., XBee-
Pro® ZigBee RF module, products of Digi International) are used for wireless

communications.
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\\ (ii) Magnetic Field Sensing Node /
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Figure 3.16 Schematic diagram of the wireless magnetic field sensing system based
on FeCo/rGO hybrid nanosheets.

The data center (i) is formed up for data collection and visualization by linking an XBee
module to the computer. The wireless magnetic field sensing node (ii) is made by
combining an XBee module and the FeCo/rGO hybrid nanosheets-based magnetic field
sensor on a motherboard. As shown in Figure 3.17a, the FeCo/rGO hybrid nanosheets-
based magnetic field sensor is kept on a glass slide to easily connect with the XBee
module through a motherboard. The wireless signal indicator (iii) is built by connecting a
light-emitting diode (LED) with an XBee module (Figure 3.17b).

96



Figure 3.17 (a) Picture of the magnetic field sensor based on FeCo/rGO hybrid
nanosheets (ii). (b) Picture of the signal indicator (iii) in the sensing system (LED

marked with yellow circle).

As the resistance of the magnetic field sensor is affected by the external electromagnetic
radiation source, the data center (i) receives the disturbing of voltage sent from the
wireless magnetic field sensing node (ii) and sends a remote command to the wireless

signal indicator (iii) to turn on the LED as an alert (Figure 3.18).

It is noted that the average maximum power density of a working mobile phone is in a
range of 0.01 - 0.1 mW/cm?, ~100 nT [67]. Previous studies have shown that long-term
exposure under low-level (1.0 - 2.5 mW/cm?, 1 mT) electromagnetic radiation could lead
to potential health risks. In contrast with the conventional magnetic field sensing devices,
our wireless magnetic field sensing system based on FeCo/rGO hybrid nanosheets shows
superiorities  in  portability,  real-time  detection, and  flexible  data

collection/communication [68, 69].
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Figure 3.18 The wireless magnetic field sensing process. As the resistance of the
magnetic field sensor is affected by the external electromagnetic radiation source,
the data center (i) receives the disturbing of voltage sent from the wireless magnetic
field sensing node (ii) and sends a remote command to the wireless signal indicator

(iii) to turn on the LED (small inset figure) as an alert.

3.4 Conclusions

In this study, we demonstrated a wireless magnetic field sensing system based on
FeCo/rGO hybrid nanosheets with special MR. This wireless magnetic field sensing
system can quickly detect signals/collect data, and it can provide a real-time alert for the

presence of a low-level EMF generated by a working mobile phone. FeCo/rGO hybrid
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nanosheets were fabricated via a facile and cost-effective process, and a large MR up to
21 £6% was achieved at room temperature and low magnetic field (10 kOe), which is
significantly higher than the MR of other reported graphene-based materials at the
magnetic field of 10 kOe and room temperature [24, 25, 27, 33, 70, 71]. As the amount of
adding rGO in the reaction (Mrco) increased, the particle size of FeCo NPs declined. The
particle density of FeCo NPs on rGO increased due to the increase of nucleation sites.
The MR curves of FeCo/rGO hybrid nanosheets displayed good agreement with A. A.
Abrikosov’s quantum magnetoresistance (QMR) model. Moreover, the MR of FeCo/rGO
hybrid nanosheets can be adjusted by controlling the particle density of FeCo NPs on the
rGO.

The wireless magnetic field sensing system was built by combining FeCo/rGO hybrid
nanosheets-based magnetic field sensor with a wireless communication system. The
results indicate that the wireless magnetic field sensing system can successfully detect the
low-level EMF generated by a working mobile phone. Therefore, the in situ modification
of FeCo NPs on rGO by the facile process can pave the path for developing
materials/structures exhibiting large MR with a cost-effective process. In addition, the
sensitive FeCo/rGO hybrid nanosheets-based magnetic field sensor can be easily
integrated with a wireless system for real-time detection, data collection, and signalling,

which will certainly benefit the future connected society.
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3.5 Supplementary Materials
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Figure S3.1 Weight ratio (wt.%) of FeCo NPs in FeCo/rGO hybrid nanosheets
(Sample 1 - 5 with Mrco = 10 wt.% - 50 wt.%6).

] —a—Fe (0)
1007 —o—Fe (lI/11)

Peak area ratio (%)
N B (o)} o
. 2. P.F

o
1 .

27 54 81
Depth from surface (nm)

o_

Figure S3.2 XPS peak area ratios of Fe (0) and Fe (1I/l11l) with increasing

characterization depth.

100



0.04
7 0.03

u/g

£

0.02 -

o) | " ||=“I um
= 0.011 1 e

" e e l.'!-

0.00 =

etizatio

-0.01 1

Magn

-0.02{ =
-0.031

12108 6 4 2 0 2 4 6 8 10 12
Field (kOe)

Figure S3.3 The magnetic hysteresis loop of rGO measured by VSM.

101



Table S3.1 XPS depth profiling results (in atomic ratio) of major elements of Sample
2.

Sputter time

(min) Depth (nm) Cls O1s Fe 2p Co2p
0 0 80.5 16.5 1.2 1.9
10 27 82.3 9.3 4.5 3.9
20 54 81.3 8.0 6.3 4.5
30 81 80.3 7.7 7.3 4.7

Table S3.2 XPS depth profiling results (in atomic ratio) of major elements of Sample
4,

Sputter time

(min) Depth (nm) C1ls O1s Fe 2p Co2p
0 0 76.9 215 0.7 0.9
10 27 79.4 15.0 2.7 2.9
20 54 78.4 14.9 3.1 3.7
30 81 78.3 14.6 3.7 3.4
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Table S3.3 XPS depth profiling results (in atomic ratio) of major elements of Sample

5.

Sputter time

(min) Depth (nm) Cls O1s Fe 2p Co2p
0 0 80.8 17.4 0.9 0.9
10 27 83.8 12.0 1.8 24
20 54 84.5 10.4 2.5 2.5
30 81 84.4 10.3 2.7 2.7

Table S3.4 Ratios of iron/carbon in different samples with increasing sputter time.

Sputter time (min) Depth (nm) Sample 2 Sample 4 Sample 5
0 0 0.014 0.009 0.011
10 27 0.055 0.034 0.021
20 54 0.078 0.039 0.030
30 81 0.091 0.047 0.031
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Table S3.5 Magnetic properties of FeCo/rGO hybrid nanosheets at room

temperature.
Sample No. Ms (emu/g) M; (emu/q) Hc (Oe)
Sample 1 (Mico 10 wt.%) 74.1 4.28 192.4
Sample 2 (Mico 20 wt.%) 36.4 2.15 235.2
Sample 3 (Mico 30 wt.%) 27.9 1.50 233.9
Sample 4 (Mico 40 wt.%) 14.2 0.38 136.6
Sample 5 (Mico 50 wt.%) 12.5 0.37 138.4

Table S3.6 The sensitivity of magnetic field sensors based on FeCo/rGO hybrid

nanosheets to the low magnetic field (< 10 kOe) at room temperature.

Sample No.  Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Q/kOe 0.0837 0.0857 0.4431 0.7660 0.9282
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Chapter 4

4  Investigation of the Effect of Increasing the Mass Ratio
of rGO Adding in the Reaction and the Formation of Co-
Mn Oxides

In this chapter, the influences of imported ions due to the increase of reduced graphene
oxide (rGO) mass ratio on the synthesis process of FeCo/rGO hybrid nanosheets were
investigated. Although various studies were performed to investigate the fabrication of
composite materials based on FeCo and graphene (rGO), most of these studies focused on
discussing and investigating the microwave absorption properties, electrochemical
applications, and catalysis applications (such as oxygen reduction reaction (ORR)) [1-3].
Few studies were carried out to characterize the magnetoresistance (MR) properties and
the influences of varying the ratio of FeCo and rGO precursors on the performance and

microstructure of the FeCo/graphene (rGO) composite materials.

In our previous work, we successfully developed FeCo/rGO hybrid nanosheets with large
MR at the low magnetic field (10 kOe) and room temperature [4]. The tunable MR was
achieved by adjusting the ratio of the FeCo and rGO precursors, which leads to the
variation of FeCo/rGO hybrid nanosheets’ microstructure (particle size and particle
density of FeCo nanoparticles (NPs) on rGO). As we increased the mass ratio of rGO
added in the reaction (M:co) over 50 wt.% to 60 wt.% and 70 wt.%, the formation of the
Co-Mn oxides spherical NPs was observed. Few studies were performed to investigate
Co-Mn oxides NPs produced with the hydrothermal/solvothermal processes [5, 6].
Moreover, most of these investigations focused on catalysis or electrochemical

applications.

By increasing Mrco over 60 wt.%, the formation of Co-Mn oxides NPs was observed due
to the involvement of imported ions. Surprisingly, the rGO with Co-Mn oxides exhibited
positive MR at the level of 3.5% ~ 4.5% at the low magnetic field (10 kOe) and room

temperature. Therefore, this study proposed a route to produce nanocomposite with Co-
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Mn oxides and rGO with positive MR via the chemical synthesis process. The
microstructure of Co-Mn oxides NPs on rGO is adjustable by shifting the Mco. The
results of this study could contribute to potential applications on electrocatalysis and help
to investigate the applications of nanocomposites based on Co-Mn oxides and rGO in the

fabrication of MR devices/sensors.

4.1 Introduction

In recent years, the non-noble transition metal oxides have drawn the attention of
researchers due to their applications in electrocatalysis and energy storage. Among these
metal oxides, MnO: is one of the well-known non-noble transition metal oxides applied
in different electrochemical processes due to their special physical and chemical
properties [7]. Moreover, cobalt oxide (Co304) and manganese oxide (Mn203) have been
extensively studied for the applications such as ceramic pigments, energy storage,
rechargeable Li-ion batteries, gas sensors, and heterogeneous catalysts [8-12]. However,
the limitations on the conductivity of metal oxides such as MnO obstruct the
development of MnO> based materials in electrochemical catalysis and energy-storage

applications [13].

To overcome these obstacles and achieve superior properties in terms of electrocatalysis
and energy storage, metal dopants are involved in the fabrication of complex metal
oxides. In general, complex oxides combine transition metal oxide/post-transition metal
oxide or two transition metal oxides (ZnCo204, ZNMn204, CoMn204, MNnCo0204, etc.)
[14-16]. These complex metal oxides were developed to achieve higher electronic
conductivity and greater reversible storage capacity in energy-related applications [17,
18]. Especially for the binary system of cobalt and manganese, manganese transports
extra electrons compared with cobalt. Meanwhile, cobalt exhibits greater oxidation
potential than manganese. With the synergetic effect of Co and Mn, CoMn;0Os and
MnCo204 become suitable materials for the fabrication of anode in rechargeable Li-ion
batteries [19, 20].
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For the applications in catalysis, complex metal oxides with the combination of Co, Mn,
Zn, Fe, Cu, etc. were extensively investigated due to their high activity and robust
thermal stability in contrast with single metal oxide catalysts, which include Coz.xFexOa,
MnxC03.x0s, C03xCuxOs, and ZnxCo1xC0204 [21-24]. Among these catalysts, MnyxCos.
xO4 received increasing attention since MnxCo3.xO4 is cost-effective and environmental-
friendly. The high performance of MnxCo3xO4 in the combustion of volatile organic
compounds (such as n-hexane, methane, 1,2-dichlorobenzene, and formaldehyde) due to
the synergetic effect between manganese and cobalt oxides was noticed by researchers
[22, 25-27]. Meanwhile, CoMn,04 was applied in the oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) [28]. Other complex metal oxides based on Mn and
Co such as CoMnO3 and CoMn3O4 were used in the detection of toxic 4-nitrophenol and
reduction of H20: [5, 29].

With attractive electrical/mechanical properties and high surface area, graphene becomes
a suitable substrate for constructing various hybrid nanomaterials [30]. Reduced graphene
oxide (rGO) is more accessible with fewer requirements on the equipment in contrast
with multilayer graphene produced with chemical vapor deposition (CVD). Moreover,
the defects and residual functional groups on rGO offer nucleation sites for nanoparticles
(NPs) [31]. Previous studies indicated that the hybrid materials fabricated by grafting
MnCo0204 or Co304 on rGO achieved superior stability and durability for ORR and OER
catalysis [32, 33]. For catalysis-related applications, these hybrid materials enlarge the
specific surface areas and prevent agglomerations of the metal oxide nanostructures [34].
Meanwhile, in energy-related applications, MnCo0204 hybrid materials increase the cycle

lives and decrease the overpotentials of Li-Oz cells [35].

Currently, the preparation processes of complex metal oxides (such as CoMn2QOs) include
the combustion method and solvothermal method [16, 27]. The combustion method has
advantages regarding fewer requirements on fabrication equipment and facile procedure
[36]. However, the temperature requirements of the combustion are strict, which requires
calcination at 500 to 700 <C for more than 2 hours. This leads to extra energy
consumptions and challenges. The solvothermal or hydrothermal methods are facile and

easy to obtain. With accessible materials and wet-chemistry equipment, the preparation
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of complex metal oxides can be finish at a lower temperature (150 <C)/less time, and
temperature requirements for calcination are reduced. In addition, most of the hybrid
materials based on the combination of complex metal oxides (such as CoMn204) and
rGO were produced with solvothermal/hydrothermal processes in order to achieve the
uniform dispersion of complex metal oxides NPs on rGO [34, 37]. For some metal oxides
such as CoMnOs, few fabrication processes were developed based on facile
solvothermal/hydrothermal methods, and few investigations were carried out to combine
their NPs with rGO [5, 6].

In our previous study, we successfully synthesized FeCo/rGO hybrid nanosheets with
large magnetoresistance (MR) at low magnetic fields (10 kOe) and room temperature [4].
Meanwhile, the investigation on the influences of adjusting the ratio of FeCo and rGO
precursors on the microstructure and magnetic properties (including MR) were performed
since few studies were carried out for this purpose. The tunable MR of FeCo/rGO hybrid
nanosheets and adjustable density/size of FeCo NPs were achieved as the mass ratio of
rGO added in the reaction (Mico) is in the range of 10 wt.% - 50 wt.%. As we further
increased the Mrco to 60 wt.% and 70 wt.%, the presence of NPs with the uniformly
spherical shape different from FeCo NPs was observed on the surface of rGO. Further
characterizations indicate that the formation of these Co-Mn oxides NPs on the rGO

surface can be triggered by imported ions due to the increase of Mico.

