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Abstract

Magnetic nanoparticles (MNPs), whose positions and motions can be controlled by external
magnetic fields, have been widely used and designed into applications both in academia and
industries especially when dispersed in media such as colloids and hydrogels, owing to the
combination of their unique properties and the advantages of the media. These applications
include drug delivery, contamination treatment, photonic crystal e-paper, and soft actuators. In

recent years, there has been rapid advances in these fields.

This thesis summarizes two projects. In the first project, a colorimetric voltmeter has been
fabricated using magnetic Fe3O4@SiO2 nanoparticles in colloids for the application as an
overpotential alarm system in zinc-air batteries. These colloidal nanoparticles self-assemble into
an amorphous photonic crystal whose interparticle distance varies under electric field, leading to
a colorimetric display of the applied field. By connecting the two electrodes of zinc-air battery to
each end of a capacitor filled with the two colloidal nanoparticles between transparent electrodes,
I have achieved a simple and intuitive way to monitor the status of rechargeable batteries.
Specifically, the performance of zinc-air battery, including discharging, charging, overcharging
and aging behaviors have been monitored by the colour display of the capacitor device. In
general, the application of colloidal MNPs as a battery monitoring device are proposed and

discussed.

In the second project, I have reviewed the recent progress in the field of magnetic hydrogels,
especially in soft robotics applications. Firstly, the strategies for dispersing the MNPs in the
hydrogels are discussed with examples from the literature. Secondly, the three major fields of

current applications, including drug delivery, enzyme immobilization and separation of cell and
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protein, as well as microorganisms and organics detection and purification of wastewater are
reviewed. Thirdly, the operation principles and application of magnetic hydrogels in the

upcoming field of soft robotics are demonstrated with examples.

Overall, this thesis describes various aspects of MNP study, ranging from synthesis to
applications in colloidal suspension and in hydrogel media. I harnessed amorphous photonic
crystal property of colloidal MNP to fabricate a colorimetric voltmeter that monitors the
overcharging status of zinc-air battery. I reviewed the dispersion and application of MNPs in
hydrogels, with an emphasis on the applications in soft robotics systems. I anticipate that my
work can inspire novel application-driven researches on MNP based materials. Specifically, I
envision applications of MNP based colloids and gels in soft devices such as battery indicators,

biomimicking artificial muscles and sensory artificial skins.

Key words: magnetic nanoparticles, Fe3O4 nanoparticles, colloids, amorphous photonic

crystals, magnetic hydrogels
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Preface

(Mandatory due to collaborative work)
This thesis is organized in five chapters.

Chapter 1 is the introduction, which focuses on the basic property of magnetic nanoparticles
itself as well as in media including colloids and hydrogels. The fabrication methods and

applications field of magnetic nanoparticles were also reviewed.

Chapter 2 is the background, which emphasizes on magnetic nanoparticles behaviors under

electric field and the introduction of amorphous crystal structure.

Chapter 3 of this thesis has been submitted to ACS Applied Nano Materials as L. Zheng, T. Tran,
D. Zhalmuratova, H.-J. Chung, “Colorimetric Voltmeter Using Colloidal Fe;04@Si0:
Nanoparticles as an Overpotential Alarm System for Zinc-air Battery”. L. Zheng conceived the
idea, performed the experiments, and carried out data interpretation. T. Tran and D.
Zhalmuratova helped with characterization and fabrication of the zinc-air battery part. H.-J.

Chung provided guidance throughout the experiments and revised the manuscript.

Chapter 4 of this thesis will be further refined and be prepared for a journal submission as a
review paper focusing on magnetic hydrogels and elastomers. This chapter will comprise a part

of the review paper.

The overall conclusions of the thesis are summarized in Chapter 5.
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Chapter 1. Introduction

Magnetic nanoparticles (MNPs) have been attracting an increasing interest in recent decades for
their unique property and board range of applications, such as biomedicine[1, 2], magnetic
resonance imaging[3, 4], drug delivery and tissue targeting[5-7], environmental remediation[8-
10], microfluids[11], defect sensor[12], colloidal photonic crystal[13-15], and e-ink display
system[ 16, 17]. Researches on the basic properties have revealed that MNPs have fundamentally
distinctive properties compared to bulk magnetic materials, such as superparamagnetism, high
coercivity, relatively low Curie temperature (T.), and high maximum saturation
magnetization[18, 19]. MNPs can be prepared using Fe, Mn, Co and their oxides and alloys,
among which the iron(ILIIT) oxide (Fe3O4)are the most popular choice due to simple fabrication
procedures and their biocompatibility (noncytotoxicity, capability of performing desired

functions in the host) [20, 21] for application developments.

1.1 Basic Properties of Magnetic Nanoparticles

The magnetic property comes from the orbital magnetic moment and spin magnetic moment of
electrons. For transition metal like Fe, Co, Ni, the magnetic moment of the atom comes from the
incomplete 3d electron shell. The attraction and repulsion of magnetic materials is a result of its
magnetic dipole. Based on the dipole arrangements of the material with or without the presence
of applied magnetic field, it can be classified into five divisions, which are diamagnetic,
paramagnetic, ferromagnetic, ferrimagnetic and antiferromagnetic materials demonstrated in

Figure 1[22]. For ferromagnetic materials, the dipoles will be aligned in one direction with a



permanent moment exhibited macroscopically.

long-ranged order whether the applied magnetic field is presented or not. Therefore, there is a

H=0 L_ H=0 _H,
O00O0 CRCNCRC SRz SBeo
0000 ©®ee | REPPP oooo
O0O0O0 CECRCRC bdpe SIS
O00O0 @ee® s R

Diamagnetic materials Paramagnetic materials

H=0 H=0 H=0

960 e 29606

o oo OES AOR- 4 oo oo

SO9OS = @D @ 2o e

==~ ®© = @ o oo
Ferromagnetic Ferrimagnetic Antiferromagnetic

Figure 1. Illustration of the magnetic dipoles arrangements for five types of magnetic materials

with and without the external magnetic field (H). Reproduced with permission from [22].

For nano-sized magnetic particles, different properties from bulk material are observed and
further investigated as a result of small size effects and surface effects. When the size of the
ferromagnetic material decreases to a certain size r., the magnet will transform from the bulk
state with multiple domains to a single domain state. It can be estimated by using the following

equation[23]:

1
3

6ksT
rC:(K)
u

where T is temperature, ks is Boltzmann constant, and K, is the crystalline magnetoanisotropy.



If the size of the magnet keeps decreasing until it reaches the lower limit of single domain region
ro, where thermal energy is enough to overcome the energy barrier of magnetoanisotropy of the
dipoles, the magnetic dipoles can be randomized in a very short period of time[24]. Particles in
this regime do not have permanent magnetic moments like the one in bulk ferromagnetic
materials but can respond to an external field and reach the saturation of moment easily. Upon
removal of the external field, the magnetization of the nanoparticle will become zero (both the
remnant magnetization M, and the coercivity H.). This property of magnetic nanoparticle is
referred as Superparamagnetism. Typically for Fe;Oy4, the critical diameter 27 (d.- ) is around 85

nm, and the threshold diameter for superparamagnetism is about 25 nm[25].
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Figure 2. (a) The dependence of magnetic coercivity on the nanoparticle size. The solid curve in
the single domain regime is for noninteracting particles, while the dashed curve is for the
particles that has coupling between them. Reproduced with permission from [24]. (b) Threshold
spherical particle diamters for both maximum monodomian size(d.-) and

superparamagnetism(dsy) . Reproduced with permission from [25].

1.2 Magnetic Nanoparticles in Colloids and Hydrogel
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MNPs are commonly dispersed in another medium to produce a composite that combine the
advantages of magnetic responsiveness from the particles and the mechanical property of the
media. MNP composites with colloids, gels, and elastomers are used in many practical

applications.

Colloidal MNPs, or magnetic fluids, have attracted great research interest for having normal
liquid behaviour while the fluid movement can be directed with magnetic particles dispersed
inside. External magnetic field controls the flow of the colloid, as well as other properties; this
system is uniquely useful for many applications.[26] Heat transfer, magnetic sealing, separation
of liquids are the examples that have been widely used in industries[27-29]. When dispersed in
the fluid, MNPs can also tailor the viscosity, surface tension, vapor pressure and other properties
of the fluid. Moreover, MNPs induced by external fields can be self-assembled in the liquid into

periodic structure, which are the mechanism behind many applications in display devices.

Magnetic hydrogel is an inorganic-organic nanocomposite. With magnetic nanoparticle
embedded, it can react to the external magnetic field mechanically, or being actuated by tuning
the field. Due to biocompatibility or even biodegradability of the hydrogels, such system has
found many uses in biomedical fields such as drug delivery. Hydrogel has strong advantages in
terms of high elasticity and stretchability, while the double network hydrogels can provide the
toughness and robustness as a device.[30] When combining with functional hydrogels that self-
healing, thermosensitive, pH sensitive or reactive to other stimuli, the magnetic hydrogel can be
developed into multifunctional applications. In addition, recently developed technique for
hydrogels such as injet printing could be applied in this field as well, opening more possibilities
for applications. Overall, hydrogels are an ideal medium to disperse MNPs which provide both

mechanical support and functionalities.
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Figure 3. The property and peculiarity of MNPs in both colloids and in hydrogels.

1.3 Fabrication Methods of Fe304 Nanoparticles

In recent decades, a variety of fabrication methods of different controllable sizes of Fe3;O4
magnetic particles have been developed. These methods can be generally classified into two
types, which are solid-phase synthesis and liquid-phase synthesis. For liquid-phase synthesis, the
liquid precursor will go through precipitation, dehydration and crystallization to obtain the
product of Fe3Os, while for the solid-phase synthesis, only solid materials are involved without

dissolving in any solution.
1.3.1 Solvothermal Method

Solvothermal method is one of the most well-known methods for inorganic nanomaterials
fabrication. This synthesis method uses solvents as the reaction medium in a reactor that can
provide high pressure when operated in a high temperature (200°C to 300°C) oven. Since the
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reactor is fully sealed and isolated, the reaction can happen without problems that comes from
solution boiling. In this situation, insoluble materials under normal atmosphere and room
temperature will tend to dissolve in the solution since their solubility will increase significantly.
The morphology, size, physical and chemical properties of the nanoparticle product can be

controlled by tuning the temperature and the volume of solution.

Many research groups have developed solvothermal method to fabricate Fe;O4 nanoparticles of
different structures. Sun et al.[31] uses Fe(acac); as the iron source to synthesize the Fe3O4
crystal seed of 4nm, and later the nanoparticles grow into bigger size of 6, 8, 12, 16nm. Other
researchers reported an alternative to use FeClz- H>O instead of the more expensive Fe(acac)3 as
the iron source[32]. Another report by Gao[33] uses FeCl; and carbamide as precursors and
alginate as the reducing agent and successfully fabricated Fe;O4 nanoparticles of 25nm under
180°C for 24h. For particles that are synthesized in inorganic solution are reported to be lack of
size uniformity and monodispersity while organic solvents are proven to be more helpful in
controlling nanoparticle size and morphology[34, 35]. Pinna[36] used Benzyl alcohol as solvent
and Iron(IIT) 2,4-pentanedionate to synthesize Fe;O4 nanoparticle of different diameter with good

monodispersity and uniformity in size.

