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ABSTRACT OF THE DISSERTATION

Light-driven Nanomotors/robots for Environmental and Biomedical Applications

by

Weichen Wei

Doctor of Philosophy in Materials Science and Engineering

University of California San Diego, 2022

Professor Joseph Wang, Chair

In recent years, micro/nanomotors have become an important research field in nanotechnology. Light-driven

micro/nanomotors have received extensive attention due to the advantages of high controllability, good

programmability, and easy operation, as well as their potential in environmental remediation and biomedical

applications.

Herein, Chapter 1 introduces the background and motion mechanism of the field of light-driven

micro/nanomotors, the design principles of light-driven micro/nanomotor materials, and the motion modes

of individual motors and group motors. In addition, the current development and applications in this field are

also discussed. The second chapter of the dissertation will focus on the work of applying single-atom

catalysis to enhance the performance of nanomotors and the related application. The third chapter of the

dissertation will discuss the work of developing light-driven SrTiO3:Al-based nanomotors for antimicrobial

applications. The last chapter of the dissertation will summarize the conclusion of this dissertation and serve

as a paradigm to rationally design novel light-driven nano/micromotors based on cutting-edge photocatalysts

with outstanding catalytic performance for potential environmental and biomedical applications
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Chapter 1
Introduction
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1.1 Background of Light-driven Nano/micromotors

Light-driven nano/micromotors exhibit some unique advantages. As an external field, light can

precisely tune and input energy by adjusting parameters such as light intensity, light frequency,

polarization degree, and propagation direction. Therefore, light-driven nano/micromotors have the

advantages of high controllability, good programmability, and easy operation. In addition, the

development of photocatalysis has also injected vitality into the field of light-driven nano/micromotors

[1-4].

A light-driven micro/nanomotor is a micro/nanoscale actuator that converts light energy into

mechanical energy. According to Newton's third law, the fabrication of light-driven micro/nanomotors

requires: (1) photo-responsive materials; (2) a local asymmetric gradient field around the motor under

illumination; (3) a hydrodynamic direct action under illumination for micro/nanomotors. Under light

stimulation, the light-driven micro/nanomotor system exhibits non-equilibrium photoresponse in all

surrounding directions. Based on the response behavior (photochemical reaction, temperature change,

interfacial tension change, deformation, etc.), the formed non-equilibrium gradient field or non-

equilibrium force will drive the nano/micromotor in the fluid environment [5].

Figure 1.1 Demonstrations of typical controllable light-driven micro/nanomotors ref.1 Copyright 2018,
American Chemical Society
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The successful fabrication of light-driven micro/nanomotors relies on light-responsive materials.

Depending on the properties of the light-responsive materials, different photoresponsive behaviors occur

under illumination, roughly classified into photochromic, photothermal, photolysis, and photocatalytic

materials.

Photochromic materials are a class of light-responsive materials that change their molecular

structure and reversibly change their color when exposed to light. After removing the light source or

irradiating the photochromic materials with the light of different wavelengths, they can switch back to

the original molecular structure. Spiropyrans, azobenzenes and their derivatives have good chemical

stability, and high photochemical reaction efficiency. They can undergo cis-trans isomerization,

pericyclization and other reactions under light, thereby generating surface free energy or hydrophilicity

change on light-responsive surfaces [6-14]. Motors driven by interfacial tension gradients are most

commonly used to fabricate light-driven micro/nanomotors.

Photothermal materials can effectively absorb light energy and convert it into heat energy, rapidly

increase the temperature of the surrounding environment of the photothermal materials, and generate an

asymmetric temperature gradient field to drive the motor to move forward. The photothermal

conversion efficiency depends on the metal composition, the size and shape of nanoparticles, the

dielectric properties of the surrounding medium, and the interaction between particles. Compared with

ultraviolet light, near-infrared light can penetrate the skin and has good biosafety, and the

micro/nanomotors prepared from such materials show great potential in the fields of drug delivery and

photothermal therapy [15-24].

Photodecomposable materials, such as some inorganic salts (AgCl solution), will be decomposed

under light to produce H+ and Cl– with different ionic diffusion coefficients. In a fluid environment, the

diffusion rate of H+ is much higher than that of Cl−, which will be in the micromotor. An electrolyte
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concentration gradient field is formed in the surrounding medium, and the micro/nanomotor is driven by

the mechanism of electrophoresis and electroosmosis [25-28].

Photocatalytic materials are mainly composed of metal and oxide semiconductors (such as TiO2,

BiOI, CuO, ZnO), and are currently the most common materials used to fabricate light-driven

micro/nanomotors [29-31]. The photocatalytic efficiency can be effectively improved by accelerating

the charge transfer and confining the recombination process of electron-hole pairs, such as the use of

hole scavengers or composite photocatalysts coupled with metals, which favor the formation of bubbles

and/or concentration gradients, thereby enhancing the photocatalytic efficiency.

1.2 Mechanism of Light-driven Nano/micromotors

Figure 1.2 Light-driven micro/nanomotors propelled by different mechanisms ref.1 Copyright 2018,
American Chemical Society

Common light-driven micro/nanomotor geometries are wire, rod, Janus sphere, tube, and gear.

Asymmetric shape or surface anisotropic light-responsive micro/nanomotors will lead to uneven

distribution of photochemical reaction products or light-induced surrounding energy fields, which is

conducive to the establishment of gradient fields with asymmetric concentration, temperature and other

physical quantities.
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In addition to constructing asymmetric geometries, an asymmetric field around a micro/nanomotor

can also be created by manipulating an external light field. Asymmetric light stimulation exerts a non-

uniform light field around the motor, which can drive either shape-symmetric or isotropic light-driven

micro/nanomotors. For another example, nanomotors coated with azobenzene can achieve high-speed

directional motion in aqueous solutions under light intensity gradients. Photochromic molecules

undergo excitation and relaxation cycles of trans-cis-trans isomers under illumination, and an increase in

illumination intensity leads to an increase in the number of cycles of photoisomerization, which forms

interfacial tension gradient providing enough power for the motor to accelerate toward the dark area. In

addition, structural light illumination can also create a non-uniform light field around the

micro/nanomotors. Through the optical projection system of the digital micromirror device, the light

field distribution and light intensity projected to the working area of the micro/nanomotors can be

regulated in space and time. The micro/nanomotors is fabricated from the photodeformable material

LCE, only the part exposed to light will deform, so structured light can induce asymmetric deformation

of the micro/nanomotors, thereby promoting the directional motion of the micro/nanomotors [32-33].

