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Abstract

Micro/nanomotors (MNMSs) would enable humankind to perform diverse
tasks and operations that would be unimaginable in the past. The
development of motion-based micro/nano scale devices, platforms, and
MNMs are realizing the dream of manipulating the tiny entities, which
means that a whole range of possible opportunities is open for the
nanoscience, chemistry, biomedicine, and analysis. Previously, the
majority of the catalytic MNMs use the precious noble metal platinum (Pt)
as the catalyst to decompose hydrogen peroxide (H-O_) for propulsion.
However, the Pt catalyst suffers from high-cost, scarcity, and possibility
of deactivation in various media, researchers have been searching for new
catalytic materials and propelling mechanisms. In this thesis, we tried to
use the low-cost manganese dioxide (MnO;) based materials as the
catalytic part to construct MNMs. The MnO;, based MNMs have already
demonstrated many applications, but the performance of MnO, cannot
compete with Pt for MNMs purposes, due to the intrinsic low catalytic
performance for H,O, decomposition. we explore the possibility of MnO;
as an alternative for Pt for the fabrication of high-performance and low-
cost MNMs. Different fabrication and modification methods have been
utilized to construct four types of MnO, based MNMs. Especially
interestingly, the most high-performance iron oxide doped MnO; based
MNMs could lower the minimal fuel concentration to nearly one order of
magnitude than the commonly used Pt-based MNMs. We believe that
these MnO, based MNMs will show great potential applications for

biomedical and environmental sciences.
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Chapter 1. Introduction

1.1 Background of micro/nanomotors (MNMs) for environmental
applications

In 1959, Richard Feynman in his famous speech “There’s plenty of room
at the bottom” forecasted the use of micro/nano-scale tools and devices to
perform tasks at nanoscale.* Several years later, in a science fiction based
movie the fantastic voyage, a crew of miniaturized scientists and doctors
in @ mini-submarine solved the medical problem in a human brain. The
development of nanosciences and nanotechnology are realizing the dream
of manipulating small-scale entities, such as delivery of drugs for cancer
treatment and sorting of cells, as various small-scale motion platforms are
developed in the last half-century.? In 2016, the Nobel Prize in chemistry
was awarded to Jean-Pierre Sauvage, Sir J. Fraser Stoddart and Bernard L.
Feringa "for the design and synthesis of molecular machines".® These
molecular scaled tools and devices would open a new gate for the
materials scientists, chemists and biologists to manipulate and assemble
similar dimensional scale atoms and molecules. Thus, it is possible to
construct the molecular factories, which would fundamentally change the

nanoscience and nanofabrication.

Slightly larger than the molecular machines, synthetic micro/nanomotors
(MNMSs) are also motion reactors, whose fabrication is one of the most
dynamic research areas in nanoscience since the first demonstration by
Whitesides et al.* in 2002. Whitesides et al. designed a sub-centimeter
sized floating semi-cylindrical plate with a small porous platinum (Pt)
plate as the engine, and ever since a great deal of man-made MNMs have
been developed based on different fabrication techniques, construction

materials, propelling mechanisms, and geometry shape.® Due to the good
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catalytic activity for hydrogen peroxide (H>O;) decomposition, Pt has
always been the most widely used materials for the MNMs fabrication.
Different geometry materials, such as bilayer microtubes,® 7 Janus
particles,® bi-segment nanorods®, and nano bottles,’® have been tested
based on the Pt as a catalyst. It seems that other catalysts are far less
inefficient than Pt for the activation of motion at a micro/nano scale.
Physical vapor deposition (PVD) and electrochemical deposition method
have been widely used to fabricate MNMs with diverse applications.® -
13 Apart from the deposition methods, Pt nanoparticles were also

incorporated as the catalyst for MNMs by chemical reaction methods. 4 15

Although the Pt/H,O, based MNMs are the most widely used propulsion
systems, the Pt catalyst suffers from several severe drawbacks, such as
high cost, scarcity, and deactivation, impeding its further applications.*®
17 Hence, the research communities for MNMs are searching for
alternative catalysts and propelling mechanisms to replace Pt as the next
generation MNMs.*® Manganese oxide based catalysts are good catalytic
materials for H,O, decomposition and various catalytic MNMs are
developed using MnO; as the catalyst. However, until now, pure MnO
based catalytic propellers are not able to surpass the speed of Pt-based
catalytic MNMs, due to the intrinsic lower catalytic activity for H,O,
decomposition. The use of MnO, as the catalytic part for the MNMs
provides the following advantages. Firstly, the MnO, based materials are
far less expensive than the noble metal-based catalysts, which means that
it is possible to reduce the cost of MNMs for various applications.
Secondly, these MnO; based catalysts are more robust than the Pt-based
catalyst, which means that the MnO; based catalytic MNMs could be used
in various biological as well as natural waterbody media. Thirdly, various

fabrication and modification techniques could be utilized to construct the
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MnO;, based MNMs, as already been demonstrated by the energy-related
researchers for MnO, as the electrode materials for batteries and
supercapacitors.'® Fourthly, the MnO, based materials are good catalysts

for various environmental based applications.?® 21

Due to human activities over the last decades, environmental deterioration
is developing at an alarming rate.?> The problems relating to reservation
and utilization of clean water resources affect millions of people as large
amount of different types of contaminants, such as heavy metals,
persistent organic pollutants, are discharged into the natural water body
without proper post-treatment.?® These environmental pollutants
originated from the improper human activities are widely existed in the
industrial, agricultural, and municipal wastewaters.?*  Various
decontamination methods are developed to protect our precious clean and
freshwater resources, such as membrane filtration,® coagulation,®
adsorptions,?’ and catalytic degradation?’. Very recently, the development
of MNMs has been tested as micro/nano cleaners to address diverse
environmental issues, such as adsorption of heavy metals,?® catalytic
degradation of organics,! separation of oil and water,?® and anti-bacterial
applications.® What is more, the development of MNMs would provide
an excellent motion based analytic tool and platform for the analysis,
monitoring, detection, and sensing of the environmental contaminants.3"
32 Hence, the combination of the development of MNMs with the handling
of environmental issues will provide many possibilities for the
environmental sustainability; this will benefit the human society. The
advantages of micro/nano cleaners are the motion enhanced fast treatment
and the higher efficiency compared with the static method.3® The agitation
brought by the motion of the MNMs enable the efficient mixing of the

decontaminants and the pollutants without external stirring. The motion
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of micro cleaner would then enable better contact and reach for adsorption

removal and catalytic degradation of pollutants.3*

1.2 Research objectives

The main objective of this research is to develop MNMs based on the
feasibilities of addressing environmental issues using cheap and reliable
materials and simple methods. Considering the basic research facilities
available, we focus on the fabrications of MNMs using electrochemical
deposition methods. We choose the graphene oxide for potential
applications as adsorbents. We choose MnO; based materials as the engine
part and potentially use as the catalyst for the catalytic degradation of

organic pollutants.
More specific research objectives are listed below:

a. Demonstrating the use of MnO; to replace Pt for the construction

of a graphene/MnO, bilayer tubular micromotor.

b. Improving the motion performance of MnO, catalyzed

micromotors by changing the synthetic methods.

c. Improving the performance of MnO, based micromotors by
introducing a metal dopant, silver is chosen to improve the motion
performance and potentially with improved catalytic degradation

and anti-bacterial properties.

d. Improving the motion performance by doping the MnO; with iron

oxide.

e. Evaluating the motion performance of these micromotors in

different surfactant solutions.



f. Evaluating the catalytic degradation of organic dyes and adsorption

of metals using the graphene/MnQO; based materials.
1.3 Thesis organization

Chapter 1: Introduction.

This chapter introduced the current development of MNMs with an
emphasis on the environmental-based applications. Some fundamental
guestions were also introduced in this chapter and will be answered in the
following chapters. The research objectives and thesis organization are

also presented.

Chapter 2: Literature review.