In this study, we confirmed that the imported ions (especially manganese ions) interfered
with the fabrication of FeCo/rGO hybrid nanosheets as the FeCo NPs were replaced by
the in situ grown spherical Co-Mn oxides NPs. The characterizations of Co-Mn oxides
NPs suggested that the size of the NPs is adjustable by varying Mco. The
characterizations of crystal structure and chemical composition indicated the possible
existence of CoMnOs. Although extensive investigations were performed to study the
electrochemical properties of Co-Mn oxide and rGO hybrid structure, few studies were
completed to characterize the possible MR responses of the nanocomposites with Co-Mn
oxides and rGO. Surprisingly, the MR of rGO with Co-Mn oxides reached 3.5 ~ 4.5% at
the low magnetic field (10 kOe) and room temperature, which is significantly larger than

multilayer or composite structures containing Co and Mn under equivalent conditions [38,
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39]. Meanwhile, the possible origin of the MR was studied with the quantum
magnetoresistance (QMR) model [40]. Therefore, the formation of Co-Mn oxides on rGO
confirmed the possible adverse effects of imported ions on the fabrication of the
FeCo/rGO hybrid nanosheets. Meanwhile, this study purposed a possible route to
produce nanocomposites based on Co-Mn oxides and rGO with large MR at the low
magnetic field and room temperature, which can benefit the fabrication of MR

devices/sensors and energy or catalysis-related materials/devices.
4.2 Experimental

4.2.1  Synthesis of Graphene Oxide (GO)

Graphene oxide (GO) was produced by oxidation of the graphite powers based on the
modified Hummers method described in our previous study, which has been discussed in
Chapter 3 [4].

4.2.2  Synthesis of Reduced Graphene Oxide (rGO)

Reduced graphene oxide (rGO) was prepared by the reduction of GO, which has been

discussed in Chapter 3.
4.2.3  Preparation of rGO with Co-Mn oxides

The preparation process was described in our previous work, which has been discussed in
Chapter 3 [4]. Two different mass ratios of rGO (M:co) were applied, which were 60 wt.%
and 70 wt.%. The samples were denoted as Sample 6 (60 wt.%) and Sample 7 (70 wt.%).
Due to the large amount of rGO added, the mixture was further sonicated for 20 minutes
to achieve a proper dispersion of rGO.

4.2.4 Materials Characterization

Micrographs of the transmission electron microscope (TEM) were obtained by Philips
CM-10. Micrographs of the scanning electron microscope (SEM) were obtained Hitachi

S-3400N. The energy-dispersive X-ray spectra (SEM-EDX) were characterized by the
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INCA PentaFET-x3 system (Oxford Instruments) attached to Hitachi S-3400N. The X-
ray photoelectron spectra (XPS) and XPS depth profiling were measured by the PHI
Quantera scanning X-ray microprobe (Al Ka). The Rigaku rotating-anode X-ray
diffractometer (XRD, Co-Ka radiation) was applied to collect the X-ray diffraction data.
The magnetic hysteresis loop was measured by the vibrating sample magnetometer
(VSM, LakeShore 7407, moment measure range: 107 to 10° emu; field accuracy: “+
0.05%” full scale).

4.2.5 Magnetoresistance Characterization

The characterization of magnetoresistance (MR, %) was performed by vibrating sample
magnetometer (VSM, LakeShore 7407).

The MR of the testing sample is defined by equation (4.1).

0

MR(%) = x 100% (4.1)

0

The resistance change (4R, Q) is defined by equation (4.2)

AR =R —R, (4.2)
where R is the total resistance () of the sample under the presence of an external
magnetic field and Ro the sample resistance (Q2) at zero magnetic field.

4.2.6 Data Simulation

The mathematical calculations for the quantum magnetoresistance (QMR) model were
carried out by MATLAB (The MathWorks), Python(x,y) (https://python-xy.github.io/),
and 1stOpt (7D-Soft High Technology Inc.).
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4.3 Results and Discussion

4.3.1 Characterization of rGO with Co-Mn Oxides

As shown in Figure 4.1, the formation of Co-Mn oxides on rGO was observed as rGO
adding in the reaction (Mco) surpassed the threshold (60 wt.%).

M,co=10 wt.% - 50 wt.% M,co 2 60 wt.%

FeCo/rGO rGO with Co-Mn
hybrid nanosheets oxides

Figure 4.1 Schematic illustration of the formation of Co-Mn oxides on rGO.

The morphology and structure of Co-Mn oxides NPs on rGO were studied with the
transmission electron microscope (TEM) (Figure 4.2). The Co-Mn oxides NPs were
observed on the surface of rGO in Sample 6 (Mico = 60 wt.%) and Sample 7 (Mico = 70
wt.%). It is noticed that the rGO displays some wrinkles and folds due to its large aspect
ratio. TEM micrographs indicate that the cubic shape FeCo NPs on the rGO surface are
replaced by the spherical shape Co-Mn oxides NPs due to the introduced ions. The
average diameters of Co-Mn oxides NPs for Sample 6 and Sample 7 are 31 =8 nm and

28 =7 nm. As shown in Figure 4.2, the size distribution analysis suggests that the
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diameter of the Co-Mn oxides NPs shifts to a smaller size. Meanwhile, the diameter of
NPs becomes more centred as the quantity of rGO added to the reaction (Mrco) increases.
In our previous study, FeCo NPs on FeCo/rGO hybrid nanosheets exhibit a similar size
shift, which can be attributed to the rise of nucleation sites due to the increase of the Mo
[4, 31]. Therefore, the results indicate the size adjustable feature of Co-Mn oxides NPs on
rGO.
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Figure 4.2 TEM micrographs and size distributions of Co-Mn oxides NPs on rGO
with different Mrco: (a) Sample 6 (Mrco = 60 wt.%) and (b) Sample 7 (Mrco = 70
wt.%0).
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Figure 4.3 shows the scanning electron microscope (SEM) micrographs and energy-
dispersive X-ray spectra (SEM-EDX) of rGO with Co-Mn oxides. The presence of Co-
Mn oxides NPs is observed on rGO, which is consistent with the characterization of TEM.
The SEM-EDX was applied to study the chemical composition of the rGO with Co-Mn
oxides. As shown in Figure 4.3, the presence of the Co, Mn, C, and O peaks is observed
in the EDX spectra of both Sample 6 and Sample 7. Meanwhile, peaks of residual iron
are indicated in both two spectra. The amount of carbon content increases significantly
due to the increase of Mico. Meanwhile, the increase of Mico leads to the rise of
manganese content compared with the cobalt content and iron content. The poor signal of

the Fe peak indicates that less iron content remains in the sample compared with the

cobalt content.
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Figure 4.3 SEM micrographs and SEM-EDX of (a) Sample 6 and (b) Sample 7.
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To further study the chemical composition, the average atomic ratios (at.%) of Mn, Co,
and Fe of Sample 6 and 7 (together with sample 1-5 from the previous work) were

investigated by SEM-EDX (Figure 4.4). Specifically, the average atomic ratios of Mn,
Co, and Fe in Sample 6 are 3.15 £0.24 at.%, 1.86 +0.19 at.%, and 0.23 +=0.05 at.%,

respectively. In Sample 7, they are 1.79 £0.35 at.%, 0.61 +0.18 at.%, and 0.07 £0.02
at.%. The ratio between Mn:Co are around 2:1 for Sample 6 and 3:1 for Sample 7. The
significant decrease of the atomic ratio of Fe is due to the formation of Co-Mn oxides
NPs. Therefore, the presence of Co-Mn oxides NPs is confirmed by the results of SEM-

EDX as the Mo reaches the threshold at 60 wt.%.

. A
Altomic ratio (at % )U’

Noow

Figure 4.4 The average atomic ratio of Co, Fe, and Mn of samples with the Mrco

increase from 10 wt.% to 70 wt.% (with 10 wt.% interval).

To further characterize the crystal structure of rGO and Co-Mn oxides NPs, X-ray
powder diffraction (XRD) profiles were obtained. As shown in Figure 4.5, the XRD
profile suggests the successful reduction of rGO as the peak at 26 = 11<is not observed
[41]. The diffraction peaks at 23.5<and 43.3<indicate (002) and (100) crystal planes of
rGO, which are also observed in the XRD profiles of Sample 6 and Sample 7. In the
XRD profiles of Sample 6 and 7, the peaks at 24.4< 32.6< and 36.4“can be attributed to
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the (012), (104), and (110) crystal planes of CoMnOs (PDF# 12-0476). The peak at 58.0°
can be attributed to the presence of Mn,Os (PDF# 78-0390) in the system. In addition, the
presence of the peak at 44.4<is observed in the XRD profile of Sample 6, which refers to
the (110) crystal plane of FeCo (PDF# 49-1568). This indicates that the formation of
FeCo NPs may not be completely replaced as Mrco reaches 60 wt.%. However, this peak
disappears in the XRD profile of Sample 7, which indicates that most of the rGO surface
is occupied by Co-Mn oxides NPs as Mrco increases to 70 wt.%. Therefore, the results of

XRD are consistent with the results of SEM-EDX.

rGO
(002) —— Mo = 70Wt%
(100) ——M,go = 60 Wt.%
(104) @)
012) 110)
012y (104 (b)

WM—MM

(©)
® CoMnO; 12-0476

T ITT T[ !

¢ CoFe 49-1568

Intensity (a.u.)

T T T N T T

20 30 40 50 60
20 (degree)
Figure 4.5 XRD profile of (a) rGO, (b) Sample 6 (Mrco = 60 wt.%0), and (c) Sample 7
(Mrco = 70 wt.%0).

X-ray photoelectron spectroscopy (XPS) was applied to further investigate the chemical
composition and surface electronic state of the elements of rGO with Co-Mn oxides. The
presence of O, C, N, Mn, Co, and Fe peaks in Sample 6 (Mico = 60 wt.%) and Sample 7
(Mrco = 70 wt.%) is confirmed by the XPS survey scan (Figure 4.6). The O 1s peak can

121



be attributed to the oxygen content of Co-Mn oxides NPs and oxygen functional groups
of rGO, and the N 1s peak is related to the hydrazine reduction of rGO [4].

Sample 7 M 5o = 70 wt.% Survey scan
Sample 6 M 55 = 60 wt.%
O1s
C1s
—~ Co 2p Mn 2p
= Fe 2
S P
%* N 1s
c Sample 7
i o W
=
u.......o———q} Sample 6
1000 800 600 400 200 0
Energy (eV)

Figure 4.6 The XPS survey spectra of rGO with Co-Mn oxides.

Figure 4.7 shows the high-resolution XPS spectra of C 1s, O 1s, and N 1s. In the high-
resolution XPS spectra of C 1s (Figure 4.7a), the peaks corresponding to C sp?, C sp?,
and C-O bonds are observed at the binding energy of 284.6 eV, 285.5 eV, and 286.2 eV
for Sample 6 and Sample 7 [42-44].

In the high-resolution XPS spectra of O 1s (Figure 4.7b), the peaks that appear at the
binding energy of 530.2 eV (Sample 6) and 530.0 eV (Sample 7) are attributed to metal-
oxygen bonds. The peaks that relate to the non-lattice oxygen (oxygen vacancies) are
observed at 532.0 eV (Sample 6) and 531.7 eV (Sample 7). Meanwhile, the peaks at the
binding energy of 533.7 eV (Sample 6) and 532.1 eV (Sample 7) are attributed to the
absorbed oxygen [34, 45]. The results indicate that the variation of the ratio between

metal-oxygen bonds and non-lattice oxygen can be triggered by the increase of Mrco [46].
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In the high-resolution XPS spectra of N 1s (Figure 4.7¢), the peaks at the binding energy
of 398.1 eV (Sample 6) and 398.5 eV (Sample 7) indicate the existence of pyridinic N.
The peaks at 399.2 eV (Sample 6) and 399.6 eV (Sample 7) are attributed to the pyrrolic
N [47-49]. The peaks of the amine group appear at 400.5 eV for both Sample 6 and
Sample 7 [50].
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Figure 4.7 High-resolution XPS spectra of rGO with Co-Mn oxides: (a) C 1s, (b) O
1s, and (c) N 1s.

The high-resolution XPS spectra of Co 2p, Mn 2p, and Fe 2p are shown in Figure 4.8. In
the high-resolution XPS spectra of Co 2p (Figure 4.8a), the Co 2p3z, and Co 2p12 peaks
are observed in the spectra of Sample 6 and Sample 7. The peaks of Co (Il) appear at the
binding energy of 780.4/796.0 eV and 779.3/794.3 eV for Sample 6 and Sample 7. The
peaks of Co (Il1) are observed at 782.6/798.1 eV and 781.5/797.3 eV for Sample 6 and
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Sample 7 [6, 51]. The two shake-up type satellite peaks are observed at the binding
energy of 786.8/803.2 eV for Sample 6 and 786.6/803.4 eV for Sample 7 [52]. The peaks
at 778.7 eV and 793.7 eV are attributed to the metal Co, which indicates the possible
presence of the limited amount of FeCo NPs in Sample 6. The peak of metal Co
disappears in the spectrum of Sample 7, which indicates that the reaction completely
transfers to the formation of Co-Mn oxides on rGO. The results of XPS are consistent
with the XRD and EDX results [53].

As shown in Figure 4.8b, the Mn 2pz, and Mn 2py> peaks are observed in the high-
resolution XPS spectra of Mn 2p (Sample 6 and 7). The peaks that appear at the binding
energy of 641.3/653.0 eV and 640.3/651.8 eV for Sample 6 and Sample 7 correspond to
Mn (I1). Meanwhile, the peaks that appear at 642.4/654.0 eV and 641.5/653.0 eV for
Sample 6 and Sample 7 are ascribed to Mn (I11). In addition, the peaks at the binding
energy of 643.8/655.3 eV and 643.9/654.3 eV of Sample 6 and Sample 7 are attributed to
Mn (IV) [27, 51]. Therefore, three different oxidation states of Mn are observed in the
Mn 2p spectra, which can be due to the formation of other phases.