1.3.2 Precipitation Method

Precipitation method is widely applied in synthesis of nanomaterials due to the simple procedure,
low cost and suitable for large scale production. The most popular one of precipitation methods
is co-precipitation, which is simply adding precipitant into solution that contains various types of
cations until the concentration of cations are much higher than the equilibrium and therefore all

components are simultaneously precipitated in proportion. For Fe3;O4, the major reaction is[37]:



2Fe3* + Fe?* + 80H™ - Fe;0, + 4H,0

For precipitation methods, the molar ratio of Fe3* and Fe?* will determine the crystal structure
of product while pH, concentration of the ions and reaction temperature will affect the diameter
of the nanoparticles. Therefore, the major tasks for researches on this synthesis procedure will be
answering how to control the crystal structure and particle sizes by adjusting different parameters
in the reaction and the filtration of the leftover precipitants. Kim et al.[38] studied and reported
when the concentration Fe?* is lower than 1M, the product contains considerable amount of
Fe,Os instead of purely Fe;O4. With the increase of the amount of Fe?*, both the purity of Fe;O4

and its saturation magnetization will be improved.
1.3.3 Microemulsion Method

Microemulsion method involves the process of two incompatible solvent forming emulsion
under the presence of surfactants, which is, in other words, the continuum being separated into
tiny spaces to form a microreactor where the reaction will happen and result in the solid product.
Due to the restraints from microreactor in the processes of nucleation, crystal growth and
agglomeration, the nanoparticles product will be covered with a surfactant layer that effectively
prevents the aggregation of the nanoparticles. Based on different disperse phase and continuous
phase, microemulsion method can be divided into two types, which is water-in-oil(W/O) or oil-
in-water(O/W). For Fe3;O4 nanoparticles synthesis, W/O microemulsion is more commonly

used.[39]
1.3.4 Sol-gel Method

For sol-gel method, Fe** are mixed with Fe** with the molar ratio of 1 to 2. Organic acid is added

to regulate the pH and later a gel will be formed after slowly evaporating the solvent. With the
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removal of the leftover organic materials under high temperature, the final product is obtained.
Sol-gel method is chosen for its low temperature operation and product uniformity in particle
size. However, this method faces challenges from controlling preparation conditions and long

processing time.
1.3.5 Thermal Decomposition Method

Most cases of the thermal decomposition method use iron oxalate as the iron source. With
heating process carried under high temperature, the materials will be decomposed into FezOa.
For large-scale production, the advantage of this solid-phase synthesis method is obvious. On the
other hand, the products fabricated via decomposition lack purity and has a wide distribution in
terms of particle sizes. In the same time, a lot of energy is necessary and the amount of heat

wasted in the process is significant as well.[40]

1.4 Application of Magnetic Nanoparticles

Fe304 MNPs are widely applied in many areas owing to their unique magnetic properties.
Recent years have witnessed a rapid growth of researches on Fe3O4 in magnetic fluids,

biomedicine, catalysts, contaminant removal, electronics and other fields.
1.4.1 Contamination Treatment

Iron as a strong reducing agent, is widely used in various organic and inorganic pollutants
treatments in contaminated water source, especially chlorinated solvents. Due to the high
surface-to-volume ratio of nanoparticles, Fe304 MNPs has a relatively high adsorption capacity,
which is favored for contamination treatment in many studies. Wanna et al.[41] reported an

example of heavy metal removal by applying hybrid magnetic nanomaterial of



superparamagnetic Fe3O4 particles and poly(methyl methacrylate). With external magnetic field,
it has been demonstrated that Pb(II), Co(II), Cu(Il), Hg(II) can be captured and therefore
removed. In another study[42], the mechanism of adsorption is investigated to be mainly
electrostatic attraction while particle surface area, pH and temperature in the solution will

significantly affect the adsorption capacity of the nanoparticles.

1.4.2 Biomedicine

Magnetic Fe3O4 nanoparticles are expansively applied in biomedical related areas for its good
biocompatibility and non-toxicity for cells. With its stable magnetic property, strong ability of
targeting and drug carrying, as well as controllable drug releasing rate, Fe3O4 nanoparticles can
work as drug carrier for targeting treatment. With navigation from the external magnetic field,
Fe304 nanoparticle along with absorbed drug will travel directly to the desired lesion location.
Once the nanoparticles reach the destination, drug release can be completed by heat triggering.
Since these nanoparticles are superparamagnetic and do not exhibit any magnetization without
external field[43], the Fe3O4 nanoparticles will not be aggregated and avoid potential damage to
the cells[43]. This method is proven to be efficient without much harmful side effects, which

could be a potential treatment for cancer[44, 45].

Besides Drug delivery proposed as treatment for cancer, there is another type of method using
Fe;04 nanoparticles that could be alternative. When applying an oscillating magnetic field of
high frequency, it can lead to energy releasing in the form of heat, which then increases the
temperature in the cell to an abnormal value of 41°-45°C.The damage of high temperature to
cells is reversible for normal cells but inreversible for cancer cells[46]. Comparing to the

traditional hyperthermia which can only apply to the whole body or close to skin tissue, the



advantage of using magnetic particles is that it can theoretically reaches tumor in any places and
be heated locally. The energy loss in the hysteresis cycle provides the heat for the surrounding

environment. This treatment method is known as magnetic hyperthermia.
1.4.3 Other Applications

With respect to the great potentials of magnetic Fe;O4 nanoparticles, they can be used in various
applications. Among different forms and phases that the nanoparticles are presented, most of the
studies focus on magnetic fluid, which is composed of a stable colloidal system with strong
MNPs dispersed in the liquid. It combined the magnetic property of solid and rheological
property of liquid, which is attractive for further development into applications[47]. Magnetic
fluid has been applied and reached commercial maturation in the fields of dynamic sealing,
speaker, computer hard drive, lubricant, vacuum equipment and so on back in 1970s [48-50]. In
loudspeakers, for example, the colloidal ferromagnetic nanoparticles provide the viscous
damping force on the voice coil in response to electrical excitation and therefore improve its
acoustical performance[50]. In other cases such as dynamic sealing[51], the magnetorheology
property of the fluid is utilized under external magnetic field. More recent applications have also
been developed including photonic crystals. With its self-assembly photonic structure under
magnetic field, Yin et al. has developed Fe;O4 MNPs into color-tunable display system[52]. It

has great potential for applications in many industrial areas.

1.5 Scope of Thesis
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This thesis focused on the application of magnetic Fe3O4 nanoparticles in both colloids and
hydrogels. For the first part, we fabricated the Fe3O4 nanoparticles and coated with Si0,. We
utilized its self-assemble ability into amorphous crystal structure under electrical field for further
development as a colorimetric voltage monitoring device, which is also demonstrated with a
zinc-air battery for application. For the second part, we reviewed the three strategies of
dispersing MNPs in hydrogels and discussed the traditional fields where hydrogel system with
Fe;04 nanoparticles are applied to including drug delivery, enzyme immobilization, cell and
protein separation, as well as microorganisms and organics detection and purification of
wastewater. Furthermore, the operation principles and application of magnetic hydrogels in the

upcoming field of soft robotics are demonstrated with examples.

Chapter 2 is the background reveals basic mechanisms of colloidal MNPs self-assembly into
amorphous photonic crystal under electric field, focusing on MNPs behaviour under
electrophoresis and definition of amorphous photonic crystal. This information prepared us into

building a colorimetric voltmeter device later in the next chapter.

Chapter 3 of this thesis covers the synthesis procedures, experimental results, discussions and the

demonstrated colorimetric voltmeter device application of Fe304@Si10, nanoparticles in colloids.

In Chapter 4, I reviewed MNPs dispersed in hydrogels system starting from the three dispersing
strategies and followed with three traditional application fields. Finally, the rapid growing field

of magnetic hydrogels as soft actuators was reviewed and discussed with emphasis.

The overall conclusions of the thesis are summarized in Chapter 5.
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Figure 4. A summary diagram of the topics that are covered in this thesis. For the topic of
colloidal MNPs, I developed a colorimetric voltmeter device by utilizing the electric field-
modulated self-assembly of amorphous photonic crystal structure. For the topic of magnetic
hydrogels, I reviewed the strategies of dispersing nanoparticles into hydrogel, followed by their

applications with an emphasis on the emerging area of soft robotics.
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Chapter 2. Background

2.1 Magnetic Nanoparticles under Electric Field

2.1.1 Dispersing Nanoparticles in Colloidal Suspension

Magnetic fluids containing nanoparticles have been widely applied in various fields as we
discussed in the introduction. However, large surface-to-volume ratio and surface energy of the
nanoparticles renders a tendency of agglomeration between the nanoparticles. Thus, strategies to

either control or avoid this problem have been important in the field[53].

For particles with zero charge, it is kinetically and energetically favorable for collision and
aggregation to happen, shown in Figure 5[53]. Independent nanoparticles will combine into
small clusters and larger clusters will be formed by combing the small ones. They will be settled
by gravitational forces, which in the macroscopic viewpoint, is sedimentation. In order to reduce
the aggregation, electrical charges on the particle surfaces will be helpful since there will be
electrostatic repulsive forces involved. The repulsion between the neighbouring particles
contributes to separating the nanoparticles so that they can be well-dispersed in the solution,
demonstrated by Figure 5b. Based on this phenomenon, an encapsulation of nanoparticles by an
inert layer of SiO- in alkaline solution has been developed as an effective method for stabilizing
nanoparticles. With low isoelectric point of SiO», the nanoparticles will not aggregation due to
the electrostatic repulsion of high negative charges on the surface[54]. lons of positive charge are
drawn to the surface of the particles, while those with negative charges will be repelled away
from the particle surface[55]. It will leads to the formation of electrical double layer as shown in

Figure 5¢[53]. Researchers have developed a wide range of models to describe it and one od the
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most accepted one is from Stern[56] and Graham[57]. In this model, the counter-ion charges are
located next to the particle surfaces, which is the Stern layer. Above that, there is the Diffuse
Double Layer that contains the remnant charges distributing more broadly. For interaction, the
potential (P5) on the slipping plane between the stern layer and the diffuse layer is more
significant than the actual potential ({sy) on the particle surface. Zeta potential (&) is measured as
the potential difference between the slipping plane and the dispersion medium. The higher the
zeta potential is, the stronger the repulsion between adjacent particles will be (Figure 5d).

Therefore, it will result in higher stability of the whole system.
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Figure 5. (a) Schematic illustration that displays uncharged nanoparticles’ tendency to collide

and coalescence in the favor of energy. (b) Nanoparticles can be stabilized in an aqueous
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medium when they have surface charge. The ions in the double layers can protect the
nanoparticles from aggregation. (¢) Schematic illustrating the Diffuse Double Layer structure.
(d) The dependence of the net interaction energy on the particle distance, which is the

combination of repulsive and attractive energy. Reproduced with permission from [53].

2.1.2 Nanoparticle under Electrophoresis

With an external electric field (£) applied upon the suspension, the charged particle as well as
the ions in the double layer will respond at the same time. The charged particles tend to move
towards oppositely charged electrode while the counterions in the double layer tends to move in
the other direction. Therefore, the deformation of double layer occurs and the previous overall
balance of perfect shielding of the particle collapses, and it becomes the driving mechanism of
particle motion. It is also known as double layer polarization. To be exact, the polarization is
only referred to the outer diffuse layer instead of the stern layer since the counterions are
strongly attracted to the particle surface and they will keep sticking with the particle even in
motion. The border between Stern layer and diffuse layer can be viewed as a solid-liquid
interface during particle movement. Hence the velocity of particles movement is determined by

the zeta potential[57].