This chapter summarized the development of MNMs as environmental
cleaners. The underlying physics, propelling mechanisms, construction
materials, fabrication techniques and environmental based applications of
MNMs are summarized. For the environmental applications of MNMs, we
divided it into five parts including catalytic degradation of pollutants,
MNMs as adsorbents for contaminants, separation of oil and water using
MNMs, anti-bacterial applications of MNMSs, and MNMs based detection,

sensing, and analysis.

Chapter 3: Electrochemical fabrication of graphene/MnO: bilayer
tubular micromotors. (Chem. Eng. J. 2017, 324, 251-258)

This chapter described the use of MnO, to replace Pt as catalytic MNMs
and the motion behaviors are characterized. The MnO, was fabricated by

anodic oxidation method.



Chapter 4: High-speed graphene/Ag-MnO2 micromotors at low peroxide
levels by cathodic electrochemical deposition. (J. Colloid and Interface
Sci. 2018, 528, 271-280)

In this chapter, fabrication of the graphene/MnO, bilayer tubular
micromotors by the cathodic electrochemical method will be introduced.
The fabrication of un-doped pure MnO; based micromotors with
improved motion performance than previously developed MnO, based
micromotors by anodic deposition. Synthesis of the graphene/Ag-MnQO;
bilayer tubular micromotors by cathodic electrochemical co-deposition
are discussed. Introducing the silver dopant to further enhance the motion

performance of the MnO; based micromotors by cathodic deposition.

Chapter 5: Fabrication of the graphene/FeOx-MnO: bilayer tubular
micromotors using the cathodic electrochemical co-deposition and the
related environmental applications. (Chem. Commun. 2018, 54, 4653-
4656)

The introduction of iron oxide to the MnO; matrix by cathodic
electrochemical co-deposition resulting in the high-performance MnO,

based micromotors with extremely low fuel for propulsion.

Chapter 6: The surfactant independent propulsion of the cathodically

fabricated MnO; based tubular microengines.

Evaluation of these MnO, based micromotors’ motion behaviors in
different surfactant conditions and solving the problems of how
surfactants affect the motion behaviors for the further applications of the

MnO2 based micromotors.



Chapter 7: How the surfactants affect the mobility of silver containing

micromotors.

Evaluation of these silver-containing micromotors’ motion behaviors in
different surfactant conditions and solving the problems of how
surfactants affect the motion behaviors for the further applications of the

silver-containing micromotors.

Chapter 8: Conclusions and perspectives.

Highlights the meaningful findings in this study and proposes suggestions

for further research in the field.
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Chapter 2. Literature Review

2.1 Introduction

The abilities to make and use tools and machines are the most fundamental
and important attribute that separates the mankind from the rest of the
living things on the Earth. Motors and machines are so much a part of
everyday life that it is hard to imagine a world without them. The invention
of peculiar motors, such as the steam engines and the internal combustion
engines, played a major role in the generation of modern civilization,
enabling the productivities and industrial capacities of human society to
increase and expand greatly. It is fair to say that modern civilization eras
are based on the motors we use. The development of the steam engines to
the electric generators marked the human society’s transfer from the steam
age to the era of electricity. It is envisioned that the high-performance
thrust adjustable aerospace engines, developed by the space exploration
company in California, would open a new era for the human society as a
multi-planetary species. The age of human as a multi-planetary species is
coming, due to the development of a thrust adjustable “Merlin” engine by
Elon Musk’ team,* which allows the construction of the reusable rockets
and boosters for low-cost space travel. While the macro motors and
engines have already played a key role in the civilization progress of
human history, the micro/nanomotors (MNMSs) have just attracted
enormous research interests for the micro/nanoscience and technology
communities and are showing great potential and profound and long-

lasting influences on multidisciplinary basic science at present.? 3

Man had long been dreaming of shrinking the machines down to
micro/nano scale and perform tasks that would be unimaginable in the

macro world.*® In 1959, Richard Feynman in his historical speech “There
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is plenty of room at the bottom” forecasted the use of micro/nano scale
tools and devices to perform tasks and address issues at nanoscale.® In
recent decades, the development of nanoscience and nanotechnology
entered a new era of motion based micro/nano scale tools and devices.” In
2016, the Nobel prize of chemistry was awarded to Jean-Pierre Sauvage,
Sir J. Fraser Stoddart and Bernard L. Feringa™ for the design and synthesis
of molecular machines".® Slightly larger than the molecular machines are
the artificial micro/nanomachines, which could show motion behaviors or

perform works at the micro/nano scale.®

The development of artificial micro/nanomotors was inspired by their
natural counterparts, the protein motors in the live cells or organisms.°
These man-made small-scale tools and machines would fundamentally
change the nanoscience and nanofabrication, suggesting that a gate full of
opportunities and challenges is open for the chemistry, materials science,
biology, medical science, robotics, and the related interdisciplinary basic
science.'® The application of these small-scale tools and devices would
generate a plethora of applied science and technology knowledge for the
environmental monitoring and remediation, chemical analysis and sensing,
nanoscale assembling and manipulating, biomedical imaging and drug
delivery, bionic systems and nanosurgery.®2" Hence, since the beginning
of the new millennium, there are great interests in the design, fabrication,
and application of the MNMs.*®

In the micro/nanoscale, many macro-scale rules do not apply due to the
dimensional scale effect.” A macro object can maintain its motion with the
inertia, such as the move of the Earth. As the dimension of an object
decreases, it is becoming harder to maintain motion.?’ This means that to

maintain motion at the micro/nanoscale, it is essential to apply a constant
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force on the microparticles to overcome the viscous force for continuous
motion. Based on the above-mentioned reasons, the design of MNMs
should overcome the low inertial force and high vicious force. Thus,
various propulsion strategies have been applied to design the MNMs. The
motion of MNMs could be provoked by external stimuli as well as
internally generated chemical gradients and fields. These external stimuli
include light, acoustic, electric, and magnetic fields.? The self-generated
fields propelled MNMs usually have an asymmetry structure, for example,
the asymmetry in particle composition, geometry shape, or surface
chemistry. Generally, the design of self-propelled MNMs has to break the
symmetry of the micro/nano-particles.?® In this design, one part of the
micro/nanomotor serves as the engine and another part of the particle
works as a functional material. Then, it is possible to fabricate the self-

propelled MNMs with various demonstrated functionalities.

As the traditional chemical reaction method, such as hydrothermal
reactions, cannot break the symmetry of the resulted particles, the new
method should be applied to design the asymmetrical structures.?® The
most widely used methods to break the symmetry are the physical vapor
deposition (PVD) and the electrochemical deposition methods.*® More
specifically, PVD methods include the e-beam evaporation, magnetron
sputtering, and atom layer deposition methods. These physical vapor
deposition methods have already been applied to break the symmetry of
the micro/nano particles, while they require the high vacuum pumping
systems.!’ 3! The electrochemical deposition method can avoid the use of
high vacuum systems, while, it usually requires the use of the templates,
such as the polycarbonate membranes and the anodic aluminum oxide
(AAO) membranes to direct the growth of MNM:s.32 These methods could
fabricate MNMs, but they usually suffer from sophisticated synthetic
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procedures and low vyields. Besides the synthetic materials, the use of
high-cost materials, such as gold and platinum, is another drawback for
the further applications. Hence, the search for low-cost materials with
good motion performance is highly desirable.* 3* MnO, could be a good
alternative for the precious Pt as the catalytic part due to its