The weak signals of Fe 2p are observed in the XPS survey scan (Figure 4.6) and high-
resolution XPS spectra of Fe 2ps2 (Figure 4.8c) for Sample 6 and Sample 7 due to the
limited amounts of Fe contents. The peaks that appear at the binding energy of 710.6 eV,
713.0 eV, and 715.9 eV for the Sample 6 and 710.5 eV, 712.5 eV, and 714.2 eV for
Sample 7 correspond to the Fe (1) and Fe (I11) for oxidized Fe [54, 55]. The peak at the
binding energy of 707.4 eV of Sample 6 indicates the existence of metallic Fe, which is
not observed in the spectra of Sample 7 [56, 57]. This result suggests the formation of the
small amount of FeCo NPs in Sample 6, and most of them are replaced by Co-Mn oxides
NPs as the mass ratio of added rGO in the reaction (Mico) increases. In addition, the XPS
depth profiling (Table 4.1) indicates that the atomic ratio of Mn and Co is at the level of
4:1, which is close to the estimation of EDX results. Therefore, the results of XPS spectra
suggest the possible formation of the limited amount of FeCo NPs as Mco equals 60
wt.%. The reaction is mostly transferred to the production of Co-Mn oxides NPs on rGO

surface as the Mco increases, which is consistent with the results of XRD and EDX.
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Table 4.1 XPS depth profiling results of atomic ratio of major elements of Sample 7.

Sputter time (min)  Depth (nm) Cls O1s Mn 2p Co2p
0 0 64.7 26.3 5.2 15
10.4 28.1 67.5 16.6 10.2 2.6
27.2 734 71.9 141 8.8 2.2
o Co 2p 2p,, b Mn 2p 2py,
co(il) _ Co(ll) Mn(lty

Mn(ll)

5 5
@ 8
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Figure 4.8 High-resolution XPS spectra of rGO with Co-Mn oxides: (a) Co 2p, (b)
Mn 2p, and (c) Fe 2ps.
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4.3.2  Magnetic Properties of rGO with Co-Mn Oxides

The magnetic hysteresis loops of rGO with Co-Mn oxides were measured with the
vibrating sample magnetometer (VSM) at ambient temperature. As shown in Figure 4.9,
the magnetic hysteresis loop of Sample 6 exhibits a weak ferromagnetic behaviour
(mixed with paramagnetic phase), and the saturation is not reached at 10 kOe [58]. The
coercivity (Hc) of Sample 6 (Mrco = 60 wt.%) is at 108.5 Oe with the remanence (M) at
0.16 emu/g. As the added rGO ratio (Mrco) increases to 70 wt.% (Figure 4.10), the
magnetism of Sample 7 increases linearly with no significant hysteresis loop presence,
which is consistent with the previous work of Co-Mn oxides [6]. The results suggest that
the rise of Mico (70 wt.%) has completely shifted the reaction to the formation of Co-Mn
oxides NPs. Moreover, a small amount of FeCo NPs exists in Sample 6 when Myco = 60
wt.%, which has been confirmed by the results of XRD, EDX, and XPS. Thus, it can be
proved that the threshold of reaction transformation is at Mco = 60 wt.%, and the

formation of Co-Mn oxides NPs becomes dominant as the Mco increases to 70 wt.%.
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Figure 4.9 The magnetic hysteresis loop of Sample 6 (Mrco = 60 wt.%) at room

temperature.
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Figure 4.10 The magnetic hysteresis loop of Sample 7 (Mrco = 70 wt.%) at room

temperature.
4.3.3 The Magnetoresistance of rGO with Co-Mn Oxides

To investigate the magnetoresistance (MR (%), 4R/Ro) of the rGO with Co-Mn oxides,
the as-prepared samples were pressed to pellets and tested with the 4-pin probe. As
shown in Figure 4.11, the MR (%) of Sample 6 reaches 4.2 + 0.4% at the room
temperature and low magnetic field (10 kOe). The MR of Sample 7 reaches 3.50 +0.04%
at equivalent conditions as Mco increases to 70 wt.%. The rGO with Co-Mn oxides
(Sample 7) achieves an average MR at 3.5% at room temperature and low magnetic field
(10 kOe), considering the possible effects from FeCo NPs in Sample 6. The MR of rGO
with Co-Mn oxides is significantly higher than the MR of other materials/structures with
Co and Mn content at ambient temperature and low magnetic field, and most of these
materials/structures require extremely low temperature (4 ~ 20 K) to reach the
comparable MR value (~ 3%) [38, 39]. Although the tunneling magnetoresistance (TMR)
multilayer systems contained Co and Mn can obtain a huge MR, the drawbacks such as
limited response range and requiring specific equipment in the fabrication hinder their

applications in the preparation of MR sensors/devices. Therefore, the nanocomposites
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with Co-Mn oxides and rGO could be developed for constructing MR sensors/devices in

the future.
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Figure 4.11 Magnetoresistance (MR, %) of rGO with Co-Mn oxides: (a) Sample 6
(Mrco = 60 wt.%) and (b) Sample 7 (Mrco = 70 wt.%0).

To study the possible origin of the positive MR of rGO with Co-Mn oxides, the quantum
magnetoresistance (QMR) model was applied [40]. A. A. Abrikosov introduces the QMR
model to explain the origin of the MR in the complex materials/compounds with ‘charge
reservoirs' (atom/layer with higher electron density) embedding into the layered materials

with relatively lower electron density. In our previous work, the FeCo NPs play the role
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of the charge reservoirs and scattering centers on rGO [4]. In the case of rGO with Co-
Mn oxides, the Co-Mn NPs can serve as scattering centers to alter the trajectory of
carriers and reduce the length of the mean free path of carriers [59]. Therefore, the
following equation is introduced

_HN, sinh(l/e)
 mecn? cosh("™/g) + cosh("/p)

Prx (4.3)

where px is the total resistance (in resistivity), H the magnetic field intensity, no the
excess electron density, Ho = (z'no € d)/e (d is the interlayer distance), h = H/Ho, and N;
the concentration of scattering centers. Abrikosov points out that m = sin(z/h) as T = 0,
and this relation is applied in developing the modified equation as the QMR model has
been used to study different materials at different temperatures [60]. Therefore, a
modified equation is developed to describe the correlation between the intensity of the
external magnetic field (H) and resistance change (4R) of the target material

sinh(2)

cosh [M} + cosh [M}

y=b-ra-x- (4.4)

where y = AR, x = H, a = 1/Ho, b = (Ni d)/(no €?), and ¢ = 6.

The fitting results of rGO with Co-Mn oxides are shown in Figure 4.12. Good fitting
agreements with the original data of the positive MR are observed for both Sample 6 (R?
= 0.985) and Sample 7 (R? = 0.991). We propose that the Co-Mn oxides NPs perform as
scattering centers on the rGO matrix in the QMR system. Although the QMR model
exhibits a good agreement with the resistance change, further investigations are required
to understand the origin of the MR and other possible roles that Co-Mn oxides NPs play

in generating large MR at low magnetic fields.

129



da :

0.81 @ Sample 6 (M,go =60 wt.%) 2
1 — QMR fitting
0.6 4
G
o 044 .
<] ]
0.2 .
0.0 .
0 2 4 6 8 10
Field (kOe)
| @ Sample 7 (M,go =70 wt.%) % |
31 —— QMR fitting 1
g 2 :
x
<
1 |
04 :
o 2 4 6 8 10
Field (kOe)

Figure 4.12 Fitting results of QMR model on resistance change (4R) of rGO with
Co-Mn oxides: (a) Sample 6 (Mrco = 60 wt.%) and (b) Sample 7 (Mrco = 70 wt.%0).

4.4 Conclusions

In this study, we investigated the influences of the imported ions introduced by increasing
the mass ratio of rGO added in the reaction (Mico). The formation of Co-Mn oxides NPs
was observed on rGO. The spherical Co-Mn oxides NPs exhibited a size-adjustable
feature, which can be related to the increase of nucleation sites due to the increase of
Mrco. The characterization results revealed that the ratio between Co and Mn is at 1:3 to

1:4 along with the possible presence of the CoMnO3s phase. Moreover, characterization
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results confirmed that most of the rGO surface was occupied by Co-Mn oxides NPs as
Mrco increased to 70 wt.%. Therefore, Mco = 60 wt.% can be determined as the
threshold for the reaction to shift to the synthesis of Co-Mn hybrid nanosheets.
Meanwhile, as the forming of Co-Mn oxides NPs on the rGO surface becomes

dominating (Mrco = 70 wt.%) the effects of the residual Fe contents can be ignored.

Moreover, the rGO with Co-Mn oxides displayed MR at the level of 3.5% ~ 4.5% at the
low magnetic field (10 kOe) and ambient temperature. Considering the possible
influences of the FeCo contents, the MR of rGO with Co-Mn oxides is 3.5% at the low
magnetic field (10 kOe) and room temperature, which is significantly larger in contrast
with the MR of materials/structures based on Co/Mn under the same conditions [38, 39].
Meanwhile, though TMR multilayer systems with Co/Mn contents can accomplish
relatively large MR, the shortcomings such as prerequisites of specific fabrication
equipment and the limited sensing range can not be ignored. Therefore, this study
proposes a possible route to produce MR materials with Co-Mn oxides and rGO, which
can contribute to the development of MR sensors and energy/catalysis-related

applications.
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Chapter 5
5 Fabrication of FeCo/rGO Hybrid Nanosheets with the

Physical Deposition Process

In this chapter, we applied the matrix-assisted pulsed laser evaporation (MAPLE)
technique in the construction of FeCo/rGO hybrid nanosheets. The physical deposition of
magnetic nanoparticles draws the increasing attention of researchers due to the fast
developments and potential applications. Most of the studies were carried out to
investigate the biomedical applications of modified iron oxide (FesO4) nanoparticles
transferred by the MAPLE technique. However, few studies were performed for

understanding magnetic properties especially magnetoresistance (MR) of the products.

Here, we successfully developed the FeCo/rGO hybrid nanosheets with the MAPLE
technique. The results of TEM and EDX indicate that it is feasible to transfer FeCo
nanoparticles (NPs) onto the rGO in a stoichiometrical manner by the MAPLE technique.
The increase of FeCo NPs' density on rGO was observed as the deposition time shifted
from 0.5 hours to 2 hours, which was confirmed by SEM-EDX. The MAPLE-prepared
FeCo/rGO hybrid nanosheets exhibited ferromagnetic properties. Moreover, with a
limited FeCo ratio (0.4 at.%) compared with previous studies, MAPLE-prepared
FeCo/rGO hybrid nanosheets displayed relatively large positive magnetoresistance
(0.7%, MR) at the low magnetic field (10 kOe) and room temperature. Therefore, the
results indicate that the MAPLE technique can be applied in preparing FeCo/rGO hybrid
nanosheets with large MR, which benefits the potential applications of producing MR

sensors/devices with requirements on thicknesses.
5.1 Introduction

Magnetic nanoparticles (MNPs) have become an important topic of nanotechnology in
the recent two decades. Various methods were developed to produce MNPs with high
magnetic saturation, stability, and biocompatibility. Multifunctional MNPs were applied

in various fields including contaminants/pollution removing [1, 2], in vitro cell separation
137



[3, 4], drug delivery [5], hyperthermia treatment [6], and contrast agent for magnetic
resonance imaging (MRI) [7, 8]. FesO4 MNPs are preferred in biological applications due
to the fast magnetization at specific magnetic fields. Meanwhile, FesOs MNPs exhibit
low remanence magnetizations, which reduces the risk for aggregation [9].

Magnetoresistance (MR) is another interesting property, which refers to the change in
electrical resistance of materials under the presence of magnetic fields. Since the
discovery of giant magnetoresistance (GMR) in the 1980s, researches on MR devices and
sensors surged [10]. In addition, MR sensors were widely applied in magnetic field
detection due to the advantages including low energy consumption, physical size,
sensitivity, and temperature stability in contrast with traditional Hall effect field sensors
[11, 12]. Nanoconstructed MR materials showed benefits in both reducing the size and
enhancing the performance of MR. However, current results indicate that most physically
produced granular MR systems based on MNPs require low temperatures or large
magnetic fields to achieve large MR, which is not suitable for applications at room

temperature and low magnetic fields [13, 14].

FeCo possesses unusual magnetic properties such as large permeability and high
magnetic saturation (~ 200 emu/g) [15, 16]. Both bulk FeCo layer and FeCo granular
system were applied in constructing MR materials/structures because of the strong spin-
dependent scattering effects [17-19]. Previous research indicated that it is possible to
achieve large MR by producing a uniform distribution of FeCo magnetic granules in the
non-magnetic material matrix due to the influence on the mean free path of electrons
[19]. However, current results exhibited inadequate MR at low magnetic fields and room
temperature. A. A. Abrikosov proposed that large MR can be achieved by
inhomogeneous materials consisting of layered materials with relatively small electron
concentration and clusters of metallic atoms embedded [20, 21]. Therefore, incorporating
FeCo NPs with graphene can be considered as a possible pathway for producing

materials/structures with large MR responses.

Graphene exhibits high carrier mobility at room temperature and unique electrical

properties [22, 23]. In contrast with monolayer/bilayer graphene, chemically synthesized
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reduced graphene oxide (rGO) is preferred since rGO shows minimum requirements on
high-quality SiO, substrates and specific fabrication techniques [24, 25]. Our previous
study successfully developed FeCo/rGO hybrid nanosheets with enhanced MR properties
via the chemical synthesis process [26]. Although constructing FeCo/rGO hybrid
nanosheets with chemical synthesis can reduce the cost and demands on equipment, it is
difficult for the chemical route to produce ultra-thin layers/films. Therefore, the
feasibility to construct FeCo/rGO hybrid nanosheets via physical routes such as the
physical vapor deposition (PVD) technique needs to be investigated. However, it is
important to preserve the chemical composition and crystal structure of FeCo NPs in this
process, which is challenging for some conventional PVD techniques such as pulsed laser
deposition (PLD).

Matrix-assisted pulsed laser evaporation (MAPLE) technique was developed to overcome
the drawbacks of conventional PLD by introducing the highly volatile matrix solvent
(frozen by liquid nitrogen) to absorb most of the laser beam energy (Figure 5.1) [27]. As
a physical deposition process for transferring delicate materials onto the preferred
substrate, MAPLE was applied in producing thin films consist of polymers, proteins, and
nanoparticles [28-32]. However, current studies on transferring functionalized MNPs
with the MAPLE technique focus on biomedical applications [33-35]. Few investigations
were performed to explore the feasibility of constructing MR materials/structures with
MAPLE.