The fluid propulsion forces directly acting on light-driven micro/nanomotors include bubble

propulsion and light-responsive elastic deformation propulsion. Light-driven micro/nanomotors driven

by the propulsion of bubbles generally adopt Janus spheres or tubular structures, and generate gas

molecules through photochemical reactions under light. The bubbles nucleate, grow, and eject to

provide the driving force for the motor to push it forward. On the other hand, the light-driven

micro/nanomotors prepared from light-responsive deformable LCE materials undergo reversible

photoisomerization reaction under specific wavelengths of illumination, transition between anisotropy

and isotropy, and the liquid crystal system undergoes a phase transition. The deformation is generated,

and macroscopically, it shrinks along the direction of the pointing vector and outputs the driving force.

The motion range of the micro/nanomotor belongs to the low Reynolds number system, so the viscous

force and the Brownian motion of the particles have a great influence on it. In order to overcome the
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viscous resistance in the fluid, light-driven micro/nanomotors need a continuous driving force to

maintain their motion. The motor motion triggered by light stimulation originates from the asymmetric

structure or the asymmetric concentration gradient field or the non-equilibrium hydrodynamic force

established under non-uniform illumination conditions, breaking the symmetry of the pressure

distribution is the principle of driving the motor. According to the nature of the light-driven force, the

motion mechanisms of light-driven micro/nanomotors are divided into light-induced bubble propulsion,

self-electrophoresis, self diffusiophoresis, autothermophoresis, interfacial tension gradient propulsion,

and deformation propulsion [34].

In a typical photocatalytic oxygen production system, when a micro/nanomotor prepared from

photocatalytic materials (such as TiO2 and WO3) is stimulated by light, a photocatalytic reaction will

occur on its surface to decompose H2O2 to generate high concentrations of oxygen. Bubble propulsion is

realized by the microjets generated when the bubbles grow and collapse on the surface of the

micro/nanomotor and the impulse generated by the bubbles detaching from the surface of the motor.

The efficient accumulation of gas to nucleate to form microbubbles before oxygen diffuses to the

surroundings is the key to the bubble propulsion mechanism, and photocatalytic materials with high

apparent quantum efficiency or relatively space-constrained tubular micro/nanomotors can be effective

inhibit the diffusion of oxygen molecules. By remotely adjusting the on/off mode of the light source and

changing the light irradiation intensity, the start-stop control and speed control of the bubble-propulsion

light-driven micro/nanomotor motion (light response time < 0.1 s) can be realized.

Self-electrophoresis refers to the movement of a charged micro/nanomotor in a self-generated

electric field. Asymmetric disproportionation reaction occurs on the surface of a micro/nanomotor

prepared from photocatalytic materials under light stimulation, and a redox reaction occurs on one side

to generate ions, and the other side generates ions. The ions are consumed on one side, and an

asymmetric ion concentration distribution is formed around the motor. The established electrolyte

gradient forms a local self-generated electric field, which drives the overall charged micro/nanomotor to



7

move. The direction of movement depends on the type of surface charge and the Zeta potential of the

motor [35-37].

An asymmetric concentration gradient field is formed around the micro/nanomotor induced by

light, which causes the spontaneous motion of dispersed particles in the fluid, which is called self

diffusiophoresis [38-39]. The products used to construct the concentration gradient field can be divided

into two types: electrolyte and non-electrolyte type. The form of the electric field in electrolyte self

diffusiophoresis is different from that in self-electrophoresis. For self-electrophoresis, photochemical

reactions occur between the anode and cathode that are spatially separated from each other under light,

and the formed ionic products are enriched in different areas of the motor surface, thereby The gradient

electric field is formed inside the motor, which is essentially an internal gradient field. For electrolyte

self diffusiophoresis, the anodic and cathodic reactions take place in a local space, and the generated

ions are locally distributed on one side of the motor and dissociate from the surrounding fluid in the

form of ions. The migration velocity diffuses outward to form a concentration gradient, thereby

generating a diffusion-induced electric field, which is essentially an external gradient field. Similar to

the photogenerated electrolyte concentration gradient, photocatalytic reactions can also occur on the

surface of the micro/nanomotor to generate neutral molecules to construct a non-electrolyte

concentration gradient. By using asymmetric photocatalytic structures or providing asymmetric

illumination conditions on isotropic photocatalysts, an asymmetric photocatalytic reaction occurs to

construct a non-electrolyte concentration gradient. In neutral molecule-mediated diffusion

electrophoresis, the asymmetric pressure gradient formed by the interaction between the molecules

generated by the photochemical reaction and the motor surface acts as an osmotic force to drive the

motion of the micro/nanomotor.

Light-induced asymmetric temperature gradients can drive micro/nanomotors through the

mechanism of thermophoresis, and utilize the properties of photothermal materials to absorb and

convert light energy into thermal energy to build a temperature gradient around the micro/nanomotors
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[40-42]. Photothermal particles with symmetric geometries usually exhibit Brownian motion under

illumination due to the mutual cancellation of thermophoretic forces due to symmetric thermal diffusion.

Therefore, most micro/nanomotors driven by light-induced temperature gradients adopt asymmetric

geometries and cover part of the sphere with photothermal materials. The part of the material with

thermal effect heats up rapidly under light conditions, while the part of the material without thermal

effect heats up slowly, resulting in a continuous temperature gradient under continuous light stimulation.

The fluid temperature needs to reach equilibrium. The water flow in the low temperature part of the

motor will flow around the surface of the motor to the high temperature part, and the reaction force of

the water flow drives the motor.

The interfacial tension is an elastic force trend of the fluid interface. Since the high tension fluid

has a greater force on the surrounding medium than the low tension fluid, the interfacial tension gradient

will cause the fluid to flow from the low tension area to the high tension area, so it is induced under

illumination. The interfacial tension gradient of the micro/nanomotor can make it move. The interfacial

tension is determined by the properties of the outermost surface that is in direct contact with the fluid.

Under light stimulation, the outermost molecules can undergo different photochemical reactions due to

different chemical structures, changing the Interface characteristics in contact with fluids. Photochromic

materials such as azobenzene and its derivatives, their cis-trans isomers exhibit reversible changes in

physicochemical properties under illumination, such as dipole moment and affinity for polar molecules.

Using this feature, we can control interfacial properties, including surface tension and wettability, to

design light-driven nanomaterials based on local interfacial tension gradients [43].