polycrystallinity and feasible fabrication and modification methods.*

The propulsion of MNMs is highly dependent on the surrounding
environment they swim; hence, it is essential to study how different
environmental conditions affect the motion behaviors of these micro/nano
scale swimmers.¢-38 It has been demonstrated that the Pt catalyst suffers
from deactivation in various biological media and natural water body.3% 4°
The deactivation agents are widely existing in the environment, and will
eventually affect the motion behaviors and functionalities of these
micro/nano scale motors. Besides the deactivation of the catalyst, the
aquatic environment these MNMs swim has a lot of other variable
conditions, such as pH value, the dissolved salts, and temperature also
have significant effects on the motion behaviors. For catalytic bubble
propelled MNMs, the choice of surfactants also affects the motion of these
micro/nano swimmers, as the surfactants are quite indispensable for the
motion behaviors.®” 4 How different surfactants condition affect the
motion behaviors of the MNMs needs to be addressed before the
applications of the MNMSs. The knowledge generated here could facilitate
the further MNMs based analysis, sensing, and detection applications. The
direct observation of changing motion behaviors would provide a new
venue for the analytical chemists and will have many applications in the
developments of sensors, detectors for food science and biochemistry

related realms.*?
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Figure 2.1. (A) Schematic illustration of a self-propelled sub-centimeter
sized cylindrical plate. Reproduced with permission.® Copyright 2002,
Wiley-VCH. (B) Schematic of a bi-segment nanorods nanomotor.
Reproduced with permission.*® Copyrights 2004, American Chemical
Society. (C) Schematic illustration of the Janus particle micromotors.
Reprinted with the permission of AIP Publishing.** (D) Schematic of a
rolled-up microtube consisting of Pt/Au/Fe/Ti multilayers on a photoresist
sacrificial layer: top) optical and SEM images of the rolled-up microtube;
bottom) bubble radius as a function of the bubble frequency with
increasing H,O, concentration (from 3% to 15%). The inset shows an
optical image of a rolled-up microtube integrated on the Si wafer.
Reproduced with permission.* Copyright 2009, Wiley-VCH. (E)
Illustration of an artificial bacterial flagella micromotors. Reproduced
with permission.*® Copyright 2009, American Chemical Society. (F)
Schematic of the template-assisted fabrication of the PANI/Pt bilayer
microtubes and SEM images of the released microtubes. Reproduced with
permission.®? Copyright 2011, American Chemical Society.

Figure 2.1 shows the typical examples of synthetic artificial motors
systems. These pioneering works demonstrated the prototype of the
micro/nano machines and pave the way for the further application of

MNMs. MNMs have demonstrated tremendous proof-of-concept

applications in the biomedical and environmental science fields. The
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motion of MNMs would have a great impact on the wide technological
applications relating to biomedicine, nanofabrication, catalyst,
environment, and bioassay. Currently, the most widely studied application
areas for MNMs are the biomedical and the environmental fields. In this
thesis, we mainly focus on the use of MNMs for environmental based
applications. So, we will summarize the results of the environmental-
based applications using MNMs. Generally, the environmental-based
applications could be divided into five categories, adsorption, catalytic
degradation, oil-water separation, the killing of the pathogenic bacteria,
and the motion based analysis, monitoring, sensing, and detections. Using
the MNM s as an innovative tool to handle environmental issues offers the
following advantages: The motion-based catalytic degradation and
adsorption are much faster and more efficient than the static methods. This
Is especially favorable for field applications, where the external agitation
Is not possible or unwanted. The functional MNMs based water treatment
processes offer a direct and explicit optical observation for the potential
environmental applications in detection, analysis, sensing and monitoring
of pollutants. These tiny environmental cleaners are also potent analyzing

tools for the handling of environmental issues.

Although researchers have already demonstrated a lot of environmental
based applications and many proof-of-concept biomedical applications,
the development of MNMs is still at its infancy. The limit for the
applications of MNMs is only the human imaginations as various progress
related to speed and motion could be regulated by MNMs. While showing
such fascinating advantages as the micro/nano scale tools, there are still a
lot of challenges facing the MNMs research community. The use of high-
cost materials, the sophisticated synthetic equipment and procedures, and

the low output of the MNMSs are the most challenging hurdles for their
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widespread applications. The use of untreated raw materials also
demonstrates motion behaviors and has already been used in many
environmental applications, but the motion performance is quite low due
to the lower degree of asymmetry. For specific applications, special
MNMs could be developed. While there are still very limited in vivo
applications demonstrated, the use of MNMSs in biological tissues is still
quite impossible, as the most of these self-propelled MNMSs require the
highly toxic fuels and the surfactants. Therefore, it is very favorable to
design MNMs based on the biocompatible fuels and biological enzyme-
catalyzed reactions. These MNMs would be more favorable for the
biological based applications, while the chemically powered catalytic

MNMs are more favorable for the environmental-based applications.

2.2 The underlying physics for MNMs propulsion

We live in the macroscopic world, so the motion behaviors of the
micro/nano objects are quite different from the experience we get in the
real macroscopic world. It is very essential to study the underlying
physical rules of how these MNMs swim in the fluid. At small scale, the
inertial force no longer plays a crucial part in motion, as the inertial
declines much faster with the decrease in body length. When the
dimension of MNMs decreases to smaller than 1 pm, another factor takes
into effect, i.e. Brownian motion. The collision with fluid molecules
becomes increasingly significant as the sizes of particles decreases, which
makes the active directional movement quite difficult. Based on the
fundamental physical rules for motion at small scale, various motion
mechanisms were proposed to guide the design and fabrication of MNMs.
The self-propelled MNMs could be activated by bubble propulsion and

the self-generated fields or chemical gradients.
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Table 2.1.

Typical examples of synthetic self-propelled MNMs

Developer Shape & Size Catalyst or Fuel Propelling Comment
reactive mechanisms
material
Whitesides et half cylindrical plate Pt H.0; Bubble Propulsion  Generally
al.® recognized as the
first synthetic
Less than 1 cm. motors
Mallouk et Pt-Au nanorod Pt H20; Self-electrophoresis Demonstration of
al.43 4 nanomotors
Gibbs et al.**  SiO,-Pt Janus particle Pt H.O; Bubble Propulsion  Janus nanomotors
nanomotors
Meietal*®  Rolled-up microtubes Pt H.O,  Bubble Propulsion  First tubular
100 pm micromotors
Wang et al.®> PANI/Pt bilayer Pt H.0; Bubble Propulsion  Electrochemically
microtubes synthesized
microtubes
Pumera et al.* mm scale polymer solvent H.O Surface tension Fuel loaded motors
capsule
Pumera et al.*® Iridium (Ir) doped Ir H,0; Bubble Propulsion  Irregular shape
graphene micromotors bubble propulsion
Wang et al.>® Ir-SiO, Janus particle Ir N2H4 Self-diffusiophoresis Extremely low
micromotors or osmotic effect N2H. fuel levels
Wilson et al.>* Pt-loaded Pt H,0; Bubble Propulsion  Bowl-shaped
stomatocytes polymer by
nanomotors chemical reaction
synthesis
Gaoetal’?  Ti/Al-Ga Al H,O Bubble propulsion  Water powered

Pumera et al.®

Yeet al.®

Micromotors by raw  Ag or MnO, H;O;

materials

Graphene/FeOx-MnO; Iron oxide
modified
MnO,

microtubes

H.0;

Bubble Propulsion

Bubble Propulsion

Demonstration of
raw materials for
MNMs

Outperform the
best Pt-based
microengiens by
MnO, based
materials
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2.2.1 The Reynolds number

At the macroscale, objects can maintain their motions with inertial, such
as the movement of the celestial body. However, as the particle size
decreases, inertial, which scales with volume, becomes negligible
compared to vicious forces that scale with L, where L is the characteristic
length of the object. The Reynolds number (Re) is a dimensionless number
that represents the ratio of these two forces:

Inertial pv? pvL

Re = = i Eq. (2.1)

" Viscous force  wv/L  pu

where p is the density, o is the particle velocity and p is the dynamic
viscosity of the medium.” A person in the swimming pool has a Reynolds
number of roughly 10, whereas the bacterial in the swimming pool has a
Reynolds number of 10*. Most of the MNMs will have a Reynolds
number close to the value of the bacteria. At low Reynolds number, the
inertial force does not contribute a lot to the motion, which means that the

motion could only be maintained by a constant force.>*

2.2.2 The effect of thermal fluctuation induced Brownian motion

The moving of nanoscale particles is strongly influenced by the thermal
fluctuation, leading to the well-known Brownian motion. As their sizes
decrease, the collisions of fluid molecules with the MNMs become
increasingly significant. Brownian motion induced by these small
molecules strongly affect the directionality of these MNMs. Resulting in
the random motion patterns for the MNMSs. Thus, long distance,
translational migration is quite difficult because the average distance with
this random motion is proportional to the square root of time. The same

regime applies as the passive diffusion process.> A stationary asymmetry
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induced by chemically anisotropic motors generates a constant driving
force, while a transient force only generates random fluctuation. The
fabrication of directional moving MNMs is desired for many applications,
such as the active cargo transportation and drug delivery, where the
MNMs could show fast directional motion and the distances are
proportional to the time. Hence, it is preferable for the design of MNMSs
to break the symmetry to overcome the random Brownian fluctuation for

enhanced directional active motion.