In this study, we successfully constructed FeCo/rGO hybrid nanosheets with matrix-
assisted pulsed laser evaporation (MAPLE). FeCo NPs were stoichiometrically
transferred on the rGO substrate, which was confirmed by TEM-EDX. The influences of
deposition duration on morphology and structure of physically prepared FeCo/rGO
hybrid nanosheets were studied by varying deposition time from 0.5 hour to 2 hours. A
positive correlation between deposition duration and FeCo NPs' particle density on the
rGO surface was observed. The hysteresis loop of as-prepared FeCo/rGO hybrid
nanosheets indicated that FeCo NPs retained ferromagnetic behaviour after transferring to
the rGO surface by MAPLE. In addition, the FeCo/rGO hybrid nanosheets exhibited MR

(~ 0.7%) at room temperature and low magnetic field (10 kOe), which is larger than or
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close to the MR of granular FeCo materials/structures prepared by other physical

processes (i.e., magnetron sputtering) under equivalent conditions [19, 36].

" Sample
N, Iﬁh Rotary Substrate i Introducer
a2 < Holder Pu— C
Vacuum
Chamber ~~_ N Vacuum
Laser Source

Target-Substrate
Distance

Substrate—

Focusing
Lens

Liquid Nitrogen

Frozen
inlet

Target

Rotary Target
Holder

Liquid Nitrogen
inlet

Focusing
Lens

Substrate
/

Target-Substrate
Distance

Rotary Target

Rotary Substrate
Holder

Holder
s Vacuum
Vacuum Pump
Chamber

Figure 5.1 Schematic diagram of two major configurations of MAPLE technique.

(a) Vertical configuration. (b) Horizontal configuration.
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5.2 Experimental

5.2.1 Preparation of Reduced Graphene Oxide (rGO)

rGO was obtained by reduction of graphene oxide (GO) with hydrazine, which has been
discussed in Chapter 3 [26].

5.2.2  Preparation of FeCo Nanoparticles (NPs)

The preparation of FeCo NPs was described in our previous work, which has been
discussed in Chapter 3 [26]. The FeCo nanoparticles (NPs) were prepared with the

modified polyol process with no rGO added to the reaction.
5.2.3 Preparation of FeCo/rGO Hybrid Nanosheets with MAPLE

The preparation of FeCo/rGO hybrid nanosheets was performed by matrix-assisted
pulsed laser evaporation (MAPLE, PVD Products, Inc., USA). FeCo NPs were suspended
in the 2-propanol (isopropanol, Caledon laboratory chemicals) with a concentration of 1
wt%. Further sonication was applied to achieve the uniform dispersion of FeCo NPs. The
solution was injected into the target holder and frozen by liquid nitrogen. Thus, the
preparation of the irradiation target was finished. A Nd:YAG laser (secondary harmonic,
wavelength 532 nm) was applied as the laser source of the MAPLE system (Figure 5.2).

Laser frequency was 10 Hz with pulse duration at 320 ps, Trwhm = 200 us, and 0.63 cm?

laser spot area size. The laser fluence was set to 300 mJ/cm?. rGO was immobilized on
the surface of 5 mm =<5 mm glass slips. The substrates were fixed on the substrate holder
as shown in Figure 5.3. The background pressure was set to 0.01 Pa. The substrate-to-

target distance was 4.5 cm.
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Figure 5.2 Picture of MAPLE system.

Figure 5.3 Picture of vacuum chamber: (a) Target holder, (b) substrate holder, (c)
liquid nitrogen purge tube, (d) loading tube, (e) laser beam, (g) nitrogen inlet, and (h)
thermocouple.
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5.2.4  Magnetoresistance Measurement

The magnetoresistance measurement of the samples was performed by the Model 74046
magnetoresistance (MR) probe attached to the vibrating sample magnetometer (VSM,
LakeShore 7407). The MR (%) is defined by the following equation.

Ro

MR(%) = x 100% (5.1)

0

The resistance change (4R, Q) is defined by the equation below
AR =R —R, (5.2)

where R is the total resistance (Q2) of the sample under the presence of an external
magnetic field and Ro the sample resistance (Q2) at zero magnetic field.

5.25 Materials Characterization

Transmission electron microscope (TEM) micrographs and energy-dispersive X-ray
spectra (TEM-EDX) were obtained by Philips CM-10. A Hitachi S-3400N scanning
electron microscope (SEM) attached with the INCA PentaFET-x3 system (Oxford
Instruments) was used to obtain SEM micrographs and energy-dispersive X-ray spectra
(SEM-EDX). The ultraviolet-visible (UV-Vis) spectra were obtained by Cary 60 UV-Vis
spectrophotometer (Agilent Technologies). The magnetic hysteresis loop and MR were
obtained by the vibrating sample magnetometer (VSM, LakeShore 7407, moment

measure range: 107 to 10% emu; field accuracy: “+ 0.05%” full scale).
5.2.6  Software for Data Simulation

The mathematical calculation for the quantum magnetoresistance (QMR) model was
performed by MATLAB (The MathWorks), Python(x,y) (https://python-xy.github.io/),
and 1stOpt (7D-Soft High Technology Inc.), which gave us similar results.
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5.3 Results and Discussion

5.31 Characterization of rGO and FeCo NPs

As shown in Figure 5.4, the as-prepared FeCo NPs were transferred from the frozen
target onto the surface of the rGO substrate to construct FeCo/rGO hybrid nanosheets via
the physical deposition process. The influences of deposition time (t) on the morphology
and structure of physically produced FeCo/rGO hybrid nanosheets were studied by
varying the deposition time from 0.5 hours to 2 hours (time interval 0.5 hours). The
transmission electron microscope (TEM) micrograph and the UV-Vis spectrum of rGO
were obtained (Figure 5.5). The redshift of the rGO absorbance peak (271 nm) compared
with the peak of graphene oxide (GO, 230 nm) indicates the successful preparation of
rGO substrates [37].

Substrate holder
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—_ S nanosheets
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Frozen target

—___ LN, coolant

FeCo NPs

Target holder

Figure 5.4 Schematic illustration of physical preparation process of FeCo/rGO
hybrid nanosheets by MAPLE.
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Figure 5.5 (a) TEM micrograph of rGO. (b) UV-Vis spectrum of (1) rGO and (2)
graphene oxide (GO).
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FeCo NPs were produced with a facile one-pot polyol process. The layered cubic
structure FeCo NPs were observed in the TEM micrograph (Figure 5.6a). The average
diameter of chemically synthesized FeCo NPs is 350 =50 nm. The energy-dispersive X-
ray spectroscopy (TEM-EDX) was applied. Figure S5.1 suggests that the ratio between
Fe and Co is close to 1:1 for chemically synthesized FeCo NPs. The magnetic properties
were measured by the vibrating sample magnetometer (VSM). Figure 5.6b shows the
magnetic hysteresis loop that indicates the high saturation magnetizations (Ms, 181.21 +
0.83 emu/g at 10 kOe) of FeCo NPs. Moreover, the coercivity (Hc) of FeCo NPs is 0.13
+0.01 kOe.
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Figure 5.6 (a) TEM micrograph of FeCo NPs with layered cubic structure. (b)

Magnetic hysteresis loop of FeCo NPs.
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5.3.2 Developing FeCo/rGO Hybrid Nanosheets with MAPLE

Technique

The morphology and structure of physically prepared FeCo/rGO hybrid nanosheets were
characterized by transmission electron microscopy (TEM). As shown in Figure 5.7, the
presence of FeCo NPs on the surface of rGO is observed in the TEM micrographs. The
average size of FeCo NPs transferred by MAPLE is at 10 nm level, which decreases
significantly compared with the average size of the chemically synthesized FeCo NPs
(350 =50 nm). Meanwhile, the shape of FeCo NPs on physically prepared FeCo/rGO
hybrid nanosheets transforms to the sphere shape in contrast with the layered cubic shape
of FeCo NPs before being transferred by MAPLE. Laser-introduced coalescence could be
the driving force of this transformation based on the investigations of previous works
[38].

The effects of deposition time (t) on the structure and morphology were studied by
varying the deposition time from 0.5 hours to 2 hours with the 0.5 hours interval. As
shown in Figure 5.7, the particle density of FeCo NPs on FeCo/rGO hybrid nanosheets
increases significantly as the deposition time increases from 0.5 hours to 1 hour and 1
hour to 1.5 hours. Therefore, the quantity of FeCo NPs transferred by MAPLE onto the
surface of rGO substrates increases substantially as deposition time raises from 0.5 hours

to 2 hours.

The average size of the FeCo NPs on physically prepared FeCo/rGO nanosheets was
measured and analyzed. Figure 5.8 indicates that the average sizes of the FeCo NPs for
different deposition times are 10 =5 nm, 10 =7 nm, 8 =6 nm, and 4 =3 nm for samples
of 0.5 hours, 1 hour, 1.5 hours, and 2 hours. Though the average sizes are close for 0.5
hours sample and 1 hour sample, a significant drop in the average sizes of FeCo NPs is
observed between the samples with the deposition time of 1 hour and 2 hours. As shown
in Figure 5.9, the box chart indicates the shift of the size distribution as the deposition
time increases from 0.5 hours to 2 hours (ignored the outliners). Therefore, the results

suggest that it is possible to adjust the particle density and size distribution of FeCo NPs
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on physically prepared FeCo/rGO hybrid nanosheets by simply varying the deposition
time (t) of MAPLE process.

Figure 5.7 TEM micrographs of FeCo/rGO hybrid nanosheets prepared with
physical process: (a) deposition time = 0.5 hour, (b) deposition time = 1 hour, (c)

deposition = 1.5 hours, and (d) deposition time =2 hours.
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The TEM-EDX was applied to investigate the chemical composition and element ratio of
physically prepared FeCo/rGO hybrid nanosheets. As shown in Figure 5.10, the results
of the EDX spectrum suggest that the atomic ratio of Fe and Co were 1.79 at.% and 1.92
at.%. The carbon peak is attributed to the integration of rGO. The ratio between iron and
cobalt of MAPLE-transferred FeCo NPs is around 1:1, which is close to the ratio of FeCo
NPs before being transferred by MAPLE. Thus, the stoichiometric transfer of FeCo NPs
is achieved by MAPLE to construct FeCo/rGO hybrid nanosheets via the physical route.
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Figure 5.10 TEM-EDX spectrum of physically prepared FeCo/rGO hybrid

nanosheets.

The scanning electron microscope (SEM) was applied for further characterizations. As
shown in Figure 5.11, the FeCo/rGO hybrid nanosheets are observed in the SEM
micrographs along with the FeCo NPs with the spherical shape. The quantity of FeCo
NPs on physically prepared FeCo/rGO hybrid nanosheets increases significantly as the
deposition time raises from 0.5 hours to 2 hours. Meanwhile, more FeCo NPs with
smaller sizes appear as the deposition time increases. In addition, the SEM-EDX was
applied to study the influence of the deposition time on the ratio of FeCo NPs on the

FeCo/rGO hybrid nanosheets prepared by MAPLE. Figure 5.11e displays a stepped
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increase for the atomic ratio of FeCo NPs as the deposition time varies from 0.5 hours to
2 hours, which is consistent with the observations of TEM and SEM.
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Figure 5.11 SEM micrographs and SEM-EDX of FeCo/rGO hybrid nanosheets
produced with physical process: (a) deposition time = 0.5 hour, (b) deposition time =
1 hour, (c) deposition = 1.5 hours, and (d) deposition time =2 hours. (¢) SEM-EDX
results of FeCo NPs on FeCo/rGO hybrid nanosheets.
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5.3.3 Magnetic Properties and Magnetoresistance of MAPLE
Developed FeCo/rGO Hybrid Nanosheets

The magnetic hysteresis loop of physically prepared FeCo/rGO hybrid nanosheets was
measured by vibrating sample magnetometer (VSM) at room temperature. As shown in
Figure 5.12, the saturation magnetization (Ms) of FeCo/rGO hybrid nanosheets is 0.4
emu/g (deposition time = 0.5 hour). The coercivity (Hc) of the FeCo/rGO hybrid
nanosheets is 28 Oe with the remanence at 0.02 emu/g. The FeCo/rGO hybrid nanosheets
prepared by MAPLE exhibit ferromagnetic behaviour. The dramatic decrease of the
saturation magnetization relates to the limited FeCo faction of FeCo/rGO hybrid
nanosheets prepared by MAPLE and the small particle size of FeCo NPs [39]. Meanwhile,
a significant decrease regarding the coercivity of physically prepared FeCo/rGO hybrid
nanosheets (28 Oe) compared with the coercivity of chemically synthesized FeCo NPs
(130 Oe) is observed. The room temperature coercivity of FeCo NPs on physically
prepared FeCo/rGO hybrid nanosheets is at the same level as the coercivity of FeCo NPs
in previous work with similar sizes [40]. In addition, the decrease of coercivity indicates
that the sizes of some FeCo NPs on FeCo/rGO hybrid nanosheets prepared by MAPLE
are close to the critical diameter (dc), which could fall in the single-domain or pseudo-

single domain regions [39, 41].
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Figure 5.12 The room temperature magnetic hysteresis loop of FeCo/rGO hybrid
nanosheets prepared by MAPLE.
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To study the magnetoresistance (MR (%), 4R/Ro) of MAPLE prepared FeCo/rGO hybrid
nanosheets, the as-prepared FeCo/rGO hybrid nanosheets were transferred to the 4-pin
probe for MR measurement. As shown in Figure 5.13, the MR of MAPLE prepared
FeCo/rGO hybrid nanosheets (deposition time = 2 hours) reaches 0.67 £0.03% at 10 kOe
at room temperature. Although physically prepared FeCo granules embedded in non-
magnetic matrix exhibit large MR in previous studies, high magnetic field (> 40 kOe),
extreme temperatures (i.e., 50 K), specific substrates, or high FeCo fraction are
prerequisites, which is not suitable for the applications in sensing low magnetic fields at
room temperature and requiring low FeCo fraction [19, 36, 42]. The FeCo/rGO hybrid
nanosheets prepared by MAPLE, with lesser FeCo NPs required (0.4 at.%), achieve MR
that is close or larger than MR of FeCo-based nanomaterials produced by other physical
processes (e.g., magnetron sputtering) at the low magnetic field and room temperature
[19, 36, 42]. Therefore, it is feasible to construct FeCo/rGO hybrid nanosheets with low
FeCo fraction and relatively large MR at the low magnetic field and room temperature by
the MAPLE technique.
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Figure 5.13 Magnetoresistance (MR, %) of the FeCo/rGO hybrid nanosheets
prepared by MAPLE at room temperature.