Electrophoresis happens under the influence of a spatially uniform electric field, when dispersed
particles steadily translate relatively to the fluid[58, 59]. The motion of particles under
electrophoresis has been first proposed by Smoluchowski[60]. He described a rigid spherical
particle with electric double layer moving in a boundless field when exposed to electrical
potential gradient. The mobility of the particle can be described by the following Henry

equation[61]:
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Where ¢, is the dielectric constant of vacuum and &, is the relative dielectric constant of the
medium, 7 is the solvent viscosity and f (kr) is the Henry coefficient, whereas k is the
reciprocal of the Debye length and r is the particle radius. This formula is only valid for weakly

charged particles with thin double layer thickness[60].

Based on the Henry equation, zeta potential measurement is established as a characterization
method. During the measurement, an electrical field is applied on the sample and the
electrophoretic mobility of the nanoparticles is measured by laser Doppler velocimetry.[62]
Regarding the Henry equation, remaining terms in the equation, dielectric constant and viscosity
of the solvent must be measured prior to the measurements. The result of zeta potential is highly
dependent on both the surface charges of nanoparticles and the pH value of the solvent.
Generally speaking, nanoparticles with a zeta potential smaller than 10mV or larger than -10mV
can be viewed as neutral. Nanoparticles with a zeta potential larger than 30mV are considered
strongly cationic and those with less than -30mV are regarded as strongly anionic.[62] Both
strongly cationic and anionic particles usually have a high stability and dispersion in the solution

due to the strong electrostatic repulsion between the particles.

2.1.3 Self-Assembly of Nanoparticles under Electrophoresis

Induced by the uniform electric field, the charged particles in a dilute solution will experience
the electrophoretic movement due to Coulombic force and become condensed near the electrode
with opposite charge. With high density of the colloidal particles, they will start forming closely-

packed lattice structure located close to the surface of electrode[63]. The balance of
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electrokinetic force and the interparticle repulsive force is the underlying regulation of this

structure thus it can be compressed or relaxed by tuning the electric field intensity.

When there is no external field applied, the colloidal particles are at rest. They will disperse in
the solution randomly and there is no structure forming. Under electric field of certain intensity,
the balance will be collapsed, which results in electrophoresis. Charged particles will be stacking
near the oppositely charged surface with lattice structure. As the field intensity increasing, the
electrophoretic will become higher and the interparticle repulsive forces should be matched with
it. In this case, it will lead to the closer distance between charged particles so that repulsion
between them will be much stronger. Eventually, the overall structure formed will be
compressed to be denser. On the other hand, when the field intensity is decreasing, the structure
will be relaxed due to the forces balancing and canceling with each other. By doing this, we can

easily control the magnitude of the structure by changing the field intensity.

However, for the particles that are away from the electrode surface, they will also experience the
repulsive forces from the layers that are closer to the electrode, in addition to the forces
mentioned above. As described in the Figure 6[63], layers of charged particles that are far from
the electrode have an increasing larger interparticle distance since the accumulated repulsion
from the previous layers are higher. Based on this, we can see that the particle arrangements are
dependent on the distance between particle and the electrode, so that the overall formed structure
of particles under constant electric field has only short-ranged order, which can be also tuned by

simply altering the field intensity.
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Figure 6. Schematic illustration of the self-assembly of colloidal nanoparticles under electrical

field. Reproduced with permission from [63].

2.2 Amorphous Photonic Crystal

2.2.1 Structural Colour

Structural colour is a form of physical coloration that comes from the interaction of incident light
and the micro/nano structures of the materials itself, including reflection, interference and
diffraction.[64, 65] Comparing to the traditional chemical colour (pigmentation), structural color
is attracting an increasing attention as a result of being more environmentally friendly and energy
saving. In nature, structural colors are widely observed, such as butterfly wings, chameleon skin
and parrot feathers[66, 67]. The first ever scientific description of structural color can be dated
back to 1665, when British scientist Robert Hooke recorded his observation of feathers of birds
in the book of Micrographia. He found that the waterdrop will affect and destroy the color of
feathers and assumed that the alternating of air and water films increased the inverted color to the
light and therefore reduced the light intensity. Another milestone in understanding structural

color was the Maxwell’s development of electromagnetic theory in 1873 and the experimental
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research on electromagnetic wave by Hertz in 1884, which later lead to two different opinions in
the field, namely, surface color and structure color[68]. In 1895, Walter proposed that iridescent
color in nature is a result of surface reflection with pigments, and the change in color with
incident light is caused by absorbing the reflection polarization of the edge, which is also
supported by the experimental results of Michelson[69]. Later in 1917, Lord Rayleigh used the
electromagnetic theory and derived an equation of the reflection property of regular layered
medium. He pointed out that some colors of insects and butterflies come from the crystal
structure of skin and feathers, therefore the exhibited color is greatly dependent on the incident
light unlike the pigmentation. He denied “surface color” and insisted that multilayer diffraction is
the real cause of structural color[70]. Followed by many other researches by Onslow[71],
Merritt[72], Mason[73], thin film interference theory was developed and became the mainstream

doctrine to explain structural color with experimental findings under the microscope.

Recent decades have witnessed the further developments in the field of structural color. Based on
the physical interaction of incident light and micro/nano structure, the mechanism of structural
color can be classified into five categories: thin film interference, multilayer interference,

diffraction grating, light scattering and photonic bandgap[74].

Thin film interference is most common cause for structural color in nature. Due to the difference
of refraction index of the mediums, the incident light will be reflected at both upper and lower
interfaces of the thin film and the reflected light will also interfere with each other. As a result,
thin film interference will either enhance or reduce the reflected light with certain wavelength
based on the thin film thickness. Multilayer interference shares the same mechanism with thin
film interference except that the incident light is reflected much more times at different interfaces

and the reflected light will experience a phase shift at each boundary. For diffraction grating
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effect, when parallel incident light enters a multi-silt structure, diffraction will happen at every
silt and diffraction strips will be formed consequently. When the silts are ordered in one
direction, each strip will be perfectly overlapping at certain distance and the total intensity
distribution is an interference superposition of independent stripes[75]. Light scattering,
proposed first by physicist Raman in 1928, describes the propagation of the uniform incident
light in a medium that contains materials with different refractive index can lead to a non-
uniformity in light propagation[76].These impurity materials are usually particles, and they
disperse irregularly in the medium. In this case, incoherent scattering will happen, and the

reflected light can be viewed at different angles.

When two materials of different dielectric constants arrange periodically, photonic bandgap will
be formed. In this structure, light wave with certain energy will be prohibited to enter. By
adjusting the size of units in the periodic structure, it can be used for filtering light waves with
different frequency ranges. Photonic bandgap structure has been widely applied in filters,
amplifiers, and other optical communication devices. Based on the long-range periodicity of the
micro/nano structural units, photonic bandgap materials can be categorized into three types,
which are photonic crystal (PC), amorphous photonic crystal (APC), and random structure.[77]
Among them, both PC and APC as the most representative photonic bandgap materials have

received tremendous attention in recent decades.

2.2.2 Photonic Crystal

Photonic crystal is a long-range ordered structure with special translational symmetry. When
light enter this type of periodic structure, a band structure with photonic bandgap will be formed

due to Bragg’s diffraction. Photon with energy in the range of photonic bandgap will be reflected
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selectively instead of travelling inside the structure. If the wavelength of reflected light falls into

visible light range, the structure will exhibit certain color, which is the ordered structural color.

Ever since John[78] and Yablonovitch[79] proposed the concept of photonic crystal back in
1987, it has been studied and developed thoroughly. Based on their research, photonic crystal is
defined as materials of different dielectric constants periodically stacking into micro/nano optical
structure. The intrinsic characteristic of photonic crystal is the photonic bandgap in the band
structure. The spatial distribution dimension of the photonic bandgap determines the dimensions
of the scattered light. With the respect to dimensions, photonic crystal can be categorized into
three type[80]: 1-D, 2-D and 3-D photonic crystals. These structures show materials stacking in
one, two and three directions respectively so that we can control the dimensions of photon band

for the incident light.

(a) w—p

Figure 7. Examples of 1-D, 2-D, 3-D photonic crystals. Different colors represents materials with

different dielectric constants. Reproduced with permission from [80].

Methods of fabricating photonic crystal have investigated, which includes Top-Down, Down-
Top methods and template. One of the most popular method among them is the self-assembly

method, which is one type of Down-Top method. In general, the prepared and dispersed particles
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(components) in a solution can be spontaneously assemble through non-covalent interaction into
a specific ordered nanostructure. These non-covalent effects include hydrogen bonding, van der
Waals forces, electrostatic forces, hydrophilic and hydrophobic interactions, gravity, applied
magnetic or electric fields, capillary forces, and so forth. Some researchers divided these
methods into two categories according to the energy change in the assembly system, which are
static and dynamic.[81] For static self-assembly, the process takes place in a balanced
environment. Once the ordered structure is formed, it will remain stable without consuming more
energy. On the other hand, dynamic self-assembly occurs in an unbalanced environment. It
requires continuously energy supply, and the resulting structure is remains in a dynamic
changing status. Comparing these two types of methods, dynamic assembly is preferable for
practical applications including sensors and actuators and attracts more attention in the field.
Commonly used dynamic self-assembly mainly includes magnetic field self-assembly and

electric field self-assembly.

Magnetic field induced self-assembly photonic crystal structure was first proposed by J. Bibette
in 1993.[82] When exposed to external magnetic field, monodispersed Fe,O3 emulsion will form
a highly ordered structure and its color can be tuned to yellow, green, red or blue. The
experiment result show that this color change can only be observed at the direction of magnetic
field instead of any other viewing angle. The exhibited color changed with both the external field
and the diameter of the emulsion droplet. There was not enough clue for further explanation for
the phenomenon. Later in 2001, Asher et al.[83] presented a work of Fe3O4@PS nanoparticles
with highly charged surface assembling into periodic photonic crystal structure under magnetic
field. The reflection light of this structure experienced a blue shift with increasing magnetic field

intensity, and it realized the multicolor band with single particle size photonic crystal. To further
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improve the uniformity of the nanoparticles and address the interference of electrostatic
repulsion from the charges to the magnetic forces due to low magnetic permeability, researchers
have been focused on developing different material system and fabrication methods. One of the
research teams, Yin and his colleagues[14] used solvo-thermal method to synthesize MNPs and
successfully assemble them into colloidal 1D chain-like photonic crystal in the direction of

magnetic field. Their color results show high reflectivity and better optical properties.
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Figure 8. Colors of colloidal 1-D chain-like photonic crystal tuned by the external magnetic field
and the reflectance spectrum results with peaks ranging from 450nm to 750nm. Reproduced with

permission from [14].

2.2.3 Amorphous Photonic Crystal

Amorphous photonic crystal has a different structure than photonic crystal for there is no long-

ranged order but only short-ranged order of stacking. Amorphous photonic crystal can be widely
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found in nature, shown in Figure 9.[77] While some bird feathers are made of photonic crystals
that exhibit iridescent colors viewing from different positions, some bird feathers have
amorphous structure that shows non-iridescent color and remains same color from varying
angles. For example, the red macaw's feather barb shows a non-iridescent blue due to its
amorphous diamond photonic crystal structure.[84] Random close-packed and spin-decomposed
structures were also found on the scales of some long-horned beetles, which showed a bright,
non-iridescent color. For many decades, many researchers hypothesised this blue color is an
result of incoherent scatterings from the air cavities[85], such as Rayleigh or Mie scattering.
However, Raman suggested that the cavities are not small compared to the wavelength of light.
And instead, he believed that interference from the surfaces of films are the reason of the
formation of blue color.[86] Later in 1970s, Dyck proposed a different hypothesis that coherent
scattering of light with certain wavelength by the fine air cavities are the cause of the angle-
independent color. [87] After 20 years, Dyck applied the electromagnetic theory of coherent light
scattering and proved the color observed color is from the constructive interference of light

through spatially distributed scattering.[88]

Since the color of amorphous photonic crystal is stable and not varying with viewing angle, it
meets the requirements of designing most applications such as colorimetric sensing, display
system and other optical devices. For these reasons, researches in this structure inspired by

nature findings received an increasing attention in recent decades[89].
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Figure 9. SEM photos of amorphous crystal structures in different birds’ feathers. Reproduced

with permission from [77].