2.3 The propelling and motion mechanisms of MNMs

While external fields and the chemical or thermal gradients could be
applied to manipulate and regulate the motion behaviors of MNMs, the
propulsion of self-propelled MNMs is mainly dependent on the self-
generated fields, chemical or thermal gradient, and the expelled
microbubbles. The external electric, magnetic, or acoustic field could be
applied to generate an asymmetrical charge distribution, torque, or
imbalance of forces upon the MNMs’ conducting surface, magnetic metal
part, or the long axis, which is an effective method to regulate the speed
and the directionality of MNMs. The fuel-free external field driven MNMs
usually require the complex, high-cost, external energy source facilities,
such as the light source for light propulsion, and the magnetic coils for the
generating of magnetic fields for speed and direction control. The fuel
driven, self-propelled MNMs offer the advantage of ease of applications
and lots of choices and reactions available for propulsion. These reactions
include the bio-enzyme based catalytic reactions, the reactions of water or
acid with reactive metals, and the catalytic decomposition of H,O>, but not

limited to these reactions.
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2.3.1 Self-electrophoresis propelled MNMs

Electrophoresis is the motion of a dispersed particle in a fluid under the
influence of an applied spatially uniform electric field. At low Reynold
numbers, the resistance for a moving particle is only the fluid vicious force.
Hence, in the case of low Reynold number and moderate electric field E,
the drifting velocity of a charged particle v is simply proportional to the

applied field, which leaves the electrophoretic mobility p. defined as:
v
e =3 Eq. (2.2)

The above equation is the basic physics rule guiding the design and
application of the electric field driven MNMs. The more well-known

theory about electrophoresis is developed by Smoluchowski in 1903:

o = 528 Eq. (2.3)
where the ¢ is the dielectric constant of the dispersion media, & is the
permittivity of free space, # is the dynamic viscosity of the dispersion fluid
and & is the zeta potential of the particle surface, which relate to the surface
charge.” Based on the above theory, it is possible to design a micro/nano
system exploiting the asymmetry electrochemical reactions to generate an
asymmetrically distributed electric field around the particles and to drive
the motion of the particles. This is the theory for self-electrophoresis,
where charged particles move in a self-generated electric field due to the
asymmetry electrochemical reactions around the particles. The first self-
electrophoresis nanomotors were developed by Thomas E. Mallouk’s
group at Pennsylvania State University, where gold-platinum bi-segment
nanorods were observed to demonstrate directional motion behaviors

towards the Pt end with a speed of around 10 pm/s.*” These bi-segment
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nanorods were fabricated by the template-assisted multi-step
electrochemical deposition method using the anodized alumina (AAO)
membrane as the template. Upon the first demonstration, various multi-
segment nanorods nanomotors with different composition and
electrochemical reactions were developed such as the Au/Ni,> Cu/Pt,*
Pt/Ag-Au alloy nanomotors,® and Au/Pt-CNT®® nanorods. The slightly
larger speed of the nanomotors could be obtained by designing a larger
mixed potential difference between the two electrodes.>” *® These self-
electrophoreses show various applications, such as pumping,® rotation,
sense,®! and cargo transportation,®? but they suffer from the following
drawbacks. These self-propelled nano swimmers usually rely on toxic
fuels, such as H,O, and hydrazine for propulsion. Br, and I, were also
demonstrated as the fuels for nanomotors, but they are also not
biocompatible. Another drawback for these nanomotors is the limitation
from the high ionic strength, which means that its motion in biological
media is nearly impossible. Moreover, these nano swimmers have an
extremely low power output, indicating that their further applications as

nanocarriers are quite impossible.

Figure 2.2 demonstrated the four types of propelling mechanisms of the
self-propelled MNMs. Bubble propulsion, self-diffusiophoresis, self-
electrophoresis, and propulsion by surface tension are the most commonly
used methods to design the self-propelled MNMs. MNMs could also be
propelled by external stimuli such as electric, magnetic, and acoustical
field and light. These methods are more capable as a method for the

motion control of MNMSs.
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Figure 2.2. (A) Schematic illustration of a bubble propelled tubular
micromotors. Reproduced with permission.®® Copyright 2010, Wiley-
VCH. (B) Schematic of a micromotor propelled by surface tension.
Reproduced with permission.®® Copyrights 2011, Wiley-VCH. (C)
Schematic illustration of the Janus particle micromotors. Reproduced with
permission.®* Copyrights 2011, Wiley-VCH. (D) Schematic of a Pt-Au bi-
segment nanorod nanomotors powered by self-electrophoresis.
Reproduced with permission.*” Copyright 2006, American Chemical
Society.

2.3.2 Self-diffusiophoresis propelled MNMs

Diffusiophoresis is a physical chemistry phenomenon in which the motion
of particles is driven by a concentration gradient of solutes.®® According
to the charging properties of the solute molecules, the diffusiophoresis can
be classified into two categories, the electrolyte and nonelectrolyte
diffusiophoresis.” The self-diffusiophoresis can be termed and classified
as the non-ionic self-diffusiophoresis and the ionic self-diffusiophoresis.
Self-diffusiophoresis means that the propulsion mechanism is due to the
solute concentration gradient generated by the motor’s surface chemical
reactions. Usually, the asymmetrically distributed catalytic or reactive

materials on the motors will trigger the formation of the asymmetrically
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distributed solutes, and thus the formation of the small molecule chemical
gradient for the propulsion. It is generally acknowledged that the
asymmetry in particle shape and geometry will also result in the formation
of the unbalanced local chemical gradient, which will apply a constant
force on the particles. The self-diffusiophoresis propulsion can lead to the
motion of a particle moving at 1-10 um/s. Under certain external stimuli,
the self-diffusiophoresis shows reversible collective behaviors, which
may provoke other novel applications such as the mimic of biological
systems.%® Usually, the ionic self-diffusiophoresis can lead to slightly
higher speed than the non-ionic self-diffusiophoresis, while the non-ionic

self-diffusiophoresis is more tolerant to the higher ionic strength.