In the absence of external stimuli, LCE shows the orientation of nematic liquid crystals and has

reversible expansion; Under external stimuli such as heat and light, the liquid crystal behaves

isotropically, shrinking along the arrangement direction of the mesogen, causing the shape change. This

reversible expansion and contraction generates torque to make the LCE fluid, inducing movement of the

LCE upon light stimulation [44].
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1.3 Motion behavior of Light-driven Nano/micromotors

For all types of light-driven micro/nanomotors, their motion patterns and motion regulation are the

keys to study. Recent progress has shown that some novel light-driven micro/nanomotors can achieve

directional motion by remote control. Depending on the preparation components of light-driven

micro/nanomotors, light of a specific wavelength is usually required to activate and control the motion

of the motor. Near-infrared light, visible light, and ultraviolet light are often used as light sources to

drive micro/nanomotors. Under illumination, light-driven micro/nanomotors can exhibit different

motion patterns. The motion speed and motion direction are two important parameters for evaluating the

motion characteristics of the motor. The start and stop of the motion can be quickly regulated by the

on/off mode of the light source, and the motion speed is affected by the incident light intensity, the type

and concentration of the substance in the solution. Light-driven micro/nanomotors can exhibit the

directional motion and rotation of individual motors, and the motion trajectories of the motors can be

remotely controlled by moving the position of the light source. It can also imitate the movement

behavior of organisms in nature, manifesting as the directional movement, aggregation and

disaggregation of swarm motors.

The motion start-stop control of light-driven micro/nanomotors can be remotely controlled by the

on/off mode of the light source, which has the characteristics of strong operability, good repeatability

and fast response speed. The motion speed of the light-driven micro/nanomotor is also positively

correlated with the intensity of the incident light source and the concentration of the solution. By

adjusting the intensity of the light source and the concentration of chemical fuel in the solution, the

motor speed can be precisely regulated. In addition, the motion of light-driven micro/nanomotors

exhibits stability, repeatability, and persistence. Even after multiple cycles of on/off control, the motor

exhibits a small change in the maximum speed of motion that is not damaged by repeated illumination.
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Figure 1.3 Light-driven micro/nanomotors with different motion behaviors ref.30 Copyright 2019,
Royal Society of Chemistry

The motion characteristics of light-driven micro/nanomotors can be divided into two categories:

individual and group motion patterns [45-46]. According to different preparation shapes, parameters,

physical or chemical modification components, and relative positions of light sources, individual motors

can realize remote control of the movement direction and movement trajectory. Swarm motors exhibit

aggregation and disaggregation phenomena under illumination, and perform directional movements in

the form of swarms. Using this feature, the desired particle population and geometry can be obtained by

changing parameters such as light intensity or particle size, and a multifunctional micro/nanomotor

cluster system can be designed to perform more complex cooperative tasks. The motion of individual

motors mainly has two forms: directional motion and rotation. After the construction of an asymmetric

gradient field or the application of direct hydrodynamic forces, most micro/nanomotors with geometric

configurations perform directional motion. Using the positive/negative phototaxis of light-driven

micro/nanomotors, the motion direction of the motor can be controlled more precisely. Rotational

motion is the motion characteristic of gear-like light-driven micro/nanomotors, which can effectively

convert the light energy absorbed by the gears into mechanical energy of rotational motion under light

stimulation.

The swarm motor mainly includes aggregation, disaggregation motion, and directional motion after

swarming. The aggregation phenomenon is caused by the diffusional migration mediated by the
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photochemical concentration gradient. After the individual motors gather to form a group, the

positive/negative phototaxis of the group motor can be used to control its directional movement under

light [47-48].

1.4 Light-driven Nano/micromotors for Environmental and Biomedical
Applications

1.4.1 Light-driven Nano/micromotors for Environmental Applications

On the basis of a large number of studies on the characteristics of light-diven nano/micromotors,

the research on the environmental remediation of light-controlled nano/micromotors is increasing [22-

23]. The researchers used the uniqueness of photocatalytic materials to prepare high-efficiency, stable

and controllable light-controlled nano/micromotors to achieve desirable removal of pollutants in water

without external stirring.

TiO2-based light-driven nano/micromotors have the advantages of the most widely used, cheap,

stable, non-toxic and harmless, and have good photocatalytic oxidation performance to pollutants under

illumination [49]. However, due to its wide band gap, most TiO2 nano/micromotors mostly only show

good response under UV light. And most of these motors currently have the defects of complicated

preparation process and expensive preparation cost, which are not conducive to mass production and

practical application.

In addition to TiO2, C3N4, ZnO, Bi2O3, WO3, etc. have all been used as common photocatalytic

materials in the preparation of light-driven nano/micromotors. These materials have unique application

advantages, such as good response to visible light, easy preparation, and magnetic properties. Therefore,

using it for the preparation of light-driven nano/micromotors can improve the utilization efficiency of

light energy and the yield of nano/micromotors, thereby increasing the possibility of the application of

light-driven nano/micromotors in environmental remediation.
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The light-driven nano/micromotors can effectively use light energy for driving and motion control

without additional stirring. By realizing the autonomous movement of light-driven nano/micromotors,

the material contact efficiency is improved, thereby effectively improving the degradation efficiency of

pollutants in the water body, and it has a great application prospect in the field of environment,

especially in the field of water body remediation. However, there are still some problems and limitations,

so there is a large research space and significance. Light-driven nano/micromotors have high

requirements on reaction conditions. At present, most of the research on the motion of

nano/micromotors is limited to H2O2 solution, deionized water or single pollutant system, and only a

small part of the research on its motion in seawater, lake water, milk and other foods. In addition, light-

driven nano/micromotors also have problems such as too narrow utilization of light waves and poor

biocompatibility. In order to ensure the environmental remediation ability of the light-driven

nano/micromotors under visible light illumination at room temperature, and break the limitations of UV

light in practical applications, the nano/micromotors can be prepared by combining with novel

photocatalytic materials, or the nano/micromotors can be reasonably modified. Therefore, it is of great

significance to test the water remediation ability of light-driven nano/micromotors in actual water

bodies and multi-wavelength illumination conditions, while reducing the use of chemical fuels and

preparing truly green and efficient water remediation materials. Furthermore, the fabrication process of

light-driven nano/micromotors is complicated. At present, most of the light-driven nano/micromotors

often use precious metal deposition, surface modification and other methods to achieve directional

movement, removal of specific pollutants and other functions. However, there are problems that the

preparation method is too complicated, and the raw film materials are expensive (such as Au, Pt) [50],

which leads to high cost and is not suitable for mass production. This greatly hinders its application and

promotion in the field of environmental remediation. In addition, light-driven nano/micromotors based

on two-dimensional materials such as graphene, Mxene, transition metal dichalcogenides, etc. have

shown great potential in the environmental remediation due to their unique structural and chemical

properties [51-52]. It is the future development goal of this field to prepare green, cheap, autonomous
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and precise photocontrolled micro and nano motors with good biocompatibility and pollutant removal

ability in pure water system in the simplest and suitable for mass production.