Amorphous photonic crystal can be viewed as a defective structure of photonic crystal with low
order of lattice arrangement. These defects have a random distribution in the structure which
breaks the long-range order. In order to study this random close-packing model(RCP)
theoretically, Dong et al.[90] used a finite-difference time-domain(FDTD) spectral method[91]
run a simulation on the model RCP photonic structures generated by rate-dependent densification
algorithm[92]. The RCP photonic structure was built as a cubic supercell of (14.9d)° (d is the
particle diameter) which contains 4000 nanoparticles spheres. They calculated the photon density
of states (PDOS) of the RCP structure as a function of reduced frequency d/A, shown in Figure
10, where A is the wavelength in vacuum. The PDOS of a system demonstrates the number of
photonic states available at each frequency. As shown in the result, two notable dips appear in
the PDOS. However, unlike the photonic gaps in conventional photonic crystal structure, which
show zero in the PDOS, the photonic pseudogaps here in amorphous structure have nonzero
PDOS. In addition, as a consequence of the random distribution and non-orientation of the units
in amorphous crystal, the photonic pseudogap is therefore isotropic and light will be scatter
equally in all directions. In another study, optical properties of a Si-rod-connected APC with an

amorphous-diamond symmetry were studied using similar method[93]. Besides the pseudogaps,
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the existence of a photonic bandgap (PBG) with zero PDOS is revealed upon increasing the
refractive index contrast. The transition from pseudogap to PBG confirmed that the long-range

order is not a necessary factor for PBGs to form.
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Figure 10. (a) PDOS of the RCP structure as a function of reduced frequency d/A. Two dips are
shown where pseudogaps are located. Reproduced with permission from [90]. (b) The transition
from pseudogap to PBG with increasing the refractive index contrast of the materials.

Reproduced with permission from [93].

There are generally three types of fabrication methods for building amorphous photonic crystal
structure: colloidal self-assembly, template, and phase separation. Being the most popular
method of these three, self-assembly in amorphous photonic crystal synthesis shares the same

general procedures with the one previously discussed for traditional photonic crystal. J.D. Forster
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used the solution containing two different polymeric nanoparticles and spin-coating it onto a
glass surface.[94] In their approach, they mixed the PS nanoparticles of 226nm and 271nm in the
emulsion and fabricated a blue thin film. With evidence of SEM photos, it is clear that the
particles are stacking in an approximately random order. Therefore, the color from the thin film
is non-iridescent. Another approach from Takeoka[65] used two monodispersed SiO» particles
with different diameters and self-assembled them into amorphous structure to obtain the angle-
independent structural color material. Furthermore, the color can be tuned by adding different
ratios of two particles. Regarding to controlling the self-assemble process more precisely, Lee et
al.[95] applied an external electric field to control the Fe;04@Si02 MNPs movement. The
amorphous photonic crystal structure with angle-independent and fast-response structural color is

formed and it can achieve full-color display by tuning the field intensity.
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Chapter 3. Colorimetric Voltmeter Using Colloidal
Fe;04@Si0; Nanoparticles as an Overpotential Alarm

System for Zinc-air Battery

3.1 Introduction

Photonic crystals (PCs), wherein microstructure regulates the diffraction of light to produce a
specific colour, draw increasing attention as a platform for colorimetric sensing.[96, 97]
Conventional PCs exhibit long-ranged structural periodicity, which leads to multiple Bragg
scatterings that results in a photonic band gap (PBG). Consequently, the display of colour of the
conventional PCs is iridescent, which means that the colour varies with respect to the viewing
angle.[98] Such unique property has been utilized in many applications from photonics to
optoelectronics.[14, 99, 100] Recently, amorphous photonic crystals (APCs), wherein the
microstructure has some degree of short-range order but lacks long-range periodicity, receive
special attention.[77] Unlike conventional PCs, APCs display non-iridescence as the result of
coherent light scattering of its isotropic structure.[101, 102] In case of colloidal assembly of
nanoparticles (NPs), APCs are when the interparticle distance matches the length scale of the
wavelength of visible light, whereas the tuning the interparticle distance modulates its
colour.[95] The absence of iridescence renders APCs to have merits over PCs in applications

such as displays and colorimetric sensors.

For sensor and display applications, APCs require an ability to modulate colour with respect to

external stimuli.[103] A colloidal solution of Fe3O4 NPs with electrostatically charged surface
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are shown to be the one of suitable candidates owing to their tunable self-assembly to balance
magnetic dipole attraction with electrostatic repulsion.[13] However, the high surface energy
(>100 dyn/cm) of Fe304 NPs requires unrealistic amount of specific surface area and
magnetization to prevent aggregation between NPs in water and organic solvents.[104, 105] To
address this problem, Fe3O4 core covered with amorphous SiO; shell (Fe304@Si0-) has been
suggested, whereas SiO> shell provides a facile solution for controlling the NP size, achieving
surface uniformity, and stabilizing the dispersion in the colloid. In alkaline solutions, the surface
of the Si0: shell is negatively charged.[95] Based on the balance of electrophoretic movement
and the electrostatic repulsion between the nanoparticles, a tunable APC structure can be formed

under variable electrical field.

For the formation of SiO> shell, Stober method, in which silica is formed through alkaline
hydrolysis of tetraethyl orthosilicate (TEOS) in ethanol/water mixture, is commonly used.[106]
Before the shell formation, the Fe3O4 core requires a stabilization step in ethanol/water mixture
to prevent their aggregation in the precursor solution.[107] Various surfactants were used in the
stabilization of the Fe3O4 core.[108-110] Among the surfactants, trisodium citrate were proven to
enhance dispersion by introducing the electrostatic repulsion between the NPs due to di-carboxyl

groups that provide negative charges in alkaline solution.[105, 111]

Electrically responsive PCs have shown promises for full-color electrophoretic display
applications.[112] For such application, PCs are required to have high electrophoretic mobility,
NP size monodispersity, and high optical contrast and low voltage response.[113] Various NPs,
including a random copolymer of poly(methylmethacrylate-co-styrene) [114], TiO2-coated
silica[115], and TiO2[116], were conducted for this application. However, there are still

remaining challenges to overcome such as limited visibility and controllability of the reflected

29



colour. Fe;04@Si0O> was chosen to overcome these hurdles since it has high optical contrast
(Fe304 has the refractive index of 2.42) and controllable sizes.[95, 117] Compared to neat SiO>
NPs, the incorporation of Fe3O4 core is shown to be effective in enhancing the electrophoretic
mobility and colloidal stability of the core@shell NPs.!° Such merits in electrophoretic displays

are directly relevant to colorimetric sensor applications.

In the pursuit of developing novel solid-state batteries in academic setup, aging of batteries, often
due to catalyst failures, is one of the most outspoken challenges.[118-120] An intuitively
perceivable real-time monitoring system for such battery failure can be greatly helpful. There has
been numerous alarming methods available in market since last century, but they usually require
complicated electrical circuits.[121, 122] A simple alternative is by using LED indicators, but
these LED enable digital mode operation (i.e. binary on/off status) whether the battery output is
above or below a pre-set threshold voltage.[123] For continual monitoring of battery output
degradation, however, an analogue operation (i.e., continuous colorimetric modulation) may be
more effective in certain applications. Here, we propose that electrically responsive APCs can
provide a real-time battery performance monitoring system at a minimal parasitic energy

consumption.

In this chapter, we report a colloidal APC with electrically tunable and non-iridescent color
display as an aging indicator for solid-state zinc-air battery. Here, Fe304@Si102 NPs were
dispersed in polycarbonate solution, whereas Fe3O4 cores were solvothermally synthesized and
then their surfaces were modified by citrate, followed by SiO> shell coated by Stober method to
achieve a stable colloidal APC. We then fabricated a voltage colorimetric device where the NP
solution was injected into the gap between two indium tin oxide (ITO) plates, and then connected

to a solid zin-air battery. As a result, we could monitor the real-time voltage output information
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of the zinc-air battery, including discharging, charging, overcharging and aging-induced
degradation, by analyzing the color display of our APC. In this way, we demonstrated the
tunable optical property of APC can find a promising application in monitoring battery

performance in real-time.

3.2 Materials

Sodium citrate (Na3Cit, dihydrate) and 95% denatured ethyl alcohol was purchased from Fisher
Scientific. Sodium acetate (anhydrous, >99%), ethylene glycol (anhydrous, 99.8%), propylene
carbonate (anhydrous, 99.7%), ammonium hydroxide solution (28.0%-30.0% NHj3 basis),
tetraethyl orthosilicate (99.999% trace metals basis) were purchased from Sigma Aldrich and
were used without further purification. Iron (III) chloride hexahydrate (FeCls-6H2O, bulk, 97%)
was also purchased from Sigma and was grinded into powder only prior to experiments to

prevent hydrolysis in the air.

Indium tin oxide coated glass slide (8-12 Q /sq) was purchased from Sigma Aldrich and used for
device fabrication. Polyvinyl alcohol (PVA) (molecular weight: 146,000~186,000), Zinc sheet,
potassium hydroxide (>85% KOH basis), platinum, ruthenium, carbon paper and copper sheet
were purchased from Sigma Aldrich to fabrication the solid-state zinc-air battery with

polyelectrolyte.

3.3 Methods

3.3.1 Experimental Methods
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Fe3;04 @SiO> Nanoparticles Synthesis. Fe3O4 was synthesized based on solvothermal
method.0.318g of sodium citrate was first dissolved in 20ml of ethylene glycol and mixed
thorough in the sonicator. This solution A was then heated at 50°C with constant magnetic
stirring for 20min. The solution B containing 0.819g of FeCl3-6H,0 dissolved in 10ml ethylene
glycol was then transferred and mixed with solution A. After that, 1.5g of sodium acetate was
introduced into the solution, followed by 1.5ml of DI water. The mixture was then transferred
into an autoclave and heated in the oven for 10h at 200°C. The chemical reaction of the

formation of Fe3O4 are proposed as below:

NaOAC + H,O — Na“ + OH™

Fe’" + 3 OH— Fe(OH)3

2 CH3CHO + 2 Fe(OH); — CH3;COCOCH;3 + 2 Fe(OH): + 2 H2O
Fe’" + cit®” — Fe?” — Fe(OH),

2 Fe(OH); + Fe(OH), — Fe304 + 4 H20

SiO2 coating process was conducted based on the Stober method.[106] After purifying the
nanoparticles with ethanol and DI water sequentially, a quarter of the product (50mg) was
dissolved in 6ml DI water and 40 ml ethanol. 2ml of 14% ammonium hydroxide solution was
introduced into the mixture and then transferred into a flask. At 90°C water bath, 200ul of TEOS
was added into the mixture slowly (100 pl each time at a 20 min interval) with stirring at
600rpm for 40min. The product is collected afterwards and washed with ethanol and DI water for

three times each. The schematics of the synthesis is shown in Figure 11a.
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Figure 11. (a) A schematics of synthesis procedure of Fe3O4@SiO, nanoparticles. (b) Schematic
illustration of the working mechanism of our colloidal amorphous photonic crystals (APCs) as a

battery performance indicator.