To investigate the origin of the positive MR, the quantum magnetoresistance (QMR)
model proposed by A. A. Abrikosov was introduced [21]. The QMR model is appliable
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in complex materials with ‘charge reservoirs’ (atom/layer with higher electron density)
embedding into the layered materials possessing relatively lower electron density. The
FeCo NPs are considered as the charge reservoirs since the electron density of FeCo is
higher [21, 43, 44]. Meanwhile, FeCo NPs on physically prepared FeCo/rGO hybrid
nanosheets provide the scattering centers that change the trajectory and decrease the
mean free path of carriers [45]. Based on the QMR model, the total resistance (in
resistivity) of complex material (pxx) with an excess density of carriers is expressed by the
following equation

_HN, sinh(l/e)
~ mecnf cosh(™/p) + cosh(™/)

Pxx (5'3)

where N; is the concentration of scattering centers, H the magnetic field intensity, no the
excess electron density, Ho = (z-no € d)/e (d is the interlayer distance), h = H/Ho, and m =
w/'t. In Abrikosov's assumption, m = sin(z/h) when T = 0. This relation is employed to
simplify the equation since the QMR model has been used to study the MR behaviour at
different temperatures [20, 21, 46]. Since the theoretical total resistance (in resistivity) of
complex materials pxx starts from zero, the resistance change (4R) is applied in the
equation instead of the total resistance (R) of the material. Therefore, a new equation is
developed to describe the relationship between the intensity of the external magnetic field

(H) and resistance change (4R) of the material

sinh(2)

cosh [w] + cosh [_Sin(z/ax)]

y=b-a-x- (5.4)

where y = 4R, x = H, a = 1/Ho, b = (Ni d)/(no €2), and ¢ = 6.

Figure 5.14 indicates that the QMR model exhibits a good fitting agreement with the
positive MR of physically prepared FeCo/rGO hybrid nanosheets (R? = 0.96). The fitting
results become less agreed with the experimental data as the magnetic field exceeds 8

kOe, which indicates that the performance of physically prepared FeCo/rGO hybrid
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nanosheets is distinct from their chemically synthesized counterparts [26]. Therefore, the
QMR model is appliable to explain and understand the origin of the MR of the physically
prepared FeCo/rGO hybrid nanosheets as the FeCo NPs transferred by the MAPLE
technique serve as scattering centers and rGOs play the role of the nonmagnetic

matrix/layered materials.
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Figure 5.14 Fitting results of QMR model on resistance change (4R) of FeCo/rGO
hybrid nanosheets prepared by MAPLE.

5.4 Conclusions

Although increasing attention was drawn to producing hybrid materials with the MAPLE
process, few studies were carried out to investigate the fabrication of materials with
specific magnetic properties such as magnetoresistance (MR). In this study, we
successfully developed FeCo/rGO hybrid nanosheets with the MAPLE technique. The
stoichiometric transfer of chemically synthesized FeCo NPs was achieved by the MAPLE
technique, which was confirmed by EDX results. The presence of spherical shape FeCo
NPs on the physically prepared FeCo/rGO hybrid nanosheets was observed. The
deposition time (t) was adjusted from 0.5 hours to 2 hours to study the consequence of
varying the duration of MAPLE process on the morphology and structure of physically
prepared FeCo/rGO hybrid nanosheets. The increase of particle density and the decrease
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of average size were discovered in this process, which indicates that particle size and

quantity of FeCo NPs on rGO are tunable by adjusting the deposition time (t).

Moreover, the physically prepared FeCo/rGO hybrid nanosheets displayed ferromagnetic
properties and a large positive MR at room temperature and low magnetic field. With less
FeCo fraction and minimum requirements on specific substrates, the MR of FeCo/rGO
hybrid nanosheets prepared by MAPLE is up to 0.7% at 10 kOe and room temperature,
which is close to or larger than the MR of physically prepared FeCo-based granular
systems in previous works under same conditions [19, 36, 42]. In addition, the QMR
model is appliable to understand the origin of the positive MR of FeCo/rGO hybrid
nanosheets prepared by MAPLE. Therefore, we demonstrated that it is feasible to apply
MAPLE as an alternate method to develop FeCo/rGO hybrid nanosheets with special MR
via physical routes. We believe that this study can benefit the mass production of MR
sensors/devices functioning at room temperature and low magnetic fields with demands

on lower FeCo fraction and thickness.

5.5 Supplementary Materials
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Figure S5.1 TEM-EDX spectrum of FeCo NPs.
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Chapter 6

6 Developing FeCo/rGO Hybrid Nanosheets Reinforced
p(HEMA-co-AEMA) Nanocomposite Hydrogel with
Enhanced Mechanical Properties and

Magnetoresistances

In this chapter, we developed a new nanocomposite hydrogel by introducing FeCo/rGO
hybrid nanosheets to the copolymer of 2-hydroxyethyl methacrylate and 2-aminoethyl
methacrylate (o(HEMA-co-AEMA)). Poly (2-Hydroxyethyl methacrylate) (bHEMA) has
been broadly applied in the biomedical field including drug delivery, surgical prostheses,
wound dressing, and contact lens [1-4]. The advantages of pHEMA hydrogel include
biocompatibility, transparency, and high water content [5, 6]. However, the poor
mechanical property of pHEMA hydrogel is a drawback that strongly hinders the
applications with load-bearing requirements [7]. Although many attempts were made to
strengthen the mechanical properties, these modifications may bring disadvantages in

some crucial aspects such as biocompatibility and productivity [8, 9].

In this study, with the direct integration of FeCo/rGO hybrid nanosheets and the
photopolymerization process of p(HEMA-co-AEMA), a simple and facile preparation
process was achieved. The nanocomposite hydrogel (G-p(HEMA-co-AEMA)) fabricated
with this process offers outstanding mechanical properties without deterioration of
swelling properties. For the mechanical properties, the toughness of the nanocomposite
hydrogel is up to 0.11 MPa, which is around 2.0x higher than plain p(HEMA-co-AEMA).
The Young's modulus of the nanocomposite hydrogel is up to 0.48 MPa, which is 1.5x
higher than p(HEMA-co-AEMA). In addition, the maximal tensile stress of the
nanocomposite hydrogel reaches 0.22 MPa, which is 1.7x higher than p(HEMA-co-
AEMA). Meanwhile, the integration of FeCo/rGO hybrid nanosheets introduces

magnetoresistance (MR) to the nanocomposite hydrogel. The combination of FeCo/rGO
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hybrid nanosheets with p(HEMA-co-AEMA) offers a new nanocomposite hydrogel (G-
p(HEMA-co-AEMA)) with a facile fabrication process for potential applications in tissue

engineering and flexible electronics.

6.1 Introduction

Hydrogels are described as polymer chains with the three-dimensional structure of
special cross-linked networks, which leads to the ability to maintain high water content
due to the interstitial spaces in hydrogel [10]. In 1949, the first commercialized hydrogel
product based on poly(vinyl alcohol) was launched with the trading name Ivalon, which
was used for biomedical implant applications [11]. The preparation of the poly(2-
hydroxyethyl methacrylate, pHEMA\) in 1960 is a great leap for the commercialization of
hydrogel, the production of contact lenses, and the development of the hydrogel market
[11, 12]. Nowadays, hydrogels have been applied in various applications of biomedical
fields such as drug delivery, wound dressing, tissue engineering, hydrogel fillers, and
contact lens [5, 13-15].

For the past six decades, pHEMA is viewed as a very promising hydrogel in various
applications of the biomedical field. pHEMA that consists of the 2-hydroxyethyl
methacrylate (HEMA) monomer is characterized as the hydrogel with a less fouling
problem since it exhibits limited adsorption of proteins, platelets, and cells [16]. With
superb biocompatibility, the Food and Drug Administration (FDA) has approved
pHEMA in the commercial productions and applications of contact lenses and
keratoprosthesis [16, 17]. The pHEMA hydrogel is applied in various biomedical
applications including contact lens fabrication and tissue engineering due to the

biocompatibility and flexibility.

The pHEMA has been applied in the production of contact lens due to its good
transparency, robust stability, and cost-effective feature. Meanwhile, the high water
content feature of pHEMA is not significantly influenced by the temperature and pH
value of the external environment [18]. To achieve satisfactory stability and meet the

demands of contact lens applications, except 2-hydroxyethyl methacrylate (HEMA),
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crosslinkers such as ethylene glycol dimethylacrylate (EGDMA) were added to the
formation of 3-D networks of overlapping polymer chains (Scheme 6.1). The
crosslinkers prevent the pHEMA hydrophilic contact lens from dissolving in the

environmental liquid matrix such as tears [19].

(@) @)
Yko/\/OH . )kﬂ/o\/\OJ\H/
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Scheme 6.1 Chemical schematic illustration of the fabrication of pHEMA contact

lens.

One major shortcoming of the pHEMA-based contact lens is the limited oxygen
permeability, and this can trigger the reduced mitosis and epithelial microcysts as the
consequence of hypoxic treatment [20]. Numerous efforts were made to enhance the
oxygen permeability of the pHEMA hydrogel. One of the methods is introducing strong
hydrophilic monomers with better water absorption properties to increase the water
content, which leads to enhanced oxygen transport in the pHEMA. N-vinylpyrolidinone
(NVP) and methacrylic acid (MAA) were applied in the fabrication of the pHEMA-based

contact lens, which significantly increases the oxygen transport in the pHEMA hydrogel
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[21]. Although pHEMA experiences fewer fouling problems in contrast with other
materials, some modifications are needed since the requirements of contact lens are strict
due to the external environment in its application process (i.e., tears). The complex tear
film ingredients can prompt lipid/protein fouling, which leads to inflammatory problems

and unsatisfactory wearing experiences.

Meanwhile, pHEMA was broadly applied in the field of tissue engineering. The high
swelling capacity of the hydrogel in water offers similar features to soft tissues in the
human body. The superb biocompatibility of pHEMA leads to the fast mass transfer in
cells/surroundings and little immunogenicity, which is important to the applications of
tissue engineering. As the biomimetic matrix is crucial in tissue engineering together with
cell and biology growth factors in the restoration of the tissue functions, hydrogels are
considered as an appropriate candidate to serve as tissue engineering scaffold due to the
comparable constructions and functions between the hydrogel and extracellular matrix
(ECM). The prerequisites for hydrogels to be applied in tissue engineering include
biocompatibility, permeability (gas, nutrients, and metabolite), the capacity to maintain
proper mechanical support for a long time [22, 23]. In addition to these requirements, the
pHEMA hydrogel has been developed for the applications of tissue engineering since
pHEMA is nonbiodegradable, facile to fabricate, and hydrophilic [6, 24].

However, hydrogels including pHEMA suffer from poor mechanical properties especially
in applications that demand solid support for prolonged times such as polymer scaffolds
[7, 25]. The methods such as increasing the loading of crosslinkers in the hydrogel and
introducing interpenetrating networks (double-networks) were adopted to enhance the
mechanical properties of hydrogel [26-28]. Although these methods increase the
mechanical properties, some of the crucial qualities of hydrogel would deteriorate such as
swelling capacity, biocompatibility, and non-fouling property. Meanwhile, most of these

processes lead to the increase of the complexity of fabrication [8, 29].

Nanocomposite hydrogel is one of the potential solutions for current obstacles. The
nanocomposite hydrogel systems combined with nanoparticles possess unique physical

and chemical properties such as multifunctionality. To enhance the mechanical properties
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and add other functions to the hydrogel system, nanocomposite hydrogel is developed by
combining the nanoparticles with the conventional hydrogel matrix. The key properties
such as porosity, stiffness, and swelling ability have been reinforced in this process [30-
32]. Various nanomaterials were incorporated with polymeric networks to develop
nanocomposite hydrogel systems including metal-based nanoparticles, inorganic/ceramic
nanoparticles, polymeric nanoparticles, and carbon nanomaterials [33, 34]. Currently,
nanocomposite hydrogels were broadly applied in biomedical fields such as drug delivery,
biosensor, regenerative medicine, bioactuator, and tissue engineering [35, 36].

Among the nanomaterials with the potential to combine with hydrogels, carbon-based
materials such as graphene, graphene oxide, and carbon nanotube have drawn increasing
attention in recent years due to their special physical and chemical properties. In the past
decades, graphene-based materials have been employed in the fabrication of various
polymers to enhance different features [37]. Graphene-enhanced polyacrylamide,
cellulose, alginate, polyvinyl alcohol, and graphene-based hydrogel were developed for
improving electrical conductivity, thermal resistance, absorption capacity, and elasticity
[38-40]. In contrast with layered graphene grown with the physical or chemical methods
(such as chemical vapor deposition (CVD)), the chemically synthesized reduced
graphene oxide (rGO) is the appropriate candidate for the nanofillers of the hydrogels
since the facile fabrication process allows the mass production of rGO. Meanwhile, the
large specific surface area and functional groups of rGO provide the suitable substrate

and nucleation sites for modifications [41, 42].