1.4.2 Light-driven Nano/micromotors for Biomedical Applications

The advantages of light-driven micro/nanomotors, such as remote controllability, adjustable speed,

and fast response, endow them with the ability to move according to specified trajectories, find targets

by themselves, and local heating, etc., making them show excellent application prospects in the field of

biomedicine, including Substance transport and separation, photothermal therapy, transmission of

biochemical signals [1].

Light-driven micro/nanomotors, capable of loading and transporting goods, are one of the most

important applications of micro/nanomotors and have broad application prospects in the field of

micro/nanoengineering. Micro/nanomotors with hollow mesoporous structures have good ability of drug

binding and loading, the active diffusion of nanomotors is excited under the irradiation of near-infrared

light, the remote control of the motor to move away from the light source toward the target position, and

the control of the distance of drug transport from left to right by changing the power of near-infrared

light [53-55].

It can be seen that by turning on/off the light source to approach, capture, transport, and release

particles to the final target area, the light-driven micro/nanomotor has the ability to load and transport

substances/drugs. It is activated under illumination and follows a predetermined path. By adjusting the

intensity and direction of the incident light, the movement speed and trajectory of the microspheres can

be easily, quickly and precisely controlled, and efficient material transport can be achieved under real-

time optical navigation.

Photothermal therapy is a treatment method that uses materials with high photothermal conversion

efficiency, which are injected into the body, gathered near tumor tissues with targeted recognition

technology, and converted into heat energy under the irradiation of external light sources to kill cancer
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cells. Near-infrared light penetrates biological tissues most effectively, and does not produce the same

effects on biological tissues as ultraviolet light. Therefore, it has great application potential in the field

of disease treatment of light-driven micro/nanomotors. It is worth mentioning that although

photothermal motors in the first near-infrared region have been reported, there are few studies on

photothermal motors in the second near-infrared region. It is an important goal to broaden the range of

usable spectrum, optimize the photoresponse ability of light-driven micro/nanomotors to multiple

wavelength ranges, and improve the light absorption and light conversion ability to achieve the expected

light driving efficiency [18, 56-57].

Berns designed a light-driven rotating micromotor to exert a shear force on the growth cone of a

neuron by controlling the local microflow generated by its rotation. The growth cone rotates in response

to the direction of the shear force [58]. Since the behavior of the growth cone pair at the top of the axon

determines the direction of axon growth and migration, the direction of neuronal axon growth can be

precisely regulated by changing the rotation direction of the light-driven micromotor and its relative

position with the neuron, and the neuronal axon reprogramming can be induced. The rotation of the

micromotor is realized by the adjustment of the light field, and the micromotor rotates clockwise or

counterclockwise at a specific rate through the angular momentum of polarized light. It can make a

"left" or "right" response, and by changing the rotation direction and position of the micromotor, a quick

switch between different directional effects can be achieved. Light-driven micro/nanomotors realize the

transmission of biochemical signals by exerting lateral force on biological cells, which provides a basis

for the realization of light-induced directional remodeling of a large number of axons, which may be

used in vivo to guide regeneration axes synaptogenesis-mediated repair of the brain and spinal cord.

This phenomenon has potential applications not only in neurons, but also in other cell migration systems

with similar signal transduction pathways. In addition, light-driven micromotors with the ability to

adsorb toxins can be used for the removal of harmful substances such as toxins, biological metabolites,
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and heavy metals in the intracellular and extracellular environments of organisms for active and

multifunctional detoxification.

At present, most light-driven micro/nanomotors achieve propulsion in H2O2 and H2O solutions,

however, the biological toxicity of H2O2 severely limits the application scope of light-driven

micro/nanomotors. Although H2O is an ideal driving environment, the motor speed in pure water still

needs to be improved, especially in viscous liquids, electrolyte solutions, flowing liquids (such as

hydrogels or blood), where the driving power is low and the operating environment is relatively

restricted. In addition, although NIR-driven micro/nanomotors with high biosafety show good

bioclinical application potential, such motors often require strong NIR to be driven. The long-term,

high-intensity light that the light-driven motors are exposed to during the task will cause severe thermal

effects, and it will lead to potential biosafety issue and this requires further systematic research.
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Chapter 2
Light-driven Nanomotors Boosted by Single-atom Catalysis
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2.1 Introduction

Emerging catalytic nano/micromotors powered by biocompatible and environmental friendly fuel

sources offer considerable promise for diverse biomedical and environmental applications [1-5]. Light,

one of the best external stimuli to drive the motion of nano/micromotors, has been widely employed to

design powerful photocatalytic nano/micromotors [6-10]. However, the application of most reported

photocatalytic nano/micromotors is commonly limited to the use of toxic chemical fuels (such as H2O2

or N2H4). Therefore, efforts have been devoted to developing fuel-free light-driven nano/micromotors

for efficient operation in pure water [11-18]. Currently, light-driven nano/micromotors are largely

limited to slow motion speeds and triggered light with specific wavelengths, especially in pure water

without the presence of chemical fuels. This is mainly because of the fast electron-hole recombination,

resulting in a lower efficiency of photocatalytic generation of asymmetric gradients, which dramatically

limits the performance, especially the speed and power, of the photocatalytic nano/micromotors. TiO2,

as one of the most classical and widely used photocatalysts, has shown significant merits in fabricating

light-driven nano/micromotors, including desired motion speed, wireless photocontrollablility, chemical

stability, low cost, photodegradation capability and multi-wavelength response [11-15, 19-26]. To date,

titania-based nano/micromotors have exhibited considerable potential in applications such as

environment remediation, sensing and cargo delivery [27]. Of the various types of titania-based

nano/micromotors, TiO2 Janus nano/micromotors are commonly used due to the simple fabrication

process and excellent motion behaviors. Pt Sputtering technique is often applied to TiO2 microspheres

to fabricate microscale TiO2 Janus motors, and the role of sputtered metals as a coating layer has been

clarified [28]. Further improvements are desired to enhance the efficiency, power and capabilities of

such light-powered TiO2 Janus nano/micromotors. Identifying excellent photocatalysts as active

particles is crucial for designing efficient light-driven nano/micromotors. Single-atom catalysts have

recently emerged as promising candidates for high-performance photocatalysts owing to the obvious
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advantages of maximum atom utilization efficiency and outstanding catalytic activity [29-33]. In

addition, as photocatalysts of heterogeneous reactions, such as the hydrogen evolution reaction, TiO2-

supported single-atom catalysts have an advantage over conventional TiO2-based photocatalysts because

of their improved durability and reversibility with enhanced efficiency [34-42].

2.2 Experimental Methods

2.2.1 Material Synthesis and Characterization

All the starting materials were obtained from Sigma-Aldrich. Commercially available reagents were

used without further purification unless noted otherwise. All other chemicals were reagent grade or

better. Ultrapure water was obtained from Invitrogen.