Battery Performance Indicator Device Fabrication. The Fe;04@Si02 NPs was dried overnight
in the oven at 60°C. Then the product was dissolved into propylene carbonate with the weight

ratio of 0.15:0.85 and mixed well in bath sonicator for 2h to create a colloidal APC solution.

Two ITO-coated glass slides were cleaned with acetone, DI water and ethanol in a sequence.
After drying, two strips of double-sided tape were placed between two slides to create a gap of
100 um. The colloidal APC solution was then injected into the gap. With respect to the applied
voltage between the glass slides, the color of the device was modulated. The schematics of the

device under operation is shown in Figure 11b.

Zinc-Air Battery Fabrication. Zinc-air batteries are generally composed of three parts; pure zinc
metal as the anode, an air electrode as the cathode, which is divided into a gas diffusion layer
(GDL) and a catalytic active layer, and a layer of polyelectrolyte as the separator, as shown in

Figure 12a[124]. Oxygen from the atmosphere diffuses into the porous carbon electrode under

33



the difference of pressures of oxygen between the outside and inside of the battery cell, and then
the catalyst facilitates the reduction of oxygen to hydroxyl ions in the alkaline electrolyte with
electrons generated from the oxidation of zinc metal as the anode reaction. Generated hydroxyl
ions migrate from the air cathode to the zinc anode to complete the cell reaction. Both oxygen
evolution reaction (OER) during the charging process and the oxygen reduction reaction (ORR)

during the discharging process will take place at the air cathode.

In order to facilitate these two reactions, two highly active and robust oxygen electrocatalysts
were selected, which are platinum(Pt) for ORR[125] and ruthenium(Ru) for OER[125, 126] .
Porous carbon paper is chosen as the material for the gas diffusion layer(GDL) since it allows air
to permeate. PVA-KOH gel was chosen as a popular solid electrolyte since it is proven to
provide enhanced conductivity and desirable mechanical robustness as a result of the low

crystallinity and high degree of water retention.[127]
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Figure 12. (a) Zinc-Air battery working principle and reactions on each electrodes. Reproduced

with permission from [124]. (b) Battery Encapsulation Acrylic Mold Specification.
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Air Cathode Preparation. Pt/Ru catalyst ink was prepared and sprayed onto the GDL substrate.
The ink consisted of 50 mg of Pt/Ru/C powder (40% Pt and 20% Ru, Alfa Aesar), dispersed in

2.0 mL of DI water, 0.1 mL of 5 wt% Nafion (D-521), 1.0 mL of isopropanol and 0.2 mL of 10
wt% polytetrafluoroethylene (PTFE) (DISP30). The mass loading of Pt/Ru/C ink on the GDL

substrate was around 0.6 mg cm 2 after drying in a furnace at 300°C for 30 min.

PVA-KOH Electrolyte Preparation. The high molecular weight PVA (molecular weight:
146,000~186,000) was dissolved in the distilled water (10%) at 80°C and mixed for 3h. The
sample was then exposed to low temperature at -20 °C overnight and then three more cycles of
thawing for 2 h at 25 °C and freezing for 2h at-20 °C to let them crosslink. After the freeze-
thawing process, the sample was cut into small piece (L=0.1cm, S=0.9cm?) and immersed into

30 mL KOH solution of 6M at room temperature overnight.

Battery and Monitoring Device Assembly. A piece of zinc metal sheet, PVA-KOH gel and
carbon paper with catalysts were assembled layer by layer and fully encapsulated vertically in
the acrylic mold made by laser-cutting, which specifications are shown in Figure 12b. Two
copper strips were used as the connectors to link the ITO glass slides of the indicator device to
the two electrodes of battery respectively. In this way, the indicator device was parallel to the
battery in the circuit for real-time measurement of the voltage. With encapsulation of this mold,
polyelectrolyte can have a longer life span and each components of the battery as well as the
connectors can be in full contact with each other to ensure the battery performance being sensed

by the monitoring device.
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3.3.2 Characterization Methods

Both Fe3O4 nanoparticles and Fe;04@Si02 nanoparticles were characterized and compared with
scanning electron microscopy (Zeiss Sigma (Gemie) Field Emission - Scanning Electron
Microscope (FE-SEM) images and x-ray diffraction (Rigaku Ultima IV XRD) results. Dynamic
Light Scattering and Zeta Potential were conducted for both nanoparticles by using Zeta-sizer
(Zetasizer Nano S90, Malvern Panalytical). The colorimetric response of the colloidal APC
indicator device was monitored under a regulated DC current (E3630A, Agilent) is directly
visible and its quantification was done by image processing from a digital camera (A6000,
SONY). Charge-Discharge test and rate test was done using a potentiostat (PGSTAT302N,

Autolab, Metrohm).

3.4 Results and Discussion

3.4.1 Material Characterization

SEM images of the fabricated Fe3;O4 and Fe3;04@Si02 NPs are shown in Figure 13a. For Fe3O4
NPs, it is visible that the surface is very rough with bulges of nanocrystals that aggregated. For
Fe;04@Si02 NPs, on the other hand, the surface is significantly smoother. The average particle
size is increased with SiO2 shell layer, as also can be confirmed by dynamic light scattering (Fig
13b). The average diameter of the Fe3O4 NPs is measured to be 79.2nm with a broad size
distribution, whereas Fe;04@Si02 NPs show a significantly narrower size distribution with an
increased average diameter of 91.2nm. The PDI (polydispersity index) value for Fe3O4 and

Fe304@Si0; are 0.203 and 0.174 respectively. The zeta potential of Fe3O4 and Fe3O4@SiO- (Fig

36



13¢) are measured to be -40.4mV and -56.1mV respectively. Zeta potential (§) is measured as
the potential difference between the slipping plane in the Diffuse Double Layer Model and the
dispersion medium.[57] The higher the zeta potential is, the stronger the repulsion between
adjacent particles will be, which therefore results in higher stability of the whole system.
Generally, a specific value of zeta potential higher than 30mV or lower than -30mV can be
recognized as an electrostatically stabilized system.[128] These results support our hypothesis
that including SiO> shell brings surface charges that leads to dispersion stability in the colloidal

system.

From the XRD pattern of Fe3O4 NPs in Figure 2d, the peaks at 26 values of 30.1°, 35.5°, 43.1°,
57.0°, 62.6° are indexed as the diffractions of [22 0],[311],[400],[422],[511],[440]
planes, respectively, of the cubic spinel Fe3O4 (JCPDS PDF#88-0866). The reflection angles and
relative intensities of the XRD peaks of our Fe;04@SiO2 NPs are mostly identical to that of
Fe30411291. Comparison between the peaks from Fe3O4 and Fe3O4@SiO- assures that there is no

additional peak since the SiO; shell formed by Stober method is amorphous.
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Figure 13. (a) SEM image of Fe3O4 (above) and Fe304@SiO> nanoparticles (below).

Comparisons of (b) zeta-potential, (c) Dynamic light scattering results, and (d) XRD patterns of

Fe;04 and Fe304@Si0x.

3.4.2 Voltmeter Device Application
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Figure 14. (a) Colorimetric displays of the colloidal APC device under various voltages. (b) Hue-
Voltage calibration curve of nanoparticle device. (¢) Schematic Illustration of the angle-
dependence measurement. (d) Angle dependence on hue of the nanoparticle device’s colour

display.

Figure 14a shows digital camera images of the colloidal APC device displaying ranges of colour
under applied voltages. The applied electric field varied from 0 to 400 V/cm with the interval of
25 V/em. Colour changes are distinguishable to naked eyes. Quantitative analysis of the
colorimetric response can be done by extracting color parameters from the digital images. The
most well-known color parameter is RGB (red-green-blue) function, where a given colour is
described as mixture of the three primary colours of light. However, in case of colloidal APC
device, where the wavelength of the light is modulated over a large range, hue-saturation-value
(HSV) color function is preferred because the color information is stored in a single parameter of
the hue.[130-133] The lighting conditions may affect the saturation and value but not hue. This
makes hue in HSV color function a reliable parameter for quantitative characterization the

colorimetric response of the device.

We connected our device to a DC power source and recorded the colorimetric response of the
colloidal APC device under applied voltages between 0 and 4 V. Hue values were extracted from
five sets of images using MATLAB and plotted verse voltages (Figure 14b). The average values
are plotted with red solid dots. The colorimetric response times of our device to voltage change
are typically within 50ms and 170 ms for on-switching and off-switching respectively, in

accordance with a previous report.[95] Under operating conditions of the colloidal APC device,
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the NPs form a short-range ordered structure in the solvent as a result of balancing the magnetic
dipole attraction, electrostatic repulsion between charged surfaces, and the externally applied
electric field. The movement of the charged NPs under electrophoretic force will lead to a
formation of densified structure near the interface on the positive electrode. For particles that are
relatively far from the interface, the force that they sense is much lower due to shielding from the
opposite charges of the NPs at the electrode interface and therefore the structure built is less
compact with increasing distance to the positive electrode[63]. Therefore, an amorphous
photonic crystal structure with only short-ranged color is formed and the photonic color
displayed is angle-independent. When applied electric field increases, the average distance
between the NPs becomes shorter, leading to a blue-shift in the colorimetric response, as our
results shows a transition from red to green (i.e., an increase in hue value) as applied voltage

Increases.

In order to characterize the property of amorphous photonic crystals, we carried a hue-angle
dependence measurement outlined in the schematics in Figure 3c. We took digital photos of the
sample device operating under 2V and 3V respectively at different viewing angle ranging from
30° to 150°. After extracting the hue parameter using the same method as mentioned above and
plot the data points with viewing angle (Figure 3d), we found out that the hue parameter
remained steady with changing angles, at hue= 57°(+7°) and 163°(12°) respectively, which
proved that the color is stable and independent from viewing directions. The angle-independent
color is unique for amorphous photonic crystal structures and it provides reliable information for

the device applications.

Here, one may wonder how an amorphous structure without long-range order displays specific

colour in a deterministic manner with respect to applied external voltage. The structural color of
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crystalline PC comes from the existence of PBG. APC can be viewed as a PC with an extreme
content of defects. A computation model of random close-packing model (RCP) with a finite-
difference time-domain (FDTD) spectral method shed light to understand the origin of colour in
APC[134]. A photon density of states (PDOS) calculation of APC by Dong et al. has shown two
notable dips appear in the PDOS at certain frequency, which is then referred as pseudogaps[90].
Unlike the PBGs in PC structure that show zero PDOS, the photonic pseudogaps in APC have
nonzero PDOS. In addition, the photonic pseudogap lacks directionality as a consequence of the
amorphous nature. When there is a stark contrast in refractive index in APC, the pseudogap may
even have zero PDOS, which can be considered as PBG[93]. In other words, crystallinity with a

long-range order is not a necessary factor for PBGs to form.

It is noticeable that the colorimetric response of the colloidal APC device shift from red (1.0V)
to orange (1.5V), to green (2.0V) and then to dark olive green (2.5V). The potential range falls
perfectly into the normal operational conditions a zinc-air battery[135, 136]. Eventually, the
device will turn nearly into black at 4V, at which the average hue is 305°. The colour shift is

fully reversible.
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Figure 15. (a) (left) Schematic illustration of battery and the APC device configurations and
(right) the image of the actual battery and device. (b) Charge-discharge curves with
overcharging, aging situations with colorimetric indication by the colloidal APC device. (c)
Charge-discharge curves for battery without (red) and with (black) the colloidal APC device

attached.