In this study, we successfully developed a new nanocomposite hydrogel based on the
reinforced copolymer of 2-hydroxyethyl methacrylate and 2-aminoethyl methacrylate
(p(HEMA-co-AEMA)) with FeCo/rGO hybrid nanosheets. The nanocomposite hydrogel
was obtained by facile direct incorporation of FeCo/rGO hybrid nanosheets with the
p(HEMA-co-AEMA). Significant enhancements were observed in terms of the
mechanical properties of the newly developed nanocomposite hydrogel. The toughness of
the nanocomposite hydrogel is up to 0.11 MPa, which is around 2.0x higher than plain
p(HEMA-co-AEMA). The Young's modulus of the nanocomposite hydrogel is up to 0.48

MPa, which is 1.5x higher than p(HEMA-co-AEMA). The maximal tensile stress of the
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nanocomposite hydrogel reaches 0.22 MPa, which is 1.7x higher than p(HEMA-co-
AEMA). Meanwhile, the nanocomposite hydrogel displayed comparable swelling
capacity in contrast with p(HEMA-co-AEMA) hydrogel. Moreover, the negative
magnetoresistance (MR) was observed on the nanocomposite hydrogel with a level of -
1.4 £0.3% at the low magnetic field (10 kOe) and room temperature. With the improved
mechanical properties and MR responses, the FeCo/rGO hybrid nanosheets enhanced
p(HEMA-co-AEMA) can benefit the biomedical applications with load-bearing
requirements such as scaffolds in tissue engineering and contribute to the applications on

developing flexible electronics and sensors.
6.2 Experimental

6.2.1 Materials

Co(OAC)2 4H20 (cobaltous acetate tetrahydrate, ACS reagent, > 98.0%), FeClz 4H20
(ferrous chloride tetrahydrate, puriss. p.a., > 99.0%), NaOH (sodium hydroxide, ACS
reagent, = 97.0%, pellets), KMnQOs (potassium permanganate, > 99.0%, ACS), N2Ha
(hydrazine hydrate, reagent grade, 50-60%), HEMA(2-hydroxyethyl methacrylate, 97%),
AEMA (2-aminoethyl methacrylate hydrochloride, 90%), DMPA (2,2-dimethoxy-2-
phenylacetophenone, 99%), EGDMA (Ethylene glycol dimethacrylate, 98%), and
dimethyl sulfoxide (DMSO, > 99.9%) were purchased from Sigma-Aldrich. Ethylene
glycol (EG) was purchased from Fisher Chemical. Sulfuric acid (98%) and hydrochloric
acid (37%) were purchased from Caledon Laboratory Chemicals. Graphite flake, natural,

-325 mesh, 99.8% (metals basis) was purchased from Alfa Aesar.
6.2.2  Preparation of Reduced Graphene Oxide (rGO)

The reduced graphene oxide (rGO) was obtained by the reduction of the graphene oxide
(GO) that was fabricated with the modified Hummers method, which has been discussed
in Chapter 3 [41].
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6.2.3  Synthesis of FeCo/rGO Hybrid Nanosheets

The synthesis of FeCo/rGO hybrid nanosheets was based on the modified process of our

previous study, which has been discussed in Chapter 3 [41].

6.2.4  Preparation of FeCo/rGO Hybrid Nanosheets Reinforced
p(HEMA-co-AEMA) (G-p(HEMA-co-AEMA))

The FeCo/rGO hybrid nanosheets reinforced p(HEMA-co-AEMA) was prepared with the
modified process of the previous work of our group [5]. As shown in Scheme 6.2, the
copolymer p(HEMA-co-AEMA) was produced with the photo-initiated polymerization
and crosslinking reaction. The reaction was triggered by deep UV radiation. DMPA, as
the photoinitiator, generated free radicals under UV radiation and initiated the chain
reaction of AEMA, HEMA, and EGDMA.
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HEMA AEMA
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p(HEMA-co-AEMA)

Scheme 6.2 Chemical schematic illustration of the synthesis of p(HEMA-co-AEMA).
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In specific, 100 L of the AEMA solution in the DMSO (300 mg/mL) was mixed with 3
mL HEMA. Subsequently, 100 L of the DMPA solution in the DMSO was added to the
mixture. The mixture was further mixed with 1 mL of DMSO and 6 L EGDMA
(crosslinker). Finally, 0.2% (w/v) of FeCo/rGO hybrid nanosheets was added to the
mixture (the ratio was set to achieve appropriate dispersion of FeCo/rGO hybrid
nanosheets without interrupting the polymerization of p(HEMA-co-AEMA)). The
mixture was purged with nitrogen for 5 minutes. Subsequently, the mixture was injected
into the mould and exposed to UV radiation for 15 minutes. The obtained nanocomposite
hydrogel (G-p(HEMA-co-AEMA)) was stored in Milli-Q water at 4 <C overnight to
remove the chemical residues. The p(HEMA-co-AEMA) hydrogel was fabricated
following the same procedure without adding FeCo/rGO hybrid nanosheets.

6.2.5 Materials Characterization

Philips CM-10 transmission electron microscope (TEM) was applied to obtain the TEM
micrograph and selected area electron diffraction (SAED) pattern. The mechanical test
was performed by Bio-Tester 5000 test system (CellScale Biomaterials Testing, Waterloo,
Ontario). The Fourier-transform infrared spectroscopy (FT-IR) spectra were obtained by
Thermo Scientific Nicolet 6700 FT-IR spectrometer. The magnetic hysteresis loop was
characterized by the vibrating sample magnetometer (VSM, LakeShore 7407, moment
measure range: 107 to 10° emu; field accuracy: “+ 0.05%” full scale). The

magnetoresistance (MR) was measured by the Model 74046 probe attached to the VSM.
6.2.6  Swelling Behaviors of Hydrogels

Gravimetric analysis was applied to characterize the swelling behaviors of p(HEMA-co-
AEMA) hydrogel and G-p(HEMA-co-AEMA) nanocomposite hydrogel. The hydrogel
discs were freeze-dried to dehydrate. Then the pre-weighed hydrogels were immersed in
Milli-Q water for 22 hours in total. The hydrogel pellets were taken out and wiped with
filter paper to remove the absorbed water before weighing. The hydrogels were weighed
at different time points at ambient temperature. The swelling ratio was calculated with the

following equation
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W,
Swelling ratio = STd X 100%  (6.1)
d

where Wy is the weight of the dry hydrogel and Ws the weight of the swollen hydrogel.
Each sample was prepared with three repetitions. The time points of measurements
included 2, 8, and 10 minutes as the hydrogel was immersed in water for less than 0.5
hours. As the time of hydrogels immersed in water surpassed 0.5 hours, the time points to
weigh hydrogels were 0.5, 1, 3, 6, 15, 20, and 22 hours.

6.2.7 Mechanical Test

The mechanical tests of both G-p(HEMA-co-AEMA) and p(HEMA-co-AEMA) were
performed with the BioTester 5000 testing system (CellScale Biomaterials Testing,
Waterloo, Ontario). The tensile properties were determined at room temperature with a
stretching speed of 15 mm/min. The 1 <1 cm specimens of both p(HEMA-co-AEMA)
hydrogels and G-p(HEMA-co-AEMA) nanocomposite hydrogels were prepared for the
mechanical test. The specimens were tested uniaxially and biaxially. The Young's
modulus (E) was calculated with the following equation
_stress o F /6L

= =—=—=/— 6.2
strain & Al Ly, (62)

where F is the applied force (N), A the cross-sectional area of the specimen (m?), JL the
displacement of testing material (m), Lo the original length of testing material (m), and E

the Young's modulus (Pa).

For the biaxial mechanical test, the specimens were stretched evenly in two directions.
The deformation for the specimens was tracked by the pictures captured by a 1280 > 960
pixel CCD (charge-coupled device) camera. The internal strains were recorded with the
image-tracking software provided by the CellScale Biomaterals Testing. The tracking
data was used to generate maps of the biaxial strain field.
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6.2.8  Magnetoresistance Characterization

The vibrating sample magnetometer (VSM, LakeShore 7407) with Model 74046
magnetoresistance (MR) probe was applied to measure the MR of the nanocomposite

hydrogel. The MR of the testing sample was calculated by the following equation.

— R,
MR (%) =

x 100% (6.3)
0

The resistance change (4R, Q) was calculated by the following equation

AR =R —R, (6.4)

where R is the total resistance (Q) of the sample under the presence of an external

magnetic field and Ro the sample resistance (Q2) at zero magnetic field.
6.3 Results and Discussion

6.3.1 Developing FeCo/rGO Hybrid Nanosheets Reinforced
p(HEMA-co-AEMA) Nanocomposite Hydrogel

The FeCo/rGO hybrid nanosheets reinforced nanocomposite hydrogel (G-p(HEMA-co-
AEMA)) was developed by direct incorporation of FeCo/rGO hybrid nanosheets and
p(HEMA-co-AEMA) hydrogel (Figure 6.1). The FeCo/rGO hybrid nanosheets were

prepared based on the previous work of our group [41].

As shown in Figure 6.2, the cubic FeCo nanoparticles (NPs) on the rGO surface are
observed in the transmission electron microscope (TEM) micrographs of the FeCo/rGO
hybrid nanosheets. The average size of the FeCo NPs is 89 =20 nm as the mass ratio of
rGO added into the reaction (Mico) reaches 50 wt.%. Meanwhile, the structure and
morphology of rGO are revealed by the TEM micrograph. The folds and wrinkles of rGO
are noticed, which suggests the successful preparation of rGO with the chemical process.

Three diffraction rings that correspond to the (110), (200), and (211) crystal planes are
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displayed in the selected area electron diffraction (SAED) pattern of FeCo/rGO hybrid
nanosheets (Figure 6.2a) [43]. Meanwhile, the magnetic hysteresis loop suggests that the
saturation magnetization (Ms) of FeCo/rGO hybrid nanosheets is 12 emu/g, which
decreases significantly in contrast with FeCo NPs (~ 200 emu/g). The coercivity (Hc) of
FeCo/rGO hybrid nanosheets is 138 Oe, which is at the same level as the coercivity of
FeCo NPs (~ 130 Oe). The decrease of saturation magnetization (Ms) is triggered by the
introduced rGO as the Mrco reaches 50 wt.%.

FeColrGO Direct

hybrid it

FeColrGO hybrid nanosheets

“' reinforced nanocomposite hydrogel

P(HEMA-co-AEMA)
hydrogel

Figure 6.1 Schematic illustration of the preparation of G-p(HEMA-co-AEMA).
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Figure 6.2 (@) The TEM micrograph and SAED pattern of FeCo/rGO hybrid
nanosheets. (b) The magnetic hysteresis loop of the FeCo/rGO hybrid nanosheets.

171



The picture of p(HEMA-co-AEMA) and FeCo/rGO hybrid nanosheets reinforced G-
p(HEMA-co-AEMA) is shown in Figure 6.3. In contrast with the plain p(HEMA-co-
AEMA), the G-p(HEMA-co-AEMA) exhibits dark color and less transparency due to the
combination of rGO. The uniform dispersion of FeCo/rGO hybrid nanosheets in the
p(HEMA-co-AEMA) matrix is observed.

p(HEMA-co-AEMA) G-p(HEMA-co-AEMA)

Figure 6.3 The picture of p(HEMA-co-AEMA) and G-p(HEMA-co-AEMA) (Small
inset: the as-prepared G-p(HEMA-co-AEMA)).

The Fourier-transform infrared spectroscopy (FT-IR) spectra of FeCo/rGO hybrid
nanosheets, p(HEMA-co-AEMA) hydrogel, and FeCo/rGO hybrid nanosheets reinforced
G-p(HEMA-co-AEMA) nanocomposite hydrogel are shown in Figure 6.4. For the
spectrum of FeCo/rGO hybrid nanosheets, the stretching peak of C=C in graphitic rings
of rGO appears at 1592 cm, and the stretching of the C-O epoxide group is observed at
1211 cm™ [44, 45]. The C-H stretching of rGO appears at 2915 cm™. The p(HEMA-co-
AEMA) and G-p(HEMA-co-AEMA) exhibit similar FT-IR spectra. The broad peaks at
3386 cm™ are ascribed to the -OH vibration and -NH stretching. Similar to the FeCo/rGO
hybrid nanosheets' spectrum, the C-H stretching peaks are observed at 2940 cm™. The
strong C=0 stretching peaks appear at 1711 cm™. The peaks at 1637 cm™ correspond to
the -NH stretching of the hydrogel matrix [5]. Moreover, the peaks of -C-O-H and -C-O-
C- are observed at 1455 cm™ and 1154 cm™ [46]. The differences between the FT-IR
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spectra of p(HEMA-co-AEMA) hydrogel and G-p(HEMA-co-AEMA) nanocomposite
hydrogel are not significant due to the limited quantity of FeCo/rGO hybrid nanosheets
[47].

Transmittance (a.u.)

FeCo/rGO
—— p(HEMA-co-AEMA)
—— G-p(HEMA-co-AEMA)

3500 3000 2500 1500 1000
Wavenumber (cm™)

Figure 6.4 FT-IR spectra of (a) FeCo/rGO hybrid nanosheets, (b) p(HEMA-co-
AEMA), and (¢) G-p(HEMA-co-AEMA).

The swelling behavior of p(HEMA-co-AEMA) hydrogel and G-p(HEMA-co-AEMA)
nanocomposite hydrogel are shown in Figure 6.5. The characterization of swelling
behavior was performed with Milli-Q water at ambient temperature. p(HEMA-co-AEMA)
hydrogel and G-p(HEMA-co-AEMA) nanocomposite hydrogel exhibit comparable ratios
(64.2 =1.9% vs. 62.5 +=0.9%) of absorbed water after 22 hours, which is close to
previous studies [5, 47, 48]. Meanwhile, Figure 6.5 shows that the swelling ratios of both
p(HEMA-co-AEMA) hydrogel and G-p(HEMA-co-AEMA) nanocomposite hydrogel
reach the plateau after 6 hours. In addition, no significant decrease is observed in the
swelling rate of G-p(HEMA-co-AEMA) nanocomposite hydrogel in contrast with
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p(HEMA-co-AEMA) hydrogel. The results indicate that the negative effects introduced
by the incorporation of FeCo/rGO hybrid nanosheets with p(HEMA-co-AEMA) hydrogel
matrix on swelling capacity are ignorable. Therefore, the high water absorption capacity
of p(HEMA-co-AEMA) hydrogel is maintained in the newly developed nanocomposite
hydrogel, which is crucial in the applications such as dye absorption and drug delivery
[49].
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Figure 6.5 Swelling behavior of the p(HEMA-co-AEMA) hydrogel and the G-
p(HEMA-co-AEMA) nanocomposite hydrogel.