2.2.1.1 Preparation of single-atom Cu/TiO2-Pt Janus Nanomotors
First, single-atom Cu/TiO2 hollow nanospherical photocatalysts were synthesized based on a

previously reported wrap-bake-peel process [34]. 10 µg single-atom Cu/TiO2 photocatalysts were first

dispersed in 150 µL ethanol. The sample was then spread onto glass slides and dried uniformly to form

particle monolayers. Then, the Pt (other metals: Au, Cu) layer was sputtered on Cu/TiO2 nanospherical

photocatalysts with a Denton Discovery 18 system at room temperature. The Pt (other metals: Au, Cu)

layer was deposited with an output power of 200 W for 200 s. The micromotors were subsequently

released from the glass slides via pipette pumping and dispersed into ultrapure water.

2.2.1.2 Preparation of Cu/TiO2 reference-Pt and TiO2 Reference-Pt Nanomotors

To fabricate the Cu/TiO2 reference, the synthesis was performed in the same manner as for the

previous section, but without using SiO2 as a template or coating layer. First, TiO2 was formed by a

hydrolysis reaction, followed by Cu ion adsorption onto the TiO2 surface and annealing at 900 °C for

2h in air. To fabricate the TiO2 reference, the synthesis was performed in the same manner as Cu/TiO2

reference but without Cu doping.

2.2.1.3 Labeling of Nanomotors



23

The as-prepared Janus nanomotors were further labeled by graphene quantum dots using a previously

reported method [44].

2.2.1.4 TEM Characterization

TEM images were taken by Thermofisher Talos F200X microscope operated at 200 kV. The nanoscale

EDS mapping was conducted using 4 in-column SDD Super-X windowless detectors with 10 kcps

output under STEM mode.

2.2.1.5 Atomic-resolution Imaging on Cs-corrected STEM.

Atomic-resolution imaging of Rh/TiO2 was conducted on the double spherical aberration-corrected

JEOL JEM-ARM300CF (Japan) operating under 300 kV. All atomic-resolutions images were

generated on a high-angle annular dark-field detector (HAADF) with an inner collection angle ~ 80

mrad. The point-to-point response is 0.83 Å.

2.2.1.6 X-ray absorption Spectroscopy Measurements and Data Processing

XAFS spectra of the Cu K-edge were collected at the XAFS for the catalysis beamline of the

Singapore Synchrotron Light Source (SSLS), Singapore. The acquired EXAFS data were extracted and

processed according to the standard procedures using the ATHENA module implemented in the

IFEFFIT software packages to obtain the EXAFS spectra and the wavelet transform contour plot.

Table 1. EXAFS fitting parameters at the Cu K-edge（Ѕ02=0.87）

Sample Path C.N. R (Å) σ2×103 (Å2) ΔE (eV) R factor

Cu
Cu-O 4

1.96±
0.01

8.4± 1.3 -0.6± 1.0
0.011

Cu-Ti 6
2.92±
0.05

27.8± 2.7 -13.4± 4.7

2.2.2 Motion Behavior Measurement and Calibration Experiments

Total internal reflection fluorescence (TIRF) microscopy at UC San Diego Nikon Imaging Center was

applied to study the motion behavior and calibration experiments of fluorescent-labeled single-atom
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Cu/TiO2-Pt Janus nanomotors. The microscope was equipped with a LU-NV laser launch (Nikon), with

405nm, 488nm, 532nm, 561nm, and 640nm laser lines. The 488nm and 405nm laser channels were

selected to illuminate the photocatalytic nanomotors as the light source. The power density (Table 1) of

the 488nm laser channel is tunable from 0-40mW/cm2. Illumination, video and image acquisition, and

calibration experiments were controlled and performed by NIS Elements Advanced Research software

(Nikon).

Table 2. The power density of 488nm and 405nm laser channels of TIRF microscopy

25% 30% 40% 50% 75% 100%

488nm 4.82mW/cm2 6.74 mW/cm2 10mW/cm2 16.1mW/cm2 29mW/cm2 40mW/cm2

405nm 0.438mW/cm2 0.608mW/cm2 1.02mW/cm2 1.505mW/cm2 2.67mW/cm2 3.58mW/cm2

2.2.3 Statistical Analysis of Motion Behavior

All the motion behavior analysis were performed by NIS Elements Advanced Research software,

ImageJ, and Matlab.

2.2.4 Electrochemical Potential Measurements

Tafel plots are used to obtain the potential of each nanomotor part (Pt, Au, Cu, and single-atom Cu/TiO2)

in an ultrapure water environment. Pt, Au, Cu electrodes, and single-atom Cu/TiO2 films on glass

electrodes were used as the working electrode in the electrochemical potential measurements,

respectively. We use the Autolab PGSTAT204 potentiostat/galvanostat to test the potential at a scan rate

of 5 mV/s and over a potential range of -0.3 to 0.6 V (vs Ag/AgCl, 3 M KCl reference) along with a Pt

counter electrode.

2.2.5 Photocatalytic Degradation Experiments

Photodegradation activities of single-atom Cu/TiO2-Pt Janus nanomotors and two control groups were

evaluated by the degradation of Methylene blue, Rhodamine B, Methyl orange under 488nm light
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irradiation (40 mW·cm−2). In a typical process, 250 μL nanomotor suspensions were added to 10mL

10μM dye solutions. Before photodegradation reactions, the various mixtures were stirred without

illumination for 1h to achieve a dynamic chemical equilibrium. Afterward, the various mixtures were

irradiated with 488nm light (40 mW·cm−2). The samples were then divided into various aliquots and

abstracted at the desired time intervals. The photodegradation efficiency and kinetics for the three dye

pollutants of the single-atom Cu/TiO2-Pt Janus nanomotors are further evaluated by measuring UV-Vis

spectrophotometry (Biotek, United States).

2.2.6 DLS Size Distribution

Figure 2.1. The DLS size distribution of Janus single-atom Cu/TiO2-Pt nanomotors

2.3 Results and Discussion

Herein, we present highly efficient visible-light powered Janus Cu SAs/TiO2-Pt nanomotors (~ 300nm

in diameter) based on a Cu SAs/TiO2 hollow nanosphere photocatalyst for effective operation in pure

water. The photocatalytic process (Figure 2.2A) is activated by the change of the valence states of Cu

sites that occupied the most stable Ti vacancies, thus converting the adjacent TiO2 in the resting state to

active [34]. This mechanism by doping single-atom Cu into TiO2 tremendously improves the efficiency

of photoexcited charge separation and transport, leading to a remarkable self-electrophoretic effect to
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drive the ultrafast movement of the nanomotors. The Janus Cu SAs/TiO2-Pt nanomotors rely on the

light-driven self-electrophoresis mechanism and exhibit a very fast speed (average speed: 23 μm/s,

around 75 body length/s) under a 40 mW/cm2 intensity of visible light in the fuel-free pure water

environment.