A custom-made jig to evaluate the performance of zinc-air battery with our colloidal APC device
was fabricated (Figure 15a). Using the setup, cycling tests of the battery were conducted through
a galvanostatic method with 12 min per cycle by the potentiostat. The zinc-air battery was
charged and discharged at 5 mA cm2 for 5 minutes each cycle and the circuit was kept open for

1 min between steps. A total of 40 cycles was done on the battery. In order to create a scenario of

overcharging, 20mA c¢cm 2 was used in some cycles, as shown in Figure 15b. Overcharging
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happens when there is not enough Zn(OH)4>" to consume when charging, usually induced by

charging for an over long time or extra higher current.

A real-time operation example shown in Figure 15b exhibits four different stage that a zinc-air
battery may undergo: discharging, charging, overcharging and aging (towards eventual death).
Before aging, the APC device displays orange (Hue: 30.1°) and light green (Hue: 85.3°) during
discharging and charging conditions, respectively. Under abnormal operations, the APC device
will alarm users by showing dark blue (Hue: 149.6°) to warn about overcharging. When the
device is nearing its death, the APC device will show black colour (Hue: 246°) to indicate
extreme overcharging. In short, our colloidal APC device can effectively indicate the condition

of zinc-air battery.

In order to test whether there is any adverse effect to zinc-air battery performance, we also
examined the influence of attaching the colloidal APC device. The cyclic tests were set up as 8
min each for charging and discharging at 5 mA c¢cm 2 per cycle, with the interval of 2 min
between steps and a total of 30 cycles was performed. Since the device is simply made of two
small ITO plates and a dielectric colloid in between, it can be viewed as a small capacitor with
measured capacitance of ~350 pF, which is not likely to cause any parasitic power consumption
under DC operation condition. In other words, our colorimetric voltmeter will not add a
significant “burden” to the battery. As shown in Figure 15¢, essentially identical charge-

discharge curves of zinc-air battery with and without attached device supports this argument.

3.5 Conclusion
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In summary, we have demonstrated a colorimetric voltmeter as an overpotential alarming device
for zinc-air battery using the self-assembled Fe3;04@Si0O2 nanoparticles induced by electrical
field. With the coating shell layer of Si0,, the MNPs disperse and stabilize better in
polycarbonate solution due to the repulsion forces. Under voltage from 1.0V to 2.5V, which is
also the working voltage range for zinc-air battery, the nanoparticle device showed discernible
color changes from red to dark blue. We also proved that our nanoparticle device system is
composed of amorphous photonic crystal, which exhibits angle-independent colors by the hue-
angle dependence measurement. When attached to a working battery, the device indicates four
battery behaviour with a simple connection by copper tape, including discharging, charging,
overcharging and aging. Without difficult and equipment-based electrical measurements, this

device shows considerable potential application in battery behaviour monitoring.
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Chapter 4. Recent Progress in Magnetic Hydrogels

4.1 Strategies to Disperse Magnetic Nanoparticles in
Hydrogels

Magnetic hydrogel is an inorganic and organic composite. Its dimension can be modulated by
external magnetic field. Typically, it is composed of the polymer network and magnetic
nanomaterials. Common magnetic materials including iron (Fe3Os, r-Fe203), cobalt, nickel,
manganese and their alloys, oxides, permanent magnet materials (rare earth minerals) are used
widely, among which Fe;O4 magnetic powder or magnetic fluid are the most popular choices for
magnetic hydrogels.[137, 138] Polymer networks for hydrogels can be divided into three
categories, which are synthetic hydrogels, semi-synthetic hydrogels and natural hydrogels.
Natural polymers are extracted from natural sources including plants, humans and animals. They
can be further classified based on the composition into proteins (such as collagen, gelatin, silk,
etc.), polysaccharides (such as alginates, agarose, chitosan, etc.)[139]. Synthetic polymers are
produced by human deriving from the petroleum oil, such as poly(glycolic acid) (PGA),
poly(lactic acid) (PLA) and their co-polymers poly(lactide-co-glycolide), polycaprolactone
(PCL), poly(propylene fumarate), polyethylene glycol (PEG) and polyurethane. Semi-synthetic

hydrogels are blended by synthetic artificial polymers and natural polysaccharides.

Magnetic hydrogels are attracting increasingly attention in the many academic fields due to its
unique properties in biocompatibility, biodegradability and magnetic responsiveness, etc. These
properties are greatly dependent on the hydrogel materials, size of the MNPs, and their

distribution in the hydrogel networks, as well as preparation conditions. Based on the
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combination of the nanoparticles and the hydrogel networks, the synthesis methods of magnetic
hydrogels can be categorized into three types: blending, in situ precipitation and grafting-onto

methods, as shown in Figure 16.[138]
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Figure 16. Strategies to disperse MNPs in hydrogels: (a) blending method; (b) in-situ

precipitation method; (c) grafting-onto method. Reproduced with permission from [138].

4.1.1 Blending Method

Blending Method, also known as physical doping, is the process of mixing the prepared MNPs
and the hydrogel monomers (or polymer precursors) solution at certain ratio. During the
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crosslinking step, the MNPs will be encapsulated in the three-dimensional network structure of
the hydrogels. The outline of the preparation process is described in Figure 16a. Blending
method is so far the most popular method for its advantages in simple reaction conditions and
easy operations since it separate the process of fabrication and encapsulation of MNPs, which
also enables researchers to blend the MNPs with a wide range of particle diameters from
nanometers to micrometers. However, challenges remain in controlling the distribution and
dispersion of the MNPs in the hydrogel structures. In addition, the MNPs dispersed in the
network are easily diffused into the solution because of the lack of strong bonding between the
MNPs and the hydrogel network, which negatively affects the structural stability of the magnetic
hydrogel. Tong et al.[140] in 2010 published a work in poly(N-isopropylarcylamide)
(PNIPAAm)/Fe304 magnetic hydrogels using the blending method, where they used suspension
polymerization to fabricate the magnetic hollow microcapsules and core-shell hydrogel beads. In
another work, Ahmad et al.[141] mixed Fe304/Si02 nanocomposite particles with a temperature-
responsive hydrogel precursor microemulsion, and prepared the magnetic hydrogel microspheres
by physical doping. The analysis of its morphological structure, size distribution and volume
phase transition showed that the composite hydrogel has a core-shell structure and the magnetic
particles are located at the center. It has been found that the composite hydrogel has both
temperature responsiveness and magnetic responsiveness, which leads to a promising future of
the material to be used in biological separation, drug carriers and other fields. Toth et al. [142]
modified the surface of magnetic particles (MNPs) with biocompatible chondroitin-A (CSA) to
obtain CSA-encapsulated MNPs (CSA@MNPs), which were introduced into hyaluronic acid by

physical doping. Rheology studies have shown that the presence of the CSA@MNPs component
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does not affect the rheology of the hydrogel. The hydrogel can be applied to biomedical

preparations for intra-articular injection for the treatment of osteoarthritis.
4.1.2 In situ Precipitation Method

The in situ precipitation method uses a pre-prepared hydrogel as a reactor, and by swelling in an
aqueous solution of iron salt so that Fe?>" and Fe*" can diffuse into the three-dimensional network
structure. After adding the precipitant, the Fe3O4 nanoparticles are formed in the hydrogel
network, as shown in Fig 16b. The Fe3O4 nanoparticles prepared by this method are uniformly
dispersed and large amount of MNPs can be introduced into the matrix. On the other hand, this
method is only suitable for specific hydrogels that has good stability of the hydrogels under basic
condition or the network could be destroyed by alkali solution. Furthermore, due to the use of
alkali solution, the application of the magnetic hydrogels prepared by this method is limited in
certain biological areas such as cell encapsulation. Zhao et al.[143] blended O-acetyl-
galactoglucomannan (AcGGM), crosslinker (epichlorohydrin) with Fe**, Fe**. Under 60°C,
reactions of crosslinking and fabrication of Fe;O4 take place in the alkaline solution
simultaneously. They successfully prepared the hemicellulose-based hydrogels (MFRHHs) with
magnetic responsiveness by in-situ formation of Fe3O4 nanoparticles. In their results, magnetic
property characterization showed that the magnetic hemicellulose hydrogel has good magnetic
sensitivity, and the magnetization increases in tandem with the increase of the content of the
MNPs. Further observation by scanning electron microscopy revealed that MFRHHs had a
uniform macroporous structure, and agglomerates of Fe;O4 nanoparticles adhered to the pore

walls.

4.1.3 Grafting-onto Method
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The grafting-onto method is also a commonly used method for preparing magnetic hydrogels.
Different from the former two methods, the method crosslinks the modified MNPs as a
crosslinking agent with the polymer precursor by grafting a reactive group which can further
chemically react on the surface of MNPs. The preparation process thereof is shown in Figure
16¢. The magnetic hydrogel prepared using this method has covalent bonds between the MNPs
and the hydrogel network, which results in an excellent stability of the whole system. Jiang et
al.[144] prepared an attapulgite/fly ash/polyacrylic acid (ATP/FA/PAA) ternary magnetic
nanocomposite hydrogel by introducing acrylic modified stevenite nanorods (org-ATP) onto the
inorganic framework as crosslinkers and strengthening agents. The grafting rate of the hydrogel
obtained under different experimental conditions was tested. The results showed that 95% of the
monomers in the best magnetic hydrogel had been grafted onto the inorganic material and had
high mechanical stability and magnetism. The hydrogel exhibits good selective adsorption of
Pb?*, and the adsorbed ions can be completely desorbed with aqueous hydrochloric acid. These
characteristics make the material have great potential for Pb*>" contamination in water treatment
studies. Messing[145] and his team modified the surface of CoFe.O4 MNPs with silicone-based
unsaturated methacrylic acid, and used it as a cross-linking agent to covalently bond with
polyacrylamide (PAAm) to prepare magnetic hydrogel. The research team proposed the
structural model of the magnetic hydrogel based on the experimental results, in which CoFe2O4
MNPs act as junction points in the gel network, and these MNPs are connected by a long PAAm
polymer segment. The connection point structures in the hydrogel network can be clearly

observed by transmission electron microscopy (TEM).
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4.2 Traditional Applications of Magnetic Hydrogels

4.2.1 Drug Delivery

Due to the good swelling ratio of three-dimensional network structure, magnetic hydrogels can
expand or contract in volume when stimulated by an applied magnetic field, which results in a
different releasing rate and releasing amount of drug with hydrophobic or hydrophilic properties.
In addition, an applied external magnetic field of certain intensity can change the fluidity of the
drug-loaded hydrogel and gradually move the drug to the lesion area, so that the drug will gather
at the target site. This will ensure that the drug functions only in a certain place and reduce the
negative toxic side effects of the drug, while increasing the local drug concentration and
therefore enhance the effects at the targeted area. Chen ef al.[146] mixed the polyethylene glycol
hydrogel and Fe;O4 magnetic particles and went through a couple of freeze-drying cycles to form
a smart magnetic hydrogel. When a DC electromagnetic field is present outside, the drug gathers

around the hydrogel and the targeting process is completed.