6.3.2 The Mechanical Properties of FeCo/rGO Hybrid Nanosheets
Reinforced p(HEMA-co-AEMA) Nanocomposite Hydrogel

The mechanical properties of p(HEMA-co-AEMA) hydrogel and G-p(HEMA-co-AEMA)

nanocomposite hydrogel were characterized uniaxially and biaxially by the BioTester

5000 testing system (CellScale Biomaterials Testing, Waterloo, Ontario). The tensile

strain-stress curves of p(HEMA-co-AEMA) hydrogel and G-p(HEMA-co-AEMA)
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nanocomposite hydrogel are shown in Figure 6.6. Meanwhile, Table 6.1 depicts the
summary of Young's modulus, maximal tensile strength, toughness, and elongation at
break of p(HEMA-co-AEMA) hydrogel and G-p(HEMA-co-AEMA) nanocomposite
hydrogel. With the incorporation of FeCo/rGO hybrid nanosheets, the Young' modulus is
improved from 0.32 +0.02 MPa to 0.48 +0.03 MPa, and the toughness is increased from
0.06 +0.01 MJ/m?® to 0.11 £0.02 MJ/m®. Meanwhile, the maximal tensile strength and
elongation at break are significantly increased from 0.13 £0.02 MPa to 0.22 +0.03 MPa
and from 0.82 = 0.05 to 0.94 x 0.05. The significant enhancements of mechanical
properties can be attributed to the strong attractive interactions between the p(HEMA-co-
AEMA) matrix and well-dispersed FeCo/rGO hybrid nanosheets, which lead to better
load transfers [47, 50].
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Figure 6.6 The tensile properties of p(HEMA-co-AEMA) hydrogel and G-p(HEMA-
co-AEMA) nanocomposite hydrogel. (a) The tensile strain-stress curves; (b) the bar
diagrams of toughness (MJ/m3), Young's modulus (MPa), and maximal tensile
strength (MPa).
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Table 6.1 Summary of tensile properties of p(HEMA-co-AEMA) hydrogel and G-
p(HEMA-co-AEMA) nanocomposite hydrogel.

Maximal )
Young's ] Elongation at
Toughness tensile
Sample modulus break
(MPa) (MJ/m?) strength (Ln/pm)
a
(MPa) HHm

p(HEMA-co-AEMA) 0.32 +0.02 0.06 +0.01 0.13 +0.02 0.82 +0.05

G-p(HEMA-co-AEMA)  0.48 +0.03 0.11 +0.02 0.22 +0.03 0.94 +0.05

To further characterize the mechanical properties of p(HEMA-co-AEMA) hydrogel and
G-p(HEMA-co-AEMA) nanocomposite hydrogel, the tensile loading-unloading tests
were performed (Figure 6.7). The tensile loading-unloading tests were carried out to
verify the energy dissipation of G-p(HEMA-co-AEMA) nanocomposite hydrogel in
contrast with p(HEMA-co-AEMA) hydrogel. As shown in Figure 6.7a, the clear
hysteresis loops are noticed for both p(HEMA-co-AEMA) hydrogel and G-p(HEMA-co-
AEMA) nanocomposite hydrogel under the same strain (70%). The toughness increases
significantly from 0.047 MJ/m® for p(HEMA-co-AEMA) to 0.063 MJ/m® for G-
p(HEMA-co-AEMA).

Hysteresis loops of G-p(HEMA-co-AEMA) nanocomposite hydrogel are observed at
different strains (from 40% to 90%) as shown in Figure 6.7b. The dissipated energy of
G-p(HEMA-co-AEMA) nanocomposite hydrogel is 0.034 MJ/m? as the strain reaches 90%
(Figure 6.7c). However, in contrast with p(HEMA-co-AEMA) hydrogel, the value of
dissipated energy of G-p(HEMA-co-AEMA) is not largely increased, which indicates
that the energy efficiency is not strongly enhanced by FeCo/rGO hybrid nanosheets. In
addition, the six successive loading-unloading cycles are applied on G-p(HEMA-co-
AEMA) nanocomposite hydrogel at 70% strain, and the stress-strain curves are shown in
Figure 6.7d. The hysteresis loop is observed in each cycle with an overlapping shape,
which indicates a good recovery at 70% strain for 6 cycles. In addition, the slight change

of the hysteresis loop and dissipated energy between the first cycle and the other five
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successive cycles suggests that some damages occur in the G-p(HEMA-co-AEMA)

nanocomposite hydrogel [51].

a b
0.16 {— G-p(HEMA-co-AEMA) 0.20 { G-p(HEMA-co-AEMA)
. —— p(HEMA-co-AEMA) () .
© ©
o o
2 0.12- S 015
» ®) o
%] (%]
o o
» 0.08- @ 0.10-
[ oy
77) ‘—7’ 40%
c c ——50%
2 0.04- 2 0.05 ——60%
70%
——80%
90%
0.00 ! : ' ' ! ! 1 0.00 ; ! 1 . !
0 10 20 30 40 50 60 70 80 0 20 40 60 80 100
Strain (%) Strain (%)
C
e [l Dissipated protion G-p(HEMA-co-AEMA) [l Dissipated protion p(HEMA-co-AEMA)
[ Total 0.05+ B Total
__0.10-
o«
S 0.04
= 0.084
2
0.03-
& 0.06 -
i}
c
$0.04- 0.02
3
o
F 0.02- 0.01+
0.00-
30% 40% 50% 60% 70% 80% 90% 30%  40%  50%  60%  70%
Strain (%) Strain (%)
0.16 4 G-p(HEMA-co-AEMA)
©
o
= 0121
1]
%)
o
® 0.08
o
‘B ——Cycle 1
g ~——— Cycle 2
— 0.04- ——Cycle 3
——— Cycle 4
—— Cycle 5
0.00 — ol

0 10 20 30 40 50 60 70 80

Strain (%)
Figure 6.7 Tensile loading-unloading tests of p(HEMA-co-AEMA) and G-p(HEMA-
co-AEMA): (a) loading-unloading tests at 70% strain; (b) loading-unloading tests at
different strain (40% - 70%); (c) calculated total toughness and dissipated
toughness; (d) six cyclic loading-unloading tests (70% strain).
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The biaxial tensile tests were performed with the BioTester 5000 for both p(HEMA-co-
AEMA) hydrogel and G-p(HEMA-co-AEMA) nanocomposite hydrogel. The results of
the image tracking of p(HEMA-co-AEMA) and G-p(HEMA-co-AEMA) under 30%
strain are displayed in Figure 6.8. The G-p(HEMA-co-AEMA) nanocomposite hydrogel
exhibits homogeneous displacements and uniform interior strains in contrast with
p(HEMA-co-AEMA) hydrogel as the shapes of tracking grids and displacement vectors
(yellow dots with white tails) are more irregular (two directions) for p(HEMA-co-
AEMA) specimen. Therefore, the results indicate that FeCo/rGO hybrid nanosheets help

to unify the internal strains of the nanocomposite hydrogel.

Figure 6.8 Image tracking of the biaxial test (30% strain): (a) G-p(HEMA-co-
AEMA) nanocomposite hydrogel and (b) p(HEMA-co-AEMA) hydrogel.
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6.3.3  Magnetic Properties of G-p(HEMA-co-AEMA)

Nanocomposite Hydrogel

The magnetic hysteresis loop of G-p(HEMA-co-AEMA) nanocomposite hydrogel was
obtained by the vibrating sample magnetometer (VSM) at room temperature. As shown
in Figure 6.9, the magnetic hysteresis loop of G-p(HEMA-co-AEMA) nanocomposite
hydrogel indicates a paramagnetic behavior. The magnetism of G-p(HEMA-co-AEMA)
nanocomposite hydrogel displays a positive relationship with the magnetic field and
increases almost linearly as the magnetic field increasing. Meanwhile, a slight curvature
is observed in Figure 6.9, which suggests the presence of ferromagnetic behavior due to
the introduced FeCo/rGO hybrid nanosheets in the nanocomposite hydrogel. However,
because of the limited guantity of FeCo/rGO hybrid nanosheets incorporated with the
p(HEMA-co-AEMA) hydrogel, the influences of FeCo/rGO hybrid nanosheets are not
significant compared with the paramagnetic behavior of the p(HEMA-co-AEMA)

hydrogel matrix, which is consistent with the result of FT-IR characterization.
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Figure 6.9 The magnetic hysteresis loop of G-p(HEMA-co-AEMA) nanocomposite
hydrogel at room temperature.
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The magnetoresistance (MR (%), 4R/Ro) of the G-p(HEMA-co-AEMA) nanocomposite
hydrogel was measured by the 4-pin probe attached to the VSM. The MR values of G-
p(HEMA-co-AEMA) were measured at room temperature and low magnetic fields (< 10
kOe). As shown in Figure 6.10, a negative magnetoresistance (NMR) is observed as the
magnetic field increases from 0 kOe to 10 kOe. The MR of the G-p(HEMA-co-AEMA)
nanocomposite hydrogel reaches -1.29% at 10 kOe. Moreover, the G-p(HEMA-co-
AEMA) nanocomposite hydrogel achieves an average MR of -1.4 +0.3% at 10 kOe and
room temperature. Previous studies suggest that it is possible to achieve a large MR at a
low magnetic field by the gel-like matrix with magnetic nanoparticles embedded [52].
Although NMR has been reported in various carbon-based materials, the origin of the
NMR in G-p(HEMA-co-AEMA) nanocomposite hydrogel requires further investigation
as the hydrogel matrix is involved [53-55]. Meanwhile, the G-p(HEMA-co-AEMA)
nanocomposite hydrogel with MR responses can benefit the development of cost-

effective and flexible MR devices/sensors for different applications.
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Figure 6.10 Magnetoresistance (MR, %) of G-p(HEMA-co-AEMA) nanocomposite

hydrogel at room temperature.
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6.4 Conclusions

In this study, we directly incorporated FeCo/rGO hybrid nanosheets with the p(HEMA-
co-AEMA) hydrogel matrix to develop the nanocomposite hydrogel with enhanced
mechanical properties. The facile polymerization process was applied, which can benefit
the future mass production of the nanocomposite hydrogel. The incorporation of
FeCo/rGO hybrid nanosheets significantly increases the mechanical properties. The
Young's modulus, toughness, and maximal tensile strength of G-p(HEMA-co-AEMA)
nanocomposite hydrogel are 1.5x, 2.0x, and 1.7x higher than the p(HEMA-co-AEMA)
hydrogel. The results of the biaxial mechanic tensile test indicate uniform interior strains
of G-p(HEMA-co-AEMA) nanocomposite hydrogel under the two-direction stretching.
Moreover, the G-p(HEMA-co-AEMA) nanocomposite hydrogel exhibits comparable
swelling capacity in contrast with p(HEMA-co-AEMA) hydrogel after introducing
FeCo/rGO hybrid nanosheets into the p(HEMA-co-AEMA) matrix.

In addition, the G-p(HEMA-co-AEMA) nanocomposite hydrogel displays a negative MR
at -1.4 +0.3% at the low magnetic field (10 kOe) and room temperature. With the
significantly improved mechanical properties and negative MR, we believe that the
FeCo/rGO hybrid nanosheets reinforced G-p(HEMA-co-AEMA) nanocomposite
hydrogel can boost the development of biomaterials demanding robust mechanical

properties and flexible MR sensors/devices.
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Chapter 7

7  Thesis Summary and Future Directions

7.1 Summary and Conclusions

7.1.1  Overview of Motivations and Research Questions

Magnetoresistance (MR) has profoundly shaped the development of magnetic sensors
since the first observation of MR in 1857 [1]. The development of GMR and TMR
sensors significantly increased the data storage capacity of hard disk drives (HDDs) [2-4].
More and more studies focused on constructing MR sensors/devices in various
applications [5-7]. Currently, GMR and TMR sensors are mainstream in commercial

applications of MR sensors.

In the meantime, other MR materials are developed to obtain ideal performance. Granular
MR systems break the bulk layer of magnetic materials into small magnetic particles [8,
9]. The emerging nanotechnology benefits the design of granular MR systems as
nanoparticles were introduced [10]. Meanwhile, graphene-based MR systems attracted
the interest of researchers due to graphene's unique physical and chemical properties,
which include layered graphene, graphene foams, and hybrid graphene nanocomposites
[11, 12].

MR sensors have been widely applied in various fields of modern industry. The most
well-known application is the MR reading head of HDD, which boosts the development
of electronic devices since the 1990s [13]. Nowadays, MR sensors are mainly applied in
data storage, position sensing, current sensing, non-destructive monitoring, and
biomedical sensing systems [14-20]. Moreover, MR sensors are employed in the design
of devices for antilock brakes, magnetocardiography, and galvanic isolators [21-27]. It is
noticed that most of these sensors and devices are based on GMR/TMR multilayer
systems. The production process is complicated and time-consuming for GMR/TMR

multilayer systems due to the requirements of specific layer repetitions and precise layer
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thickness control. This has hindered the commercial applications of MR sensors/devices.
Meanwhile, the investment is further increased by the demands on specific preparation
techniques for producing GMR/TMR multilayer systems (such as chemical vapor
deposition (CVD), molecular beam epitaxy (MBE), and magnetron sputtering) [38-44].

The highly-sensitive and cost-effective MR materials can improve the data storage
capacity and reduce the average retail price of magnetic storage devices. The highly-
sensitive MR sensors can increase the resolution and scale down the noise for position
sensing, current sensing, and non-destructive monitoring [28]. The ideal MR
materials/sensors can increase the working range and benefit the sensitivity of biomedical
sensing systems [29]. Meanwhile, the production cost could be reduced by introducing
cost-effective MR sensors [30]. In addition, ideal MR sensors are required for detecting
radiofrequency electromagnetic field (RF-EMF) radiations.

Currently, the challenge is to enhance the MR performance at low magnetic fields and
room temperature. Although various nanoconstructed MR materials have been developed,
the performances are inadequate at the low magnetic field and room temperature.
Therefore, further investigations are required to push the limit of MR materials/structures

and provide the possible solution for current challenges.