Figure 2.2. (A) Schematic of Janus Cu SAs/TiO2-Pt nanomotors powered by visible light in water. (B)
Time-lapse images illustrate “ On ” and “ Off ” UV light activation of the Janus Cu SAs/TiO2-Pt
nanomotor. Scale bar, 10 μ m. (C) HAADF-STEM image of a spherical Janus Cu SAs/TiO2-Pt
nanomotor and the corresponding energy-dispersive X-ray spectroscopy (EDS) elemental map images
for Ti, O, Cu, and Pt, respectively. Scale bar, 100 nm.

Since the propulsion of Janus Cu SAs/TiO2-Pt nanomotors is controlled by “on” and “off” switching of

visible light, they move extremely fast directionally when the light is “on” due to the self-

electrophoretic effect. On the contrary, only very weak local motion is observed upon switching the

light “off” (Figure 2.2B). The dramatic speed enhancement, compared to corresponding Janus Cu
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nanoparticles/TiO2 nanomotors, could be attributed to the cooperative photoactivation of Cu SAs/TiO2

photocatalysts and the hollow spherical structure of Janus Cu SAs/TiO2-Pt nanomotors. The single-atom

catalysis in this process is facilitated primarily by the electronic band structure of Cu single-atoms and

their interaction with hollow TiO2 nanosphere supports. The fabricated Janus Cu SAs/TiO2 nanomotors

are first characterized by HAADF-STEM and EDS (Figure 2.2C). The thicker layer, as shown in the

nanomotor STEM image and Pt EDS image, verifies the formation of the Janus structure. As distinct

from existing light-powered motors, we report on the first applications of single-atom catalysis to

design efficient nano/micromotors. The as-prepared single-atom nanomotors display an ultrafast speed

(average speed: 23 μm/s) in pure water with a small submicron size (~ 300 nm in diameter), i.e., 75

body-length/sec, and offer excellent photocatalytic degradation capability.

To validate the presence of single atoms in the Ti vacancies of hollow TiO2 nanomotors, we performed

aberration-corrected HAADF-STEM studies on the Rh/TiO2 due to the sharper contrast of Rh atoms on

the TiO2 support compared to Cu [34]. The red circled bright spots are single Rh atoms (Figure 2.3A).

In X-ray absorption near-edge structure (XANES) spectroscopy, the valence of Cu species in Cu/TiO2 is

much close to +2 (Cu2+ will be completely reduced to Cu+ during the photoactivation process) while

compared to the reference samples, and also shows typical characteristics of Cu2+ absorption edge

energy around 8997 eV (Figure 2.3B). The k3-weighted Fourier transform extended X-ray absorption

fine structure (FT-EXAFS) spectra in Figure 2.3C show the Cu/TiO2 own peaks at ~ 1.5 Å and at ~2.4 Å,

which correspond to the Cu-O first coordination shell and Cu-Ti backscattering. Additionally, no Cu-Cu

bond is found. R-space fitting and the corresponding wavelet transform (WT) analysis further confirmed

the successful preparation of Cu SAs/TiO2 photocatalyst (Figure 2.3D and 2.3E) [34].
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Figure 2.3 (A) Atomic-resolution Cs-corrected STEM HAADF images of single-atom Rh/TiO2. (B)
XANES, (C) FT-EXAFS, and (D) EXAFS fitting spectra, and (E) WT analysis of Cu SAs/TiO2 at Cu
K-edges.

The motion behaviour of such Janus Cu SAs/TiO2-Pt nanomotors has been further demonstrated. To

confirm the increased activity caused by single-atom sites, the motion performance of Janus Cu

SAs/TiO2-Pt nanomotors is compared to two control groups with a similar method but without the

formation of Cu single atoms: Janus Cu nanoparticles/TiO2-Pt nanomotors (Cu NPs/TiO2 reference-Pt)

and Janus TiO2-Pt nanomotors (TiO2 reference-Pt). Cu NPs/TiO2 reference TiO2 reference were

prepared without calcination and doping steps. The test environment is achieved by illuminating them

with blue light (488 nm) at an intensity of 40 mW·cm−2 in pure water. Under this condition, the mean

speed of the Janus Cu SAs/TiO2-Pt nanomotors is 23.0 ± 3.5 μm/s which is significantly higher than the

speed of Cu/TiO2 reference-Pt 1.9 ± 0.5 μm/s and TiO2 Reference-Pt nanomotors 0.8 ± 0.2 μm/s (Figure

2.4B). Figure 3D examines the effect of light intensity on the speed of Janus Cu SAs/TiO2-Pt

nanomotors. These data clearly indicate that the speed increases rapidly upon increasing the light

intensity from 2.5 mW/cm2 to 40 mW/cm2. In addition, the mean squared displacement (MSD) is
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calculated for three different types of nanomotors (Figure 2.4A) and various light intensities (Figure

2.4C). The MSD curves further establish the change from Brownian motion to directional movement

upon incorporating the single-atom catalysis and increasing the light intensity. Figure 2.4E illustrates

the significant difference in tracking trajectories between the nanomotors and the other two control

groups. To track the movement with a total internal reflection fluorescence (TIRF) microscopy, the

nanomotors were labeled with graphene quantum dots using a previously reported method. The Janus

Cu SAs/TiO2-Pt nanomotor can move at a speed of over 20 μm/s, corresponding to a relative speed of

more than 50 body lengths/s. In stark contrast to the nanomotors facilitated by single-atom catalysis

(Figure 2.4E i), the propulsion of the other two control groups (Figure 2.4E ii) is quite slow over 15s.