There are generally two types of mechanism to control the drug releasing process. The first one
is by controlling the magnetic moments under a static field with nanoparticle aggregating inside
the hydrogel. In the same paper, Chen et al.[146] synthesized a PVA gel containing Fe3Oa4. In the
absence of external field, the magnetic moments of the nanoparticles are non-oriented and the
drug release happens slowly by normal diffusion only. With the applied static magnetic field, the
particles will aggregate inside the gel and it leads to a bulk magnetic moment. At this time, the
pores of the hydrogels are “close” and the drug release rate is dramatically decreased. The
second method involves the magnetothermal effect of the nanoparticles. Hydrogels that are

thermal sensitive being used in the system can be heated up by the MNPs exposed to a high
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frequency oscillating field. The heat comes from the hysteresis of the nanoparticles. In the work
by Hilt et al.[147], temperature-responsive hydrogels, poly (N-isopropylacrylamide), were used
with Fe3O4 embedded. Once exposed to the pulses of high frequency alternating magnetic field,
the heat created will transfer to the hydrogels and leads to the phase transition with temperature
higher than the lower critical solution temperature (LCST). The hydrogel will therefore collapse,
leading to rapid drug releasing rate. The method can be further used in creating a drug reservoir
with larger control range over the releasing rate. Hoare et al.[148] fabricated a drug reservoir
based on ethylcellulose containing a great amount of drug and thermoresponsive nanogels.
Outlined in Figure 17b, the drug releasing rate is relatively low with the absence of external
magnetic field. When exposed to an alternating magnetic field, the thermoreponsive nanogels is
heated, which leads to a phase transition of the nanogels. It further results in the volume
contraction of the gels and the drug releasing rate is therefore increased significantly. This
approach shine light into designing drug reservoir with controllable rate over at least 2 orders of

magnitude (0.1-10 pg/h).
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Figure 17. Controlled drug release by magnetic hydrogels. (a) Mechanism 1: Pore closure upon
the presence of oscillating magnetic field Reproduced with permission from[146]. (b)
Mechanism 2: Pores open with the presence of magnetic field controlled by the phase transition

of hydrogels. Reproduced with permission from [148].

4.2.2 Enzyme Immobilization, Cell and Protein Separation

Enzyme is a biological protein catalyst. With magnetic hydrogels encapsulating the enzymes, the
movement of enzymes can be controlled via tuning the external field by controlling the gels. And
therefore it will improve the catalytic efficiency while maintaining the activity and stability of
the enzyme. Enzyme stabilization is usually realized by covalent bonding between the hydrogel
network chains or MNPs and the proteins. The magnetic hydrogel system can have more than
one interaction connects with enzyme. It will help to improve the thermal stability of the enzyme

and restrict the protein molecule movement upon heating.[138]

After modifying biologically active adsorbents or other ligands on the surface of the magnetic
hydrogel, they can be specifically combined with a specified cell or protein. Under the applied
magnetic field, the hydrogel can separate, classify the cells or isolate the proteins for later

analysis based on their types efficiently.

4.2.3 Detection and Purification of Microorganisms and Organics in Wastewater

Magnetic hydrogels can significantly improve the complex and time-consuming detection
methods of traditional pretreatment solution samples by applying their ability of adsorbing

detected substance or harmful organic substance. In this way, target microorganisms can be
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quickly separated under magnetic field with a high and stable adsorption rate. The phenomenon
can be both useful in content detection of the sample solution and direct removal of
microorganism or organic substance from the wastewater. Lo et al.[149] synthesized a magnetic
hydrogel. By electrostatic adsorption, ions in the solution can be moved and sedimented. The
water resource that contains natural organic matter will be effectively recycled and reused

eventually.

4.2.4 Magnetic Induced Actuation in Magnetic Hydrogels: From Small-scale Traditional

Applications to Large-scale Soft Robotics

For the traditional three applications above mentioned, the size of magnetic hydrogels samples is
relatively small (~millimetre range) [150, 151]. The actuation mechanisms cover magnetic field
guiding movement, magnetothermal effect, magnetic particles aggregation and selective

attractions for substances in these small-scale applications.

When applied in relatively large-scale soft robotics field, the length scale of magnetic hydrogels
is substantially bigger (centimeters to meters).[152, 153] The actuation here depends on either
magnetothermal effect or magnetic attraction for shape distortion, which will be discussed in the

following sections.

4.3 Magnetic Hydrogels in Soft Robotics

4.3.1 Introduction of Magnetic Hydrogels in Soft Robotics

Soft robotics have been a rapidly developing field in recent decades and researchers have

published the great amount of works focusing on designing artificial muscles and actuators that
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are sensitive to a variety of factors including thermal, light, magnetic, electric and solvent
stimuli.[ 154] Magnetically responsive hydrogels are among promising solutions in soft robotics
due to their ability for non-contact manipulation. The mechanical behaviour of the magnetic
hydrogels, including elongation, coiling, torsion, rotation or bending[154] can realized by tuning
the external field in many ways such as varying the field intensity, changing the field direction,
introducing different field gradients or alternating the field at different frequencies. Magnetic
hydrogels have combined the advantages of gel, being mechanically soft and high elasticity and
the magnetic susceptibility from the particles, which enables its functionality. The fact that it can
be controlled remotely from a relatively far distance provides possibility to interact with other
objects, such as tissues, human skin, etc. In addition, the transition of most movement can be
tuned very fast. In many researches, magnetic hydrogels showed instantaneous shape distortion
upon adding or removing the magnetic field. It happens due to the superparamagnetic property of
the MNPs especially for the ones that are smaller than 50 nm.[25] As we discussed previously, it
will lead to zero magnetization upon the removal of the external field without nearly zero
relaxation time. This will benefit to the actual robotics experiments interacting with human.
When some negative events happen, the actuators can be turned off immediately. All of these
advantages have made magnetic hydrogels as one of most significantly promising type of smart

or intelligent materials.

4.3.2 Discussions on different types of magnetic hydrogels mechanism and the future trend

Generally, two types of magnetic hydrogels actuators controlled by different magnetic fields
stimuli are studied and their responding mechanisms are different as well. Most magnetic
hydrogels are mechanically controlled by the applied magnetic fields, either homogenous or with

field gradients. For others that uses the alternating magnetic field, the controlling mechanism
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relays in the magnetothermal effect of the magnetic particles, which are used in shape memory
hydrogels heavily. Being the first one in the magnetic hydrogel field, Zrinyi and his group [155]
used the blending method to synthesize a chemically cross-linked poly(vinyl alcohol)(PVA)
hydrogel filled with magnetite nanoparticles. The shape distortion of the gel was manipulated
instantly by applying and removing external magnetic field. When placed in a homogenous field,
there is no force putting onto the magnetic particles and thus it will not change the shape of the
hydrogel. On the other hand, given a spatially non-uniform magnetic field, MNPs will sense the
strong magnetic forces, which leads to the strong interaction forces between the particles and the
polymer chains and lead to movement of the whole magnetic hydrogels as one unit. [138, 155] In
terms of the influence of the magnetic field, using similar fabrication steps but different
materials, Caykara et al.[156] reported Fe3O4 nanoparticles dispersed in poly(N-tert-
butylacrylamide-co-alkylamide) [P(NTBA-co-AAm)] hydrogel and their results show a relation
between bending angle of the actuators and the applied field intensity, as showed in Fig 18a. In
Zrinyi’s first work, except the influence of the field, they also discussed the significant effects on
the performance by varying the nanoparticle concentration (up to 8 vol.%) and the elastic
modulus of the hydrogels which can be realizing by changing the crosslinking density. Higher
sensitivity to the field is found related to the increase of particles concentration. However, the
increase of nanoparticles amount also leads to the new crosslinks created between the chains and
therefore the elasticity and the stretchability becomes worse for the system. Therefore, they
attempted to improve the performance by decreasing the crosslinker amount. Similar issues were
also found in other studies even in highly stretchable and tough magnetic hydrogel system of
alginate-coated Fe;O4 and PAAm, reported by Yang et al.[30]. They made a demonstration of

cantilever bending beam actuator and varied the content of MNPs from 1-20 wt%. Their result
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showed a maximum of compression strength of 5.6 MPa at 5 wt% doping and the mechanical
performance (stretchability and toughness) continues to lower with higher content of
nanoparticles, shown in Figure 18b. It remains a challenge to solve this problem of balancing the
magnetic field responsiveness and the mechanical properties of the hydrogels. Another approach
by Stark[157] has been proposed using different fabrication mechanism as an attempt to tackle
this challenge. Here they used the Co metal nanoparticles instead of oxides for higher saturation
magnetization and they also incorporated the nanoparticles as the crosslinkers into the polymer
backbone. They reached a 60wt% content of the metallic cobalt in the hydrogels, which can be

stretched up to 123% under magnetic field without significant mechanical property loss.
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Figure 18. (a) Bending experiment of magnetic hydrogel. Reproduced with permission from
[156]. (b) Bending process of magnetic hydrogel with different nanoparticles content under the
magnetic field. Reproduced with permission from [30]. (¢) Highly flexible metallic cobalt

hydrogels under compression. Reproduced with permission from [157].
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In the case of controlling alternating magnetic field to actuate the magnetic hydrogels by
magnetothermal effect, shape memory behaviour of the composite is controlled by tuning the
temperature to the switching temperature of the hydrogel. Lendlein group[158, 159] designed an
approach to fill the temperature-memory polymer with MNPs and fabricate a shape memory
actuators prototype. As illustrated in Figure 19a, a fixation device consisted of a hook with shape
memory and a lock were used to demonstrate the idea. They separated the heating from the
environment and the heating from the alternating magnetic field and designed different
situations, where Figure 19a-iii shows the hook going into the lock under both environmental
and magnetic heating and a-iv is the case when environment is the only heat source. The
controlling from the magnetic field can be more precise since the temperature in the materials
corresponds to a certain magnetic field intensity. In this way, the temperature-memory materials
are therefore transformed into magnetic-memory materials. In another study of Vernerey et
al.[160], a soft hydrogel crawler with remotely triggered motility was developed using a
temperature-sensitive NiPAAm hydrogel. The hydrogel can reversibly contract when heated
above the LCST and restored back to the original shape with temperature decreased. Using
similar concepts as the Lendlein group, the magnetic hydrogel crawler being put a confined box
can elongate and contract itself by switching the alternating magnetic field repeatedly, which
then results in the movement forwards and backwards. These device samples could be further
used in soft robotics or surgical applications as demonstrated by another work of Gracias et
al.[161]. In their approach, they designed a reversible self-folding pNIPAM-AAc and PPF
bilayer soft microgrippers with Fe;O3 and they proved the concept of being used in surgical

conditions by the experiment of gripping cells, shown in Figure 19b-ii.
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Figure 19. (a) Shape memory of magnetic hydrogels under different heating conditions. (i)
actuation of two different programmed samples; (i1))Working principle of the fixation device; (iii)
images of sample actuation under environmental heating with magnetic field of 20.2 kA m-1;
(iv) images of sample actuation under environmental heating only. Reproduced with permission
from [158].(b) (1) Configuration of the bilayer hydrogels; (i1) gripping cell experiment under

magnetic actuation. Reproduced with permission from [161].

Recent studies in magnetic hydrogel has also considered innovation of the fabrication methods.
Nuzzo and his group[162] designed a 3D printed hydrogel with embedded Fe;O4 MNPs to
achieve responsiveness to the external magnetic field and the overall system was described as 4D
structure. With the technique from 3D printing, they successfully attempted to vary the shape of
the hydrogels, which mimic different types of sea jelly organisms. When exposed to the external
field of 130mT m™!, the object can accelerate to 4mm s™! over a 23cm distance, demonstrating the
ability to function as an actuator. In addition, they also conducted a series of experiments
focusing on the crosslinking gradient localization in order to mimic the dynamic movement of
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the organisms. In another study, Xuanhe Zhao and his group [163] designed a submilimeter-scale
soft continuum robot, which composed of a soft polymer matrix (PDMS and TPU) with
embedded ferromagnetic particles and a layer of hydrophilic hydrogel coating. This robot has the
capability of steering and navigation responding to magnetic actuation. Their result showed the
thread-like robot being guided through a set of rings and even a life-size 3D cerebrovascular
phantom network model. This actuator will aim for clearing the blood clots in vessels, which

also further functionalized with delivering drugs or laser light to break up the blockages.