The objective of this thesis is to prepare MR materials with a simplified production
process and improved performance at low magnetic fields and room temperature. rGO
was adapted as the substrate of the hybrid nanocomposite. rGO exhibits abnormal
chemical and physical properties, and it is facile to produce [31-33]. FeCo NPs are
applied to enhance the MR performance of the hybrid nanocomposite. Various studies
have indicated that FeCo is one of the promising candidates for developing ideal MR
materials [34-45]. Moreover, large positive MR could be achieved by incorporating
nanoparticles with layered structures such as rGO [46-49]. In this thesis, we designed and
developed FeCo/rGO hybrid nanosheets with different routes and constructed appliable

MR sensors and composite materials based on the hybrid nanosheets.
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7.1.2 Summary and Conclusions of Current Works

This thesis employed both the chemical synthesis process and laser-assisted physical
deposition process to develop FeCo/rGO hybrid nanosheets (Figure 7.1). FeCo/rGO
hybrid nanosheets were successfully produced by chemical synthesis and physical
deposition. Large and tunable MR was obtained at room temperature and low magnetic
fields by adjusting the ratio of rGO in the chemical synthesis process. The investigations
suggested the formation of Co-Mn oxides on rGO as the mass ratio of rGO surpassed the
threshold. FeCo/rGO hybrid nanosheets were applied in constructing a wireless magnetic
field sensing system with real-time detection and flexible data collection features. In
addition, a nanocomposite hydrogel was developed by incorporating FeCo/rGO hybrid
nanosheets with hydrogel matrix (i.e., p(HEMA-co-AEMA)). This mechanically flexible

nanocomposite hydrogel displayed outstanding mechanical properties and negative MR.

Chemical synthesis {
route Investigation on the

—> possible origin of
‘ special MR I
%

Fabrication of hybrid Characterization on

reduced graphene chemical and —

oxide (rGO) . physical properties |

\_/ Development of
licabl
applicable sensors
Physical deposition and composite

route materials

Figure 7.1 Schematic diagram of the research objectives of this thesis.

In Chapter 3, we successfully developed FeCo/rGO hybrid nanosheets with the facile
chemical synthesis process. The hybrid nanosheets were produced by combing FeCo NPs
and rGO. The FeCo/rGO hybrid nanosheets displayed a significant MR (21 +£6%) at low
magnetic fields (10 kOe) and room temperature, which is larger in contrast with other
reported graphene-based MR materials [50-55]. The tunable MR was achieved by simply
adjusting the mass ratio of rGO in reaction (10 wt.% - 50 wt.%). The possible origin of
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MR was studied by applying the quantum magnetoresistance (QMR) model. The fitting
results suggest that the variation of MR could be related to the increase of scattering
centers (i.e., FeCo NPs) on the rGO surface. In addition, we constructed a wireless
magnetic field sensing system based on FeCo/rGO hybrid nanosheets and Zigbee radio
modules. This wireless magnetic field sensing system successfully achieved the real-time

detection and data collection of a working mobile phone. The highlights of this study:

1. FeCo/rGO hybrid nanosheets were designed and developed with the facile

chemical synthesis process.

2. Significant MR (21 £6%) was achieved by FeCo/rGO hybrid nanosheets at low

magnetic fields (10 kOe) and room temperature.

3. Tunable MR was obtained by simply adjusting the mass ratio of rGO (10 wt.% -
50 wt.%) in the reaction.

4. The study of the origin of MR revealed the correlation between the variation of
MR and the density of FeCo NPs on the rGO surface.

5. The wireless magnetic field sensing system was developed based on the
integration of FeCo/rGO hybrid nanosheets and ZigBee radio modules, which

achieved real-time detection and data collection.

In Chapter 4, we studied the effect of increasing the mass ratio of rGO in the preparation
of FeCo/rGO hybrid nanosheets. The formation of Co-Mn oxides NPs became dominant
as the mass ratio of rGO (M:co) exceed 60 wt.% in the reaction. The average size of the
Co-Mn oxides NPs on rGO decreased as the Mrco increased. Furthermore, the rGO with
Co-Mn oxides achieved a large MR (3.5% ~ 4.5%) at ambient temperature and low
magnetic fields (10 kOe) in contrast with other MR materials based on Co and Mn [56,
57]. Other structures with Co and Mn require extreme conditions (4 ~ 20 K) to achieve
the MR at the level of 3% [56, 57]. This study also suggests a possible route to produce
nanocomposites with Co-Mn oxides and rGO that display a large positive MR. The
highlights of this study:
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1. The forming of Co-Mn oxides on rGO was observed as the mass ratio of rGO

surpassed 60 wt.% in the reaction.
2. The size of Co-Mn oxides NPs is adjustable as more rGO adding to the reaction.

3. The rGO with Co-Mn oxides exhibited large MR (3.5% ~ 4.5%) at room
temperature and low magnetic fields (10 kOe) in contrast with other MR materials

based on Co and Mn.

4. This study suggests a possible route to produce nanocomposites with Co-Mn
oxides and rGO that exhibit relatively large positive MR.

In Chapter 5, we constructed FeCo/rGO hybrid nanosheets with the laser-assisted
physical deposition process (i.e., matrix-assisted pulsed laser evaporation (MAPLE)).
The results indicate that MAPLE is capable to stoichiometrically transfer FeCo NPs onto
the rGO substrates. The amount of FeCo NPs on rGO has a positive correlation with
deposition duration (0.5 hours ~ 2 hours). MAPLE-prepared FeCo/rGO hybrid
nanosheets displayed positive MR (~0.7%) at room temperature and low magnetic fields
(10 kOe). The MAPLE-prepared hybrid nanosheets achieved a similar or relatively larger
MR compared with the MR of other reported FeCo-based granular systems with higher
FeCo ratios [20, 37, 44]. In addition, this study confirmed the possibility to produce
FeCo/rGO hybrid nanosheets with positive MR by the physical processes such as
MAPLE.

1. The FeCo/rGO hybrid nanosheets were successfully prepared by the laser-assisted
physical deposition process (i.e., MAPLE).

2. This study revealed the positive correlation between deposition duration and the

density of FeCo NPs on the rGO surface.

3. MAPLE-prepared FeCo/rGO hybrid nanosheets exhibited a positive MR (~ 0.7%)

at room temperature and low magnetic fields.
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4. This positive MR is larger than or close to the MR of other reported FeCo-based

granular structures with higher FeCo ratios.

5. This study confirmed the possibility to produce FeCo/rGO hybrid nanosheets with
positive MR by MAPLE.

In Chapter 6, we developed a mechanically flexible nanocomposite hydrogel by
integrating FeCo/rGO hybrid nanosheets with the hydrogel matrix (i.e., p(HEMA-co-
AEMA)). The nanocomposite hydrogel displayed outstanding mechanical properties with
significant improvements in toughness (0.11 MPa, 2.0x higher), Young's modulus (0.48
MPa, 1.5x higher), and maximal tensile stress (0.22 MPa, 1.7x higher) compared with
plain p(HEMA-co-AEMA). Meanwhile, the nanocomposite hydrogel showed
homogeneous displacements and uniform interior strains in the biaxial tensile tests.
Furthermore, the nanocomposite hydrogel exhibited a negative MR (-1.4 £0.3%) at room

temperature and low magnetic fields. The highlight of this study:

1. We successfully developed a mechanically flexible nanocomposite hydrogel by
incorporating FeCo/rGO hybrid nanosheets with the hydrogel matrix (i.e.,
p(HEMA-co-AEMA)).

2. The nanocomposite hydrogel exhibited enhanced mechanical properties
(toughness (0.11 MPa, 2.0x higher), Young's modulus (0.48 MPa, 1.5x higher),
and maximal tensile stress (0.22 MPa, 1.7x higher)).

3. The nanocomposite hydrogel showed homogeneous displacements and uniform

interior strains in the biaxial tensile test.

4. This nanocomposite hydrogel displayed a negative MR (-1.4 £ 0.3%) at room

temperature and low magnetic fields.

7.2 Thesis Contributions

MR sensors and devices have been widely applied in magnetic storage (recording),

position sensing, current sensing, non-destructive monitoring, biomedical sensing
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systems, etc. The GMR and TMR sensors were adopted by most commercial applications
of MR sensors. However, the drawbacks of multilayer systems lead to the escalation of
both economic cost and time cost (i.e., complicated fabrication processes and demands on
special preparation techniques). Nanoconstructed MR materials are developed to provide
solutions for current obstacles. Though some nanoconstructed MR materials can simplify
the production processes, most of these materials display inadequate MR at room

temperature and low magnetic fields (< 10 kOe).

The main goal of this thesis is to develop nanoconstructed materials with large MR at low
magnetic fields/room temperature and facile preparation processes. We successfully
developed the rGO hybrid nanosheets with FeCo NPs and rGO by chemical synthesis and
physical deposition. The rGO-based MR materials in this thesis provided enhanced MR
at low magnetic fields (10 kOe) and room temperature in contrast with previous studies.
In addition, we successfully designed and constructed the wireless magnetic field sensing
system and the mechanically flexible nanocomposite hydrogel, which demonstrate the

flexibility and integrability of the FeCo/rGO hybrid nanosheets. Specifically:

e In Chapter 3, we developed FeCo/rGO hybrid nanosheets with the facile chemical
synthesis process. A significant MR (21 +6%) was achieved at the low magnetic
field/ambient temperature. Meanwhile, tunable MR was achieved by varying the
mass ratio of rGO adding to the reaction. Studies on the origin of the MR revealed
the correlation between the density of FeCo NPs on the rGO surface with the MR
variation. In addition, we constructed a wireless magnetic field sensing system
with FeCo/rGO hybrid nanosheets and ZigBee radio modules. This system
achieved real-time detection and data collection of a working mobile phone,

which can benefit the future connected society.

e In Chapter 4, we investigated the effect of increasing the mass ratio of rGO in the
preparation of FeCo/rGO hybrid nanosheets. The formation of Co-Mn oxides NPs
was observed on the rGO surface as the mass ratio of rGO (Mco) surpassed the
60 wt.% thresholds. The rGO with Co-Mn oxides displayed positive MR (3.5% ~

4.5%) at room temperature and low magnetic fields, which is higher than the MR
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of other structures based on Co and Mn. This study enhances the understanding of
the effects of increasing the mass ratio of rGO in the reaction. In addition, it
proposes a possible route to produce nanocomposites based on Co-Mn oxides and
rGO with positive MR.

In Chapter 5, we successfully constructed FeCo/rGO hybrid nanosheets with
matrix-assisted pulsed laser evaporation (MAPLE). MAPLE-prepared FeCo/rGO
hybrid nanosheets achieved a positive MR (~ 0.7%) at low magnetic fields and
room temperature with a very low FeCo fraction (0.4 at.%). This MR is larger
than or close to the MR of other reported FeCo-based granular MR systems with
higher FeCo ratios. This study revealed the capability of MAPLE to transfer FeCo
NPs and produce FeCo/rGO hybrid nanosheets with positive MR. This study

benefits the development of physically produced MR sensors/devices.

In Chapter 6, we designed and constructed a mechanically flexible nanocomposite
hydrogel by incorporating FeCo/rGO hybrid nanosheets with the hydrogel matrix
(i.e., p(HEMA-co-AEMA)). This nanocomposite hydrogel offers remarkable
mechanical properties (toughness (0.11 MPa, 2.0x higher), Young's modulus
(0.48 MPa, 1.5x higher), and maximal tensile stress (0.22 MPa, 1.7x higher)). In
addition, the nanocomposite hydrogel displayed a negative MR (-1.4 +=0.3%) at
room temperature and low magnetic fields. This study provides a novel
nanocomposite hydrogel with reinforced mechanical properties, which is suitable
for the requirement of load-bearing biomaterials. Moreover, this study benefits the

development of hydrogel matrix-based MR materials.

In summary, this thesis expands the fundamental understanding of the design and

preparation strategies of nanoconstructed MR materials. Studies in this thesis suggest that

nanoconstructed MR materials can be considered as the solution to the current challenges

of MR sensors/devices. In addition, this thesis can benefit the future developments of MR

devices by developing the wireless magnetic field sensing system and nanocomposite

hydrogel.
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7.3 Future Directions

This thesis aims to provide solutions to obstacles of current MR materials by
strengthening the MR at room temperature and low magnetic fields. Our results in
Chapters 2 to 5 demonstrate the enhanced MR and excellent integrability of the rGO
hybrid nanosheets. However, it still has a long way to go for industrial applications. More
details are required to be identified regarding the mechanisms and properties. Meanwhile,
further studies will be performed to optimize the performance of rGO hybrid nanosheets.

In specific:

For Chapter 3, we successfully developed the wireless magnetic field sensing system
based on FeCo/rGO hybrid nanosheets. The optimization can be applied to the circuit
design of the MR sensor system to achieve higher efficiency and sensitivity. The wireless
magnetic field sensing system could be applied in real-time position detection (such as
current sensing and non-destructive monitoring). The MR sensor array could be
developed, which offers higher resolution and more details [58-61]. Moreover, MR
biosensing platforms could be constructed based on the wireless magnetic field sensing

system [30].

For Chapter 4, we studied the effect of increasing the mass ratio of rGO in the
preparation of FeCo/rGO hybrid nanosheets. The formation of Co-Mn oxides was
observed on rGO. Specific investigations could be applied to understand the MR of rGO
with Co-Mn oxides. Further studies are required to investigate the mechanism of Co-Mn
oxides' formation in this solvothermal process [62-65]. More investigations will be
performed to develop applications of rGO with Co-Mn oxides in MR sensing, catalysis,

and energy storage [66-68].

For Chapter 5, we successfully constructed FeCo/rGO hybrid nanosheets with MAPLE.
More studies will be performed to understand the effects of other deposition parameters.
Meanwhile, MAPLE-produced FeCo/rGO hybrid nanosheets could be integrated with the

electronic circuits. Further studies are required to develop MR biosensing platforms with
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MAPLE since the MAPLE technique is designed to transfer delicate materials including

proteins and biomolecules [69-71].

For Chapter 6, we constructed a mechanically flexible nanocomposite hydrogel with
remarkable mechanical properties. Further studies are required to understand the
biocompatibility of this nanocomposite hydrogel. More investigations will be performed
to study the origin of the negative MR. In addition, this nanocomposite hydrogel could be
the key component for constructing flexible MR position sensors and biosensing
platforms.

In general, there is still much to be done for developing the commercial appliable MR
sensors and devices based on rGO hybrid nanosheets. The results in this thesis
demonstrate that rGO hybrid nanosheets can enhance the MR and simplify the
preparation process of MR materials/devices. We believe that rGO hybrid nanosheets not
only benefit the development of MR materials/devices with high sensitivity and low cost

but also contribute to the evolution of MR sensors in commercial applications.
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Appendices

A video of the wireless magnetic field sensing process.

As the resistance of the magnetic field sensor is affected by the external electromagnetic
radiation source, the data center (i) receives the disturbing of voltage sent from the
wireless magnetic field sensing node (ii) and sends a remote command to the wireless

signal indicator (iii) to turn on the LED (small inset figure) as an alert.
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