Figure 2.4 (A) 2D mean square displacement (MSD) experimental data for the Cu SAs/TiO2-Pt, Cu
NPs/TiO2 reference-Pt and TiO2 reference-Pt nanomotors in water (N = 20). (B) Average (N = 10)
mean speed of the Cu SAs/TiO2-Pt, Cu NPs/TiO2 reference-Pt and TiO2 reference-Pt nanomotors in
water at 488-nm-light irradiation (40 mW·cm−2). (C) MSD data for the Cu SAs/TiO2-Pt nanomotors
with different intensities of light in water (N = 20). (D) Effect of visible light intensity on the motor
speed in water (N = 10). (E) Trajectories of (i) Cu SAs/TiO2-Pt Janus nanomotors over 1s (ii) Cu
NPs/TiO2 reference-Pt nanomotors (Ref 1) over 15s (iii) TiO2 reference-Pt nanomotors (Ref 2) over 15s.
Scale bar: 5 μm.
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Figure 2.5 (A) Trajectory of 10 nanomotors in aqueous solution with X- and Y-coordinates under 488-
nm-light irradiation (40 mW·cm−2) for 1s. (B) Tafel plot of Pt, Au, Ni and Cu SAs/TiO2 with
illumination. (C) Average (N = 10) mean speed of the Cu SAs/TiO2-Pt, Cu SAs/TiO2-Au, Cu SAs/TiO2-
Cu nanomotors in water at 488-nm-light irradiation (40 mW·cm−2). (D) MSD data for the Cu SAs/TiO2-
Pt, Cu SAs/TiO2-Au, Cu SAs/TiO2-Cu nanomotors in water (N = 20). (E) Corresponding speed/time
dependence illustrating the UV light triggered “On/Off” motion control of the Cu SAs/TiO2-Pt Janus
nanomotors in pure water without any additional chemicals. (Light intensity: 40 mW·cm−2).

Analysis of the XY trajectories indicates a universally directional fast movement of nanomotors (Figure

2.5A). To further explain the impact of sputtered metal in fabricating Janus nanomotors, the mixed

potentials of Cu SAs/TiO2 with illumination and different metal electrodes (e.g., Au, Pt) have been

examined (Figure 2.5B). It is apparent that the potential difference of Cu SAs/TiO2-Pt (621 mV) is

much larger than that of Cu SAs/TiO2-Au (474 mV). This is consistent with the motion behavior (speed

and MSD) of the nanomotors displayed in Figures 2.5C and 2.5D. The mean speed of the Janus Cu

SAs/TiO2-Pt nanomotors is 23.0 ± 3.5 μm/s, which is substantially higher than the speed of the Janus Cu

SAs/TiO2-Au (12.9 ± 1.7 μm/s) and Janus Cu SAs/TiO2-Cu nanomotors (10.8 ± 1.2 μm/s).

In many biomedical and environmental applications of nano/micromotors, switchable movement is

always of particular interest. Light-driven nano/micromotors have distinct merit in this aspect. The

nanomotors move fast when the light is turned on and display only a slow random Brownian motion

upon switching the light off (Figure 2.5E). Such repetitive on/off motion behavior reflects the highly

reversible and light-controllable “stop/go” property of the nanomotors.
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Figure 2.6 (A-C) UV–vis spectra of 10 μM aqueous solutions of three different dyes (Methylene blue
(A), Rhodamine B (B), and Methyl orange (C)) during different degradation times in the presence of
nanomotors under 488-nm-light irradiation (40 mW·cm−2). (D) Kinetics of degradation of three different
dyes. (E) Photodegradation rates of three different dyes. (F) Photodegradation efficiencies of three
different dyes in the presence of Cu SAs/TiO2-Pt, Cu NPs/TiO2 reference-Pt and TiO2 reference-Pt
nanomotors in aqueous solutions.

Environmental remediation is one of the most important applications of photocatalytic

nano/micromotors [45-46]. Since in the dye solutions, the self-electrophoresis-based propulsion of

nanomotors will be tremendously enhanced [13], we systematically investigate the photodegradation

capability of the new nanomotors towards three common dyes (Methylene blue, Rhodamine B, Methyl

orange). The dye degradation efficiency can be quantitatively evaluated by the decreased absorption

intensity of their UV-Vis spectra. We measured the spectra of three dyes in 10 μM aqueous solution

over 60 minutes under treatment (Figure 2.6A-C). The remarkable reduction of dye solutions containing

nanomotors through visible light irradiation over 60 minutes indicates significant degradation of the

dyes. Then, we investigated the kinetics of such photodegradation of three dyes in the presence of

nanomotors. As shown in Figure 2.6D, the extent of degradation of Methylene blue, Rhodamine B, and

Methyl orange in 60min is 80.77%, 87.31%, 91.73%, respectively, confirming the attractive
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photodegradation capability of the nanomotors. Then, the photodegradation rates have been further

calculated (Figure 2.6E). These data show that the degradation reactions of three dyes follow the first-

order reaction kinetics. The corresponding photodegradation reaction rate constants of three dyes are

2.73×10-2 min-1 (Methyl orange), 3.39×10-2 min-1 (Methylene blue), 3.39×10-2 min-1 (Rhodamine B).

Moreover, we compare these three dyes in the presence of Janus Cu SAs/TiO2-Pt, Cu NPs/TiO2

reference-Pt and TiO2 reference-Pt nanomotors to further explore the effect of the nanomotors in

photodegradation (Figure 2.6F). It is clear that the degradation efficiencies of the three dyes in the

presence of Cu SAs/TiO2-Pt nanomotors are significantly higher than those observed for the other two

control groups. These findings clearly illustrate that the enhanced propulsion of nanomotors driven by

single-atom photocatalysis improves the photodegradation performance of dyes.

2.4 Conclusions

To the best of our knowledge, the research related to light-driven titania-based nanomotors operating in

pure water is still rare compared to microscale motors. The development of such nanoscale motors faces

various challenges and opportunities [47-49]. In this work, we developed and demonstrated Janus Cu

SAs/TiO2-Pt nanomotors facilitated by single-atom catalysis, which exhibit an outstanding motion

behavior in pure water when illuminated by visible light. Such capabilities have not been realized by

previously reported light-powered nano/micromotors and greatly overcome the current limitations and

challenges: (1) The motion speeds in pure water without the addition of chemical fuels are slow; (2) The

light-powered Janus nanomotors are still rarely reported, and their performance still needs to be

improved especially in pure water and under visible light illumination. The nanomotors show enhanced

speeds upon increasing the light intensity and possess “stop-go” control driven by “on” and “off” of the

light. Moreover, it was found that the photodegradation performance of such single atom nanomotors is

remarkably better than that of control groups. Our pioneering introduction of single-atom catalysis into

designing catalytic nano/micromotors paves the way for future studies. These findings thus provide
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valuable insights and inspiration for designing and fabricating high-performance light-driven

nanomotors that have tremendous potential for environmental and biomedical applications.
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Chapter 3
Light-driven SrTiO3:Al-based Nanomotors for Antimicrobial
Applications



38

3.1 Introduction

Photocatalytic nano/micromotors that can convert light energy into ultrafast locomotion are a topic of

particular interest with huge potential in antimicrobial applications, environmental remediation, sensing,

and drug delivery [1-7]. So far, various light-powered nano/micromotors based on semiconductor oxide

photocatalysts have been reported, including TiO2, ZnO, BiOI, BiVO4, Cu2O, WO3, Fe2O3, Bi2WO6

(perovskite-like structure), etc [8-19]. However, to the best of our knowledge, nano/micromotors based

on ABO3 perovskite structure have never been studied.