2.3.3 Bubble propulsion of MNMs

By far, bubble propulsion is the most powerful and effective motion
strategy for the self-propelled catalytic MNMs.*> ¢ Both Janus particles
and the tubular microengines demonstrate fast and efficient propulsion
with the catalytic generated bubbles. Both catalytic and the reactive
chemical reactions have been employed to design the bubble propelled
MNMs. The most commonly used propulsion catalytic reactions are the
decomposition of H,O, with the Pt as the catalyst.*® The propulsion of
MNMs using the reactive metals with water and acid to generate the
hydrogen bubbles is also a very promising strategy, while it usually
demonstrates a very short lifetime.>> % The gaseous products undergo
nucleation, bubble formation, and growth, and subsequently detachment
expelling the fluid away from the MNMSs will generate the transient force
needed to overcome the vicious for propulsion. The continuous generation
and flow of microbubbles will apply a constant force for the self-
propulsion. The bubble propulsion strategy has been the most widely used
propulsion mechanism for the MNMs with various demonstrated
24



applications, such as water purification, killing of bacterial and drug

delivery.®

2.3.4 Propulsion of MNMs by surface tension

The generation of an unbalanced surface tension at the different sides of
MNMs will result in a constant net force for the self-propulsion of MNMs.
This is the mechanism of the surface tension propulsion. The Sen's group
first demonstrated the propulsion of surface tension gradient by the
depolymerization of a polymer.”™ This motion strategy demonstrates very
robust motion behaviors in various media and the high ionic strength
solutions. Pumera’s group demonstrated the use of self-exfoliation of the
naphthalene distributed MoS; particles as motors.”* The propulsion is
based on the generation of the imbalanced surface tension with the self-
exfoliation process. Wang et al designed a self-propelled motor by the
simultaneous release of sodium dodecyl sulfate (SDS) surfactant for
propulsion.”2 The propulsion is based on the surfactant-induced imbalance

of the surface tension distribution.

2.3.5 Motion control of micro/nanomotors by external stimuli

The use of external stimuli to control the motion of MNMs has been
demonstrated with various fascinating motion maneuvers. The external
stimuli such as light, electric, acoustic, magnetic field have been widely
applied to control the speed and directionality of motion. As this thesis
focuses on the fabrication of self-propelled MNMs, the in-depth review of
the motion control by external stimuli is not provided. Briefly speaking,
ferromagnetic materials such as iron, cobalt, and nickel could be
incorporated into the MNMs as the magnetic layer, thus allows for the
magnetic control. These microengines will align according to the direction
of the magnetic field. Both UV light and visible light have been applied to
25



activate the motion of MNMs.” Upon the light irradiation, the asymmetry
photo induced electrochemical reactions occur at the different sides of the
micro/nanomotors, which will result in the asymmetry distribution of the
photo-induced reaction products, thus the diffusiophoresis will occur and
a propelling force is generated for motion. Near-infrared light (NIR) could
also be a promising strategy for biomedical relation MNMSs applications
due to the generation of a thermal gradient upon irradiation. MNMs could
also be propelled by the acoustic field, especially the ultrasound, which is
a high-frequency sound wave above the threshold value of normal human
hearing. Nanorods with concave or convex ends could be used to
concentrate or dissipate the acoustic wave energy, therefore the formed
asymmetric structure of the nanorods led to uneven distribution of

acoustic pressure, which serves as the propelling force of the nanorods.”*
75

2.4 The fabrication of MNMs

Due to the high viscous resistance compared with the inertial force at the
micro/nano scale movement and the thermal fluctuation induced by
Brownian motion for the impedance of the directionality of these
micro/nano scale swimmers, it is necessary to break the symmetry for the
construction of the self-propelled MNMs. The breaking of symmetry is
the need for the generation of the net propelling force for continuous
motion.”® From materials selection to the fabrication techniques, we can
use various methods to generate the asymmetrical chemical reactions at

different sides of the MNMs for the directional motion.”’

2.4.1 Materials selection for MNMSs

Different types of materials have been used to fabricate the self-propelled

MNMs based on different geometry design and propelling mechanisms.
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There is always new kind of materials as promising MNMs with good
functionalities. Generally, commonly used materials for the engine parts
of the self-propelled MNMs could be divided into the following categories:

the pure metals, the metal oxides, and the enzymes.

By now, the most widely used catalyst for self-propelled catalytic MNMs
is Pt, because of the high catalytic activities for the H,O, deposition.’® Pt-
based MNMs could be fabricated with different geometries, such as Janus
particles, and tubular microengines, have been demonstrated with various
applications. Other metals could be also used for the MNMs purposes,
such as the iridium (Ir) and gold have been as the engine parts. Ir could be
used as the catalyst for the decomposition of hydrazine (N2H4) for the
design of the bubble propelled or the diffusiophoresis based MNMs.>°
Gold is also a widely used material for the self-electrophoresis propelled
and the thermophoresis propelled MNMs. These precious rare metals
based MNMs suffer from the high-cost, scarcity, and possibility of
deactivation in various media impeded their further applications. Silver is
also a good catalyst for H,O, decomposition and various silver-based
MNMs have been designed and tested for the anti-bacterial based
applications.” Silver-containing compounds, such as the silver chloride,
have been demonstrated with self-diffusiophoresis motion under light
irradiation. Nano zero valence iron particles have been demonstrated to
show motion behaviors in acid conditions with good environmental based
applications.® Zinc and magnesium have been used to design water
powered MNMs. Aluminum has been used to design the MNMSs in

alkaline environmental conditions.8 82

Metal oxides, such as the manganese dioxide, are also good catalytic

materials for H,O, decomposition, emerging as the low-cost alternative
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for the precious metal based MNMs. While various applications have been
demonstrated, the MnO; based MNMs cannot compete with the precious
metal Pt-based MNMs, due to the intrinsic low catalytic activities. Various
other metal oxide materials, such as the titanium dioxide have been used
to design the light steered MNMs. A mixed metal oxide such as the
MnFe,O4 has been employed to design the magnetic steered MNMSs with

good environmental applications.

The enzyme catalyzed MNMs have been designed and tested with
moderate motion performances.® Various bio-catalytic reactions could be
utilized to design the enzyme-based MNMs.8 Enzyme-based MNMs are
very favorable for the biomedical reactions because of the mild
environmental conditions and the avoidance of the highly toxic fuels.
While enzyme based MNMs are very favorable for the biomedical related
applications, they are not as suitable as the manganese oxide-based MNMs
for the environmental-based applications, as the enzymes will suffer from
the deactivation in harsh environmental conditions, such as high salt and

high temperatures.

2.4.2 Fabrication techniques for MNMs

The fabrication techniques are chosen to serve the purpose of generating
the net propulsion force needed. Generally, due to the need of breaking
the symmetry in the structural design, multi-step fabrication processes are
needed. Traditional chemical reactions, such as hydrothermal reactions,
cannot break the symmetry of the resulted particles, hence, novel
fabrication strategies should be adopted for the efficient propulsion. For
self-propelled MNMs, the incorporation of the catalytic or reactive
materials should be asymmetrically distributed. In this regard, physical

vapor deposition, and electrochemical deposition methods are widely used
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in the fabrications of MNMSs with different geometry, such as the Janus
particles, multi-segment micro/nano rods, and multi-layer tubular

microengines.

PVD method vaporizes the condensed materials and then deposition as a
form of thin films. The most widely used thin film deposition methods are
sputtering and evaporations. Sputtering relies on the bombardment of a
target source material with an ionized inert gas such as argon (Ar). The
Kinetic energy is transferred from the ionized gas atoms to the target
materials which then undergo vaporization and deposition as a thin layer
of film. Evaporation is also a widely used deposition, which can use the
energy of electricity or an electron beam to vaporize target materials.
Various catalytic materials, such as Pt and Ir could be deposited as a thin
layer of catalyst to generate the propulsion force needed. Non-reactive
materials such as titanium (Ti) could also be deposited to block the
reaction on one side of the Janus particles for the breaking of the
symmetry.>? The deposition of a layer of magnetic materials such as iron
could provide the MNMs with magnetic properties for magnetic guidance
and recovery, which is very crucial for the design of the intelligent

micro/nano scale robotic systems.

Electrochemical deposition method is also widely used to deposit various
MNMs, such as the tubular microengines and the bi-segment nanorods. Pt
could also be electrochemically deposited as the engine part for MNMs
using the commercially available Pt plating solutions. Template-assisted
electrochemical deposition method could be adopted to control the outside
dimension of the MNMs. The commonly used template could be the track
etched polycarbonate (PC) membrane and the AAO membrane. The PC

membranes with pore diameters of several micrometers are very suitable
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for the fabrication of multi-layer tubular microengines. By now, the most
highly efficient and powerful micro/nano scale motion strategy is based
on this design. The use of porous AAO membrane with a diameter ranging
from 20 to 400 nm is very suitable for the fabrication of rod shape

nanomotors.