4.3.3 Magnetic Actuation in Hydrogels Verses Other Actuation Methods

The actuation of hydrogels can be controlled by many types of stimuli. Table 1 listed the
different methods of actuating hydrogels including temperature, pH, light, electric field and
magnetic field. Table 1 listed a couple of studies in these fields as well as the previously

mentioned studies on magnetic hydrogel actuators.

Hydrogels activated by temperature exhibits reversible change of solubility given different
temperatures. Most of these gels are LCST-type, which will experience phase separation (gel
collapses) upon heating over the cloud point temperature 7¢. In this way, the hydrogel will
contract and there will a decrease in volume. Other hydrogels showing reverse behavior are
based on UCST-type polymers, such as polysulfobetaines[164]. With temperature increasing,

these hydrogels will expand.

For light-responsive hydrogels, the working mechanism is similar. Since light induces heat,
theoretically, any temperature-responsive hydrogels can be activated with light as well. Light

actuation shows advantages in many areas such as non-invasive applications. However, due to
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the low energy conversion from light to heat, this activation will not be as effective as thermal

change as proven by a study of Chu et al. [165].

pH-sensitive hydrogels actuator is also based on the solubility change behavior. For
polyelectrolyte hydrogels, such as poly(acrylic acid), the charge density on the chains can be
changed reversibly given different solvent with different pH. It will result in swelling and

deswelling change so that an actuation by pH is achieved.

As for hydrogels activated by electric field, bending is the common movement which occurs
when hydrogels are placed in between two electrodes. For polyelectrolyte hydrogels, the ions
will move guided by the electric field that results in a local pH gradient.[166] Therefore, the
shrinking and swelling will happen respectively at two sides of the hydrogels and leads to the
bending. Actuation by electric field is favored for precise control, the amount of variables and

remote control.

For magnetic-induced actuators, their strengths also lie in remote control. Since the actuation
response to the field is almost instant, few reported the response time regarding the magnetically
controlled actuators. A variation of movements types including stretching and bending can be

realized. Overall, it remains great potential in the actuator world.

Table 1. List of Studies of Different Actuation Methods of Hydrogels

Active layer | Types of Activation | Maximum Actuation | Sample References
Hydrogels Stimuli Distortion Time Size

P(NIPAM- Temperature | 4°C - 40°C | Volume <ls 25mm [167]
ABP) change: 680% (diameter) *
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Smm

(thickness)
Poly(N- Temperature | 15°C - Volume 10 min ~15mm [165]
isopropylacr 45°C change: 6900% (diameter) *
ylamide)/gra Smm
phene oxide (thickness)
(PNIPAM-
GO)
Poly(N- Temperature | 28°C - Grippers fully | On the ~2mm * [168]
isopropylacr 43°C closed at one order of 2mm *
ylamide-co- side to grippers | minutes 15um
acrylic acid) fully closed at
(pNIPAM- the other side.
AAc)
PNIPAM- Light NIR light | Volume 20 min ~12mm [165]
GO (15°C - change: (diameter) *
45°C) ~3300% 4mm
(thickness)
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Poly(AAc- pH 4.00pH - Volume 1 min 10pm * [169]
co-AAm) 4.25pH change: 1.2pum *

~900% 11um
DMA- pH 7.4 pH - Radius of 120 min 20mm * [170]
containing 9.5 pH curvature: 0.30 Smm *
hydrogels £0.037 mm™! 0.7mm
(with increased to
deposited 0.41 £0.094
Fe’™) mm™!
polyampholy | Organic DI water-- | Bending angle: | >10minto | 10cm * [171]
te (PA) Solvents tetrahydrof | ~46° the 10cm *
hydrogel uran (THF) | Actuation maximum | 2.6mm

stress: state

39.1 G£18.2

kJ/m?
Graphene/gel | Electric Field | 0 - 800 Highest 15min 1.39mm [172]
atin hydrogel V/mm storage (thickness)
containing modulus
anionic response AG’
surfactant

=1.25 * 10° Pa
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Polyelectroly | Electric Field | 0-357 Bending angle: | 120s 50mmx2 | [173]
te hydrogels V/m 110° mm x 1.5
(AAm/AMP mm
S/F127DA)
Vinyl- Magnetic 0-0.53T | Stretched N/A 2cm [153]
terminated Field 123% of initial (diameter) *
nano- length 4.5cm
magnets and (length)
the 2-
hydroxyethyl
methacrylate
Fe;O4@Fe- | Magnetic NdFeB Stretched N/A 10mm [152]
alginate/poly | Field alloy 1100% of (length) *
acrylamide magnet initial length 6mm

(diameter)
NdFeB Magnetic 5to 60mT | Bending angle: | N/A 600pm [163]
particles Field generated | 90° (diameter)
embedded in by a pair of
PDMS or Helmholtz
TPU, coated coils (10cm
with diameter)
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polydimethyl
acrylamide

(PDMAA)

hydrogel

Magnetic hydrogel is rapidly developing field with a lot of promising application possibilities in
soft robotics area. Future work on this subject will be continuing improving the mechanical
properties, magnetic responsiveness and incorporations with other techniques or specialities such
as 3D printing or self-healing for better designs. Magnetic hydrogel is one of the most important
members in the soft robotics family especially when it comes to aquatic robots, and it will be

applied and benefits the whole soft robotics industry in the near future.

64



Chapter 5. Conclusion

This work attempted to develop a novel application of colloidal Fe;O4@SiO> MNPs as an
overpotential alarm device for the battery and review on the recent progress of magnetic
hydrogels applications, especially in soft robotics. For the former project, we successfully
synthesized the Fe3O4 magnetic core and coat the surface with a layer of SiO> shell to achieve an
improved performance of the nanoparticles. With investigation of the amorphous structure which
the nanoparticles assembled into under electric field, we utilized this property to further develop
it into a colorimetric voltmeter device. Furthermore, we demonstrated the application with a
zinc-air solid state battery and acquired reliable and positive results. For the second study, we
started from the different mechanisms which incorporate the MNPs with the hydrogel network.
We reviewed some popular areas that magnetic hydrogels are extensively used in, including drug
delivery, enzyme immobilization, cell and protein separation, detection and purification in
wastewater treatment. We later focused on the magnetic hydrogel applications in the soft

robotics field and discussed the challenges and future work related to this area.

Start with Chapter 1, the basic magnetism mechanism and the effects of nanoparticle size on the
property change were discussed. The outline of the studies in colloidal MNPs and magnetic
hydrogels has been proposed. Current fabrication methods of MNPs, specifically Fe;O4, were
reviewed and a summary of application areas of Fe3O4 nanoparticles was mentioned, among

which magnetic fluid and magnetic hydrogels have increasingly great potentials.

Chapter 2 provided background information for the later chapter, mainly on colloidal
nanoparticles under electric field and the introduction of amorphous photonic crystal structure.

For the first part, nanoparticles being stabilized with the double layer structure in solution was
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described, followed by the electrophoretic movement of the particles under electric field. The
basic schematic structure of the nanoparticles arrangement under this condition was
demonstrated after that, which led to our discussion on the photonic structure in the second part.
With an introduction of the origins of structural color, conventional photonic crystal and
amorphous photonic crystal structures were discussed and compared in many aspects such as the
properties of the reflected light and bandgap difference. In addition, methods of creating these
structures were summarized, where electric field-assisted self-assembly process was highlighted
as a precious and facile way to tune the structural color dynamically. These information formed

the basis of our experimental works in the later chapters.

Chapter 3 focused on colloidal MNPs fabrication and the application as an overpotential alarm
system. The materials, synthesis procedures, characterization methods, analysis of the and the
application demonstration were covered. The list of materials and the details of preliminary
preparation was mentioned. The synthesis of Fes04 MNPs by solvothermal method was
discussed in detail as well as the Stober method of SiO> coating process. The colorimetric
voltmeter device was also fabricated by the nanoparticle solution and two ITO plates. Zinc-air
solid-state battery with PVA-KOH as polyelectrolyte was prepared and the whole monitoring
system was assembled with the help of designed acrylic mold. Besides synthesis,
characterization methods of both the nanoparticles and the device were put forward including
zeta potential, XRD, SEM, DLS measurements and cyclic tests for the battery performance. For
the results, Fe3O4 nanoparticles and Fe;O4 @SiO2 nanoparticles were brought into comparison
regarding the different results gained from zeta potential, XRD, SEM, DLS characterization
respectively. Based on the discussion, it was clear that the property of colloidal stability, surface

morphology, nanoparticle size distribution had been positively improved due to SiO shell. With
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the color information obtained from the images of the colorimetric monitoring device, digital
analysis was conducted and transform the information into a reliable parameter hue. The hue
values were also plotted with voltage and viewing angles respectively, showing that the color
was angle-independent but highly dependent on the electric field intensity and it can response to
the potential change with a satisfactory precision. Furthermore, we measured the battery
performances under two conditions, either with or without the device attached. The results
showed little difference between the results, so it further confirmed our idea of creating a non-
burden voltmeter device. Illustrated by a graph of four battery behaviours, which are discharging,
charging, overcharging and aging, we demonstrated the prominent color change of the device
during these four stages. In this way, we can monitor the battery by using our nanoparticle device

based on its color.

Chapter 4 drew attention to the current progress of MNPs in hydrogels and their various types of
applications, typically in soft robotics. Three different mechanisms of how nanoparticles existed
in the hydrogels were discussed and illustrated, including the blending, in situ precipitation and
grafting-onto methods. Traditional fields of magnetic hydrogels such as drug delivery, enzyme
immobilization, cell and protein separation, detection and purification in wastewater treatment
were reviewed with examples from the literature. The final part was focus on how magnetic
hydrogels could be a significant member of the soft robotics family. The advantages of high
elasticity and stretchability along with other desirable mechanical properties of the hydrogels
were combined with the noncontact magnetic responsiveness of MNPs. Two major functioning
mechanism were discussed as directly responsive to the external field mechanically or through
magnetothermal effect. For both materials, examples were given to demonstrated how they could

deform (including elongation, coiling, torsion, rotation and bending) under different types of
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external magnetic fields and be used in actuators, biomimicking robots and etc.. The challenge of
maintaining the mechanism elasticity and toughness while increasing the magnetic
responsiveness to the applied field is also put forward, with an example approach to tackle the
problem. A table listed several example works of magnetic responsive hydrogel as an important
member in the actuator family, along with other actuators including temperature, pH, light,
electric field were put out and discussed. Future work better improving the materials
performance and incorporating new technologies such as 3D In-jet printing could be looked

forward to.

Overall, MNPs have great advantage and potentials to be applied in both colloid and hydrogel
based smart materials. Future works of applications can be focused on digging more into the
current developing fields or further expanding into other new field combing strengths of other
materials. The former case may include the steering and navigating assistance of MNPs
especially in drug delivery in vessels, clearing clots in different organs[163], stimulating nerves
reactions[ 174] in biomedical fields. For certain medical tests, such as gastroscopy[175], patient
needs to swallow chemicals as for assisting the imaging. MNPs can be designed as attaching to
the chemicals so that the substance can be collected back. The ability of MNPs in large quantity
being attracted and sedimented could be also used to absorb air pollutants particles for air
purification. As for the latter case, which needs more innovated ideas to relate MNPs to new
fields, applications of artificial muscles for human being or even for other creatures[176] can be
possible developed using magnetic actuation. It is anticipated that these fields of MNPs will
continue to grow, and applications related to these fields will be beneficial to the future of human

welfare.
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