SrTiO3, one of the most promising photocatalysts, has exhibited superior catalytic performance.

Recently, Domen reported an excellent SrTiO3:Al catalyst after modification with a quantum efficiency

as high as 96% in the ultraviolet band (350-360 nm) [20]. The catalyst solves the problem of electron-

hole recombination by increasing the crystallinity and reducing lattice defects. In addition, the

introduction of cocatalysts improves the efficiency of hydrogen and oxygen generation and avoids the

occurrence of side reactions [21].

Photocatalytic materials with free radicals generated, ions released or plasmonic effect under

illumination have exhibited huge potential for rapidly inactivating bacteria and viruses [22-23]. Among

these, SrTiO3 has shown exceptional performance and been widely used [24-28].

Recently, photocatalytic nano/micromotors for antimicrobial applications have developed rapidly due to

their superior performance and efficiency [3, 29-35]. Here, we demonstrate a light-driven nanoswimmer

based on a Janus STO:Al-Au structure. Ag nanoparticles are further deposited on the nanoswimmers to

gift the outstanding antibacterial capability and enhanced motion performance of nanoswimmers with

plasmonic effect [36-39]. The Janus STO:Al-Au/Ag nanoswimmers show excellent motion speeds in

pure water (28μm/s under the illumination of 40mW/cm2 UV light) and various biological media. The

nanoswimmers are applied to the active and efficient disinfection of Escherichia coli (E. coli), which is

also facilitated by the characteristic of fast movement of the nanoswimmers.

3.2 Experimental Methods
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3.2.1 Fabrication of Janus STO:Al-Au/Ag nanoswimmers.

STO:Al photocatalysts were fabricated according to previously reported methods [20] and characterized

by transmission electron microscopy (TEM) (Figure 3.1).

Figure 3.1 TEM images of SrTiO3:Al

The monolayer of STO:Al was prepared on clean glass slides. The slides were exposed to oxygen

plasma for 10 min to make the surface hydrophilic. 100 μL of ethanol suspension containing STO:Al

was dropped onto the glass slides. Janus STO/Au nanostructures were fabricated by Au sputtering on

half side of the STO:Al nanoparticles with a thickness of 30 nm. The formed Janus STO/Au were

collected by sonication in deionized water and centrifugation. Ag NPs (5nm) were synthesized via a

modified chemical reduction method [40]. 1 mL AgNO3 (0.2 M) and 0.5 g poly(N-vinyl-2-pyrrolidone)

(PVP, MW ≈ 55000) were added to a round-bottom flask which contained 15 mL of deionized water.

The mixture was stirred for 30 min, then NaBH4 (0.1 M) solution was added slowly until Ag+ was fully

reduced. The as-prepared Ag NPs were redispersed in ultrapure water at a concentration of

approximately 5 mg/mL. Previously fabricated Janus STO/Au nanostructures were incubated with a

1 mM cysteamine hydrochloride solution in ethanol overnight. The nanoparticles were washed with

ethanol and incubated for 12 hours with a diluted solution of the previously prepared AgNPs in ethanol.

Afterwards, the incubated solution was sonicated for 30 min, and the fabricated Janus STO:Al-Au/Ag
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nanoswimmers were washed twice. The nanomotors were stored in ethanol. Before experiments, they

were washed and redispersed in fresh ultrapure water.

3.2.2 Motion Behaviors of Janus STO:Al-Au/Ag nanoswimmers.

The as-prepared Janus STO:Al-Au/Ag nanoswimmers were further labeled by nitrogen-doped graphene

quantum dots (NGQDs) based on a modified method reported previously [41]. 300 mg graphene

quantum dots powder was dispersed in 50 mL aqueous ammonia solution and by ultrasonic treatment

for 1 hour. Then, the solution was added to a 100 mL Teflon-lined stainless steel autoclave and reacted

at 160℃ overnight. The obtained sample was purified and lyophilized for further use. 5% NGQDs

aqueous solution was prepared and added to the aqueous solution Janus STO:Al-Au/Ag nanoswimmers.

The mixture was stirred at 90℃ for 1 hour, dried at 60 ℃ overnight in a vacuum oven, and resuspended

in the aqueous solution.

Total internal reflection fluorescence (TIRF) microscopy was applied to study the motion behavior and

calibration experiments of fluorescent-labeled Janus STO:Al-Au/Ag nanoswimmers. The 405 nm and

488 nm laser channels were selected to illuminate the nanomotors as the light source. A UV light source

was applied to irradiate the nanomotors with various power densities. Illumination, video and image

acquisition, and calibration experiments were controlled and performed by NIS Elements Advanced

Research software (Nikon).

3.2.3 COMSOL Simulation.
The surrounding fluid of the nanoswimmer is modeled as an incompressible Newtonian fluid. Since

Reynold number is approaching zero given the small characteristics dimensions and velocity of the

nano-swimmer, Stokes equations can be used to describe the fluid motion:

�∇2� = �� , � ∙ � = 0

where p is pressure and u is velocity, μ is dynamic viscosity. Electroosmotic slip from Helmholtz-

Smoluchowski relation is used as the boundary condition for Stokes equations:
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where ζ is zeta potential at the surface and ϵ is the permittivity of the fluid, and Et is the tangential

electric field at the outer EDL boundary which needs to be computed by solving the electrostatic

potential distribution. The electrostatics was modeled using the Laplace equation assuming

electroneutral of the bulk solution and the charge separation only happened inside the EDL region:

∇2� = 0

Where ϕ is the electrical potential. The anode of our swimmer produces H+, and the cathode consumes

H+ , at a constant rate which determined the normal electric field at the anode and cathode surface. The

ion transport process inside the EDL was encapsulated using the following analytical expression derived

through perturbation analysis, which assumed a steady state balance between diffusive and migratory

ion flux density:

−
��
��

= �� =
��+���

2���+�∞

Where En is the normal electric field pointing out of the EDL outer boundary, JH+ is the hydrogen flux at

the surface, kbT
e
is the thermal voltage, DH+is diffusivity and n∞is the bulk concentration of H+.

3.2.4 Assessments of In Vitro Antibacterial Activity.
E. coli was cultured overnight in Luria–Bertani broth in a rotatory shaker and refreshed with

the medium at a 1:100 dilution. Bacteria were obtained by centrifuging and washed with phosphate

buffer saline (10 mM, pH = 7.4). All the bacteria were initially diluted to an optical density value of 0.3

at 600 nm. To study the antimicrobial activity of STO:Al-based nanomotors, the bacteria of OD600 = 0.3

were washed with pure water three times and further diluted. Then equivalent nanomotors were