MNMs could also be fabricated by the traditional chemical reaction
methods. Such as the layer by layer assembly of functional materials,
chemical synthesis of the manganese oxide microparticles and the
encapsulation of micro/nano particles. The assembly of micro/nano
particles is very useful for nanofabrication, thus it is very likely to be used
for MNMs fabrication.

2.5 MNMs responding to the environments

MNMs could also be used as the motion-based analysis platform for the
sensing, detection, and monitoring of environmental situations. Self-
propelled MNMs rely on the environmental factors to propel, and the
locally available fuels are indispensable for the self-propelling motion
behaviors. Higher speed could be obtained by the bubble propulsion
strategy with the assistance of a tiny amount of surfactants. Environmental
conditions, such as light, temperature, pH values, and other solutes will
affect the motion behaviors of MNMs.® Hence, the direct observation of
the motion behaviors of MNMs could provide a route to sense the
environmental solutes. The study on the MNMs responding to the
environment could generate a plethora of applied knowledge for the water
quality testing, food analysis, chemical sensing, and electrochemical
analysis. It is very important to study how these micro/nano scale
swimmers respond to the environments, as the environmental conditions

are very complicated. There are heavy metals, and various persistent
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organic pollutants, such as dyes, phenolic compounds, pesticides,
pathogenic organisms in the industrial and agricultural wastewater, due to
the improper human activities. Thus, it is essential to study how these
environmental conditions influence the motion behaviors of MNMs.
Biological media also contains very complicated biological entities, such
as electrolytes, blood cells, and various proteins and carbohydrates.
Further biomedical applications of MNMs demand the understanding of

how these biological objects affect the micro/nano scale propulsion.

2.5.1 The pH-responsive applications of MNMs

In industrial wastewater and biological media, the pH values are varying
to a very large range. Studying how these environmental conditions
influence the motion behaviors of MNMs will pave the way for the future
applications in biomedicine and environmental cleaning. Some of the
MNMs show motion behaviors in the strong acid environment, while
others could be activated in the strong basic environment. So, it is very
essential to investigate the motion behaviors of MNMs in acid or base
conditions. Base on the reactive metals, such as Mg, Zn, and iron with
water or acid for generating of hydrogen bubbles for propulsion, a lot of
MNMs have been designed and tested. These MNMs based on the reactive
reactions other than catalytic reactions usually have a very short lifetime.
Chattopadhyay et al.® demonstrated a pH taxis behavior of an intelligent
microbot. The smart micro swimmer could move at a speed of 20 body
length per second towards a targeted location based on the pH taxis
mechanism. Pumera’s group studied the influence of pH on the motion
behaviors of catalytic Janus particles and tubular microjets.*® They found
that higher pH values above neutral condition lead to faster decomposition
of HyO,, resulting in a greater activity and higher velocity. Structural
changes would inevitably occur as the acidity environment and would then
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result in the corrosion of the metal-based MNMs. Hence, the motion
behaviors would change and reflect the environmental acidity. Dong et
al.8" designed a cartridge-case-like micromotor using Pt nanoparticles as
the inside catalyst and the gelatin materials as the shell. Due to the pH-
dependent “open” and “close” feature of the pH-responsive gelatin
material. The micromotor can be utilized as a motion based pH sensor
over the whole pH range. Li and Wang et al. designed an acid-driven

micromotor for pH-responsive payload release in a mouse’s stomach.%®

2.5.2 How surfactants affect the motion behaviors of MNMs

Surfactants are quite indispensable for bubble propelled MNMs system.
Surfactants would lower the surface tension of the fluid and facilitate the
bubble propulsion process.** The formation of bubbles is quite dependent
on the surfactant conditions. Without a surfactant, it is very difficult to
form stable microbubbles. So, there are always a minimal surfactant range
requirement for the catalytic bubble propelled MNMs. Under very high
surfactant levels, the bubble propelled MNMs system would decrease the
speed due to the high vicious force. What’s more, under certain surfactant
conditions, Pt-based MNMs would lose the mobility.3” Pumera’s group
studied the effect of different types of surfactants on the motion behaviors
of a Pt-based tubular micromotor.®” They found that Pt-based micromotors
are more active and faster in anodic surfactant SDS than non-ionic
surfactant tween 20. What’s more, these microjets lost the mobility totally
in a cationic surfactant cetrimonium bromide. Surfactants can also be used
as the fuel for propulsion based on the imbalanced distribution of surface

tension at different sides of the motors.
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2.5.3 How other environmental conditions influence the motion of
MNMs

The self-propelled MNMs rely on the catalytic or reactive chemical
reactions for propulsion. If the catalysts are deactivated by certain
chemicals, the MNMs would lose their mobility. Under some special
conditions, the environmental solutes would promote the underlying
reaction mechanisms for propulsion, and the MNMs show drastically a
speed increase. The environmental conditions matter for the self-propelled
MNMSs. Pumera’s group found that the Pt-based tubular micromotors were
poisoned by the sulfur-containing molecules® and some blood proteins.3
They also demonstrated that blood electrolytes strongly influence the
mobility of microjets. Usually, these electrolytes will have an adverse
effect on the propulsion of the Pt-based microengines, especially at
slightly higher concentrations.® Wang et al. studied the effect of the real-
life environments on the motion of the polymer/Pt tubular microengines.®
It was found that the polymer/Pt tubular micromotors are very robust in
various real waters, such as sea water, river water, lake water, tap water,
apple juice, and human serum, etc. Although the speed decreased as the
volume of the real-life environment increased to 90%, in such a high
content of real-life fluid condition, the propulsion is still very prominent.
This finding is very important for the real practical application of the Pt-
based MNMs for biomedicine and environmental remediation, as a lot of
other studies showed that the speed dramatically decreases in certain

environmental conditions.

2.6 MNMs based environmental applications

Self-propelled MNMs show diverse environmental applications, such as

catalytic degradation of organic pollutant, adsorption of metals, the killing

33



of bacteria, oil-water separation. By converting the locally available
chemical energy into mechanical movement, self-propelled MNMs would
provide the environmental experts with more degrees of freedom in
pollutant disposal onsite and offsite. The mechanical agitation brought by
the self-propelled synthetic motor systems enables efficient mixing of the
solution. The ejection and rising of microbubbles can serve as an
additional mixing agent. As most of the catalytic degradation and
adsorption removal processes are diffusion limited, the additional
mechanical agitation would accelerate the catalytic and adsorption
reaction for a better degradation and removal progress. MNMs are an
excellent platform for chemical processes. But, the development of
MNMs cannot be limited to these areas, as other types of applications
could also be demonstrated. For example, the micromotors developed at
Wang’s group have been applied for the biomimetic carbon dioxide
sequestration.®? The developed mobile CO, scrubbing platform leads to
the dramatic increase in the CO; sequestration efficiency while greatly
decreasing the reaction time because of the self-mixing and convection
brought by the self-motile behaviors. The same group also demonstrated
the use of self-propelled nanomotors to seek and repair cracks
autonomously.®® Besides these novel applications, MNMs can be

integrated with the lab-on-chip devices for various purposes.®
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Figure 2.3. (A) Micromotors for transportation of oil drops. Adapted with

permission.”> Copyright 2012, American Chemical Society. (B)

Micromotors based detoxification of chemical threats. Adapted with

permission.”® Copyright 2013, Wiley-VCH. (C) Catalytic degradation of
organic pollutants by micromotors. Adapted under the terms of the ACS

AuthorChoice License.?” Copyright 2013, American Chemical Society. (D)
Micromotors for degradation and detection of organics. Reproduced with

permission.”® Copyright 2016, American Chemical Society. (E)

Nanomotor for selective detection of silver ions. Reproduced with

permission.®! Copyright 2009, American Chemical Society. (F) Graphene-

based micromotors for lead decontamination and collection. Adapted

under the term of the Creative Commons Attribution (CC-BY) License.”

Copyright 2016, the authors, published by American Chemical Society.

(G) Photo-degradation of chemical and biological warfare agent.

Reproduced with permission.'® Copyright 2014, American Chemical

Society.
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2.6.1 Self-propelled MNMs for catalytic degradation of pollutants

MNMs self-propelled by the locally available fuel are a very promising
strategy for catalytic degradation of organic pollutant. Here, the most
widely used H,O, fuel for propulsion could also serve as the oxidizing
agent for generating reactive hydroxyl species to degrade the pollutants.
Wang et al. demonstrated the use of polymer/Pt tubular micromotor for
fast and efficient degradation of organophosphate (OP) nerve agent at low
peroxide levels without external stirring.®® Based on the Fenton reaction
using the iron as the catalyst and the Pt metal for catalytic generating of
oxygen bubbles for propulsion, reusable rolled-up Fe/Pt microtubes were
developed by Schmidt’s group for catalytic degradation organic
contaminants.®” %1 The same group also demonstrated the use of a self-
propelled Ti/Fe/Cr/Pd rolled-up microjet for the catalytic conversion of a
4-nitrophenol pollutant under the presence of sodium borohydride
(NaBH,) as a reductant. The improved intermixing of the micromotors
made the degradation rate 10 times higher to its nonmotile counterpart.1%2
The use of water-powered photocatalytic degradation is very promising
for a wide range of environmental and defense applications. Wang et al. 1%
designed the water driven propulsion of TiO2/Au/Mg micromotors for the
photocatalytic degradation of the chemical and biological warfare agents.
Mushtaq et al. designed the highly efficient reusable coaxial TiO»-PtPd
tubular nanomachines for photocatalytic decontamination of organic dyes
with a diverse propulsion strategy.'% Inorganic microparticles such as the
MnO; have been applied for the MNM propulsion as well as the catalyst
for catalytic degradation of aquatic contaminants.% 1% Jron containing
oxides such as the MnFe;O, and the zero valence iron-based materials
have been incorporated as the MNMs for the catalytic degradation of

organic pollutants, with an added advantage of the magnetic recovery.8®
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106, 107 parmar et al. designed the cobalt ferrite based micromotors for
catalytic oxidation degradation of the tetracycline antibiotic.%®® Wang et
al. designed the multifunctional silver-exchanged zeolite micromotors for
catalytic detoxification of chemical and biological environmental
threats.'% Mushtaq et al.1*° designed a magnetically driven hybrid for wide
spectrum photocatalytic degradation of dyes. The as-prepared structure
contains a ferromagnetic CoNi segment and a bismuth-based
photocatalytic segment and is of good catalytic performance and
reusability. Zhang et al. designed the light-driven Au-WO;@C Janus
particle micromotors for rapid photodegradation of dye pollutants.'!! Li et
al.1*2 designed a bubble propelled Janus particles micromotor, using Fe3O4
nanoparticles loaded onto mesoporous SiO; as the matrix and the silver
nanoparticles as the catalyst for propulsion. The micromotors
demonstrated a good motion performance and water remediation
capability. Tang et al.!!® designed a 3D Prussian blue-reduced graphene
oxide hydrogel as the self-propelling motors for the catalytic degradation

of aquatic dyes.

2.6.2 MNMs for adsorption removal of aquatic contaminants

The wastewater usually contains cationic and anionic ions, organics and
oil, which have a poisonous and toxic effect on the ecosystem. Adsorption
IS a widely-used, effective, low-cost, and simple method for the
decontamination of aquatic pollutants.!** Traditional adsorption
purification relies on the diffusion process and physiochemical property
of the adsorbent, which is usually a time-consuming process.!!> 116
Recently, the development of nanoscience and nanotechnology-enabled
researchers to design the motion-based micro/nano cleaners for
accelerated adsorption decontamination of wastewater.!’ The newly
developed motion based purification techniques utilize the self-propelling
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behaviors of the adsorbents and would break the limitation of the natural
diffusion process for an accelerated adsorption decontamination.8
Solution mixing is critical for improving the efficiency and speed of many
physical-chemical processes, including the adsorption. By self-mixing,
the MNMs can remove the pollutants more efficiently with less operation
time.?* Due to the above-mentioned advantages of MNMs for adsorption
water purification, different types of pollutants, such as heavy metals,®
nerve agent,'% biochemistry toxin,*® and dyes have been decontaminated

with good adsorption performances. ' 120

Heavy metals, such as lead, mercury, cadmium, are a potential hazard to
the wildlife and human. Vilela et al. designed the graphene oxide based
microbots as the active self-propelled micromotors for the capture,
transfer, and removal of a heavy metal of lead, and the subsequent
recovery for reuse. The effective adsorption of lead on the graphene
surface of the graphene oxide that covered micromotors is based on the
strong interactions produced between the oxygen functional groups on
graphene oxide and the Pb?" ions.®® Uygun et al.}*® designed the water-
powered ligand-modified micromotors that offer efficient “on-the-fly”
chelation of metal ions contaminants. The micromotors are prepared by
functionalizing the Janus Mg/Au microsphere with a self-assembled
monolayer of meso-2,3-dimercaptosuccinic acid (DMSA). The resulted
micromotors demonstrated autonomous motion in complex environmental
and Dbiological matrices. Such self-propelling micromotors offer
significantly shorter operation time and more efficient water remediation
process, compared to the commonly used static remediation agents.
Pumera et al. designed a tubular micromotor with DNA immobilized on
the gold outer surface for dynamic adsorption of mercury ions from the

waterbody.!?!
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MNMs could also be used as the motion-based platform for the adsorption
of organic pollutants. Singh et al designed the zirconia/GO hybrid tubular
micromotors for selective capture of nerve agents.!?> The coupling of
surface nanomaterials with fast moving ability holds considerable promise
for defense and sustainability prospects. The same group also
demonstrated the fabrication of activated carbon-based Janus particle
micromotors for efficient and rapid adsorption of various kinds of
contaminants, such as heavy metals, nitroaromatic explosives,
organophosphorus nerve agent the and the azo-dyes compounds.?® Li et
al. designed the self-propelled multilayered micromotors for adsorption
removal of the methyl-paraoxon and rhodamine 6G.?° He et al. designed
the catalytic polymer multilayer shell motors for separation of organic
dyes by layer-by-layer assembly of polyelectrolyte using the template.
This micromotor could adsorb nearly 90% of the dye molecules and
subsequently release them at neutral pH in a microfluidic device. The
adsorption and separation behaviors of the micromotors hold considerable
promise for water analysis. Wu et al. designed the cell membrane coated
nanomotors driven by the acoustic field for effective and accelerated

neutralization of the membrane-damaging toxins.!8

2.6.3 MNMs for separation of oil and water

Oil is a major source of ocean and groundwater pollutants. Oils are hard
to decompose by the natural process and will block the sunshine from the
sun, thus would have a very detrimental effect on the microorganisms and
the wildlife. The removal of spilled oils and organic solvents from
contaminated water is of great importance and scientific interest in
minimizing its environmental hazards.?* The development of the MNMs
could provide an efficient and accelerated cleanup strategy for the oils and
solvents contaminates in the aquatic environment.
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Guix and co-workers demonstrated the use of a super-hydrophobic
alkanethiol coated self-propelled micro submarines for the efficient
removal of oil for the first time.*® The oil collection micromotors are based
on modifying microtubular engines with a superhydrophobic layer which
enable the engines to adsorb oil by means of the strong adhesion to a long
chain of self-assembled monolayers of alkanethiols created on the rough
outer surface of the gold layers of the devices. The resulted alkanethiol
coated AU/NI/PEDOT/Pt multilayer microtubes display a continuous
interaction with large oil droplets and are capable of loading and
transporting multiple small oil droplets. This result demonstrates that the
multilayer tubular microengines can be useful for a facile, rapid, and
efficient collection of oil in water sample and other hydrophobic targets,
such as the anti-cancer drugs. Gao and his co-workers demonstrated the
use of water-powered Mg-based micromotors for capture and transport of
oil in water.®® By similar surface modification as Guix’s method, the
biocompatible fuel and composition of the water-powered Mg-based
micromotor showed a great potential for diverse applications in
biomedicine and environmental remediation. However, the above-
mentioned micromotors developed at Joseph Wang’s group suffer from
the disadvantages of complex structures, sophisticated fabrication process,
and the high cost of materials, which greatly hinder their widespread
applications. Mou et al. designed the pot like micromotors using the
“growing-bubble”’-templated self-assembly of hydrophobic nanoparticles
(NPs) by a volatile droplet method. In this approach, the hydrophobic
MnFe,Os@oleic acid NP in an oil droplet of chloroform and hexane was
assembled into a dense NP shell layer due to the hydrophobic interactions
between the NP surfaces. With the encapsulated oil continuously
vaporizing into high-pressured gas bubbles, the dense MnFe,O4 NP shell

layer then bursts, forming an asymmetric pot-like micromotor by creating
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a single hole in it. For this structure of pot like micromotor, the
catalytically generated O, molecules nucleate and grow into bubbles
preferentially on the inner concave surface other than the outer convex
surface, resulting in the continuous propelling force by the ejection of the
oxygen bubbles from the opening. This work demonstrates a simple-
structured, low-cost magnetically modulated micromotor with pot-like
hollow microparticles structure as well as facile, versatile, and large-scale
assembly fabrication. The magnetically steerable pot-like micromotor can
autonomously move in water with H,O, as fuel and can be directly used

for oil removal without any further surface modification.

2.6.4 MNMs for the killing of bacterial

The contamination of drinking water with bacterial represents a major
public health problem in view of the continuous rise of antimicrobial
resistance. Biological warfare agent and other life-threatening outbreak of
infectious diseases caused by different pathogenic bacteria require
efficient protocols for the rapid and effective killing of bacteria. What is
more, the increasing threat of multi-drug resistant bacteria strains against
conventional antibiotic therapies represents a significant worldwide health
risk and intensify the need for novel antibacterial treatment. The
development of MNMs could provide a good tool for mankind to handle
the problem of the bacterial outbreak and water disinfection. Many
different types of materials have been incorporated in the fabrication of

MNMs and used as the bactericide for water treatment.

Kiristi and co-workers in Joseph Wang’s group designed an ultrasound
propelled porous gold nanowire nanomotor for rapid bacterial killing
using the lysozyme as the active agent, which could cleave the glycosidic

bonds of peptidoglycans present in the bacterial cell wall.*?> Coupling the
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antibacterial activity of the enzyme with the rapid movement of the high
specific surface area porous gold nanorod nanomotor, contribute to the
greatly enhanced bacterial-killing capability.'® The same group
demonstrated that silver-exchanged zeolite micromotors could be used for
the detoxification of chemical warfare agents and killing of bacteria.®
The use of silver-based materials for water disinfection has attracted great
interest for scientific communities due to the strong antibacterial activity
against a broad spectrum of bacteria, viruses, and fungi. The antibacterial
properties of silver species depend largely upon the contact of bacteria
with silver species. The self-propulsion of the micromotors would greatly
enhance the contact kill effect. Hence, the micromotor based contact
killing of pathogenic bacteria is very promising water treatment
technology with higher efficiency and better outcome. Dong et al.1? from
Soochow University developed a due fuel driven bactericidal micromotor,
which showed motion behavior and bacterial killing effect in water or
hydrogen peroxide containing solutions. The motion-based strategy can
kill bacterial about nine times faster than that of the static one, thus
demonstrate a great potential for the environmental hygiene
applications.’?® Nelson et al.”® from ETH Zurich designed the
magnetically driven silver-coated nano coils for efficient bacterial contact
killing, the low cytotoxicity along with the capability of precise magnetic
locomotion makes the proposed nano coils an ideal candidate to combat
multidrug-resistant bacteria in the field of environmental and biomedical
applications. Vilela et al.*?” designed the Ag NP coated Mg-based Janus
particle micromotor with an intermediate iron layer for magnetic recovery.
This micromotor can capture the bacteria and kill them. After recovery
from the water, leaving the water without biological contaminations,
demonstrating great potentials for public health applications. Simmchen

and co-workers demonstrated the fabrication of photoactive AgCIl micro
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stars for the decontamination of polluted water with dyes and the
bacteria.?® The micromotors can inhibit the bacterial growth. Delezuk et
al.'?® designed a chitosan-based water powered micromotor for bacterial
killing applications. The use of natural non-toxic biopolymer chitosan-
based antimicrobial agents presented with a low toxicity and

biocompatibility are very attractive for designing bactericide MNMs.

2.6.5 MNMs based sensing, detection, monitoring, and analysis

MNMs provide an excellent motion based analytical tool for various
environmental, defense, security, chemical process, and food safety
fields.18 1942130, 131 There are two major analytical methods employed in
the MNMs based detection, sensing, analysis, and testing applications.
One is the direct optical observation strategy which monitors the motion
behavior variation and the fluorescence-based “on-off” detection using the
functionalized MNMs to interfere with the analytes’ response.?! %! Since
the MNMs will react with the analytes and the motion behaviors of MNMs
will change to a marked degree due to the related enhanced chemical
reaction offered by the increased fluid convection, various analytes could
be detected based on the explicit, simple, direct and highly reproducible
motion behavior changing recognition. The new sensing platforms offer
great possibilities for the design of the field-portable analytical system.
Another category of MNMs related analytical application is based on the
electrochemical signal variation offered by the changes in chemical
process and analytes response due to the MNMs’ reaction with the
analytes.**? The MNMs based sensing, detection, monitoring, and analysis
applications are very appealing due to the following advantages compared
with static or traditional methods.'3! Both the optical observation and the
electrochemical detection demand extremely low quantity of the reagents
and samples, thus significantly lower the generation of chemical waste. 33
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More importantly, at micro/nano scale levels, greater control of molecular
interaction is achieved, thus a higher sensibility could be obtained

compared with other traditional methods.> 134136

2.6.5.1 Optical microscope based analytical applications of the MNMs

Kogan and co-workers reported the first example of using catalytic
nanomotors for motion-based chemical sensing, and particularly for
specific detection of trace silver ions.®* Orozco and his co-workers
designed the artificial enzyme catalyzed micro fish for water-quality
testing purposes.'** The micromotors based strategy for water quality
testing is done by direct observation of the changes in the propulsion
behavior of artificial bio-catalytically driven microswimmers in the
presence of an aquatic pollutant. The micromotor based toxicity testing
concept mimics the live-fish water testing and relies on the toxin-induced
inhibition of the enzyme catalase, responsible for the bio-catalytic bubble
propulsion behavior. The enzyme-powered biocompatible polymeric
(PEDOT)/Au-catalase tubular microengines offer highly sensitive direct
optical visualization of changes in the swimming behavior in the presence
of a broad range of common contaminants and hence can do a direct real-
time assessment of the water quality. The use of enzyme-powered micro
fish addresses major standardization and reproducibility problems as well
as the ethical concerns associated with the live fish toxicity assays and
hence offers an attractive alternative to the common use of aquatic
organisms for water quality testing. Pumera’s group designed a
biomimetic artificial inorganic micromotor for selective detection of Pb?*
in water based on the highly efficient Pt catalyst for enzyme-free self-
propulsion.’®” The self-propelled Pt-based micro fish showed a specific
response to Pb?* compared to other heavy metals, such as Cd?*, and can
be used for selective determination of Pb?* in water.
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Besides the detection of metal ions in the aquatic environment, MNMs
based analytic tools are showing great potentials for detection of toxin and
nerve agent, biochemistry related analysis, and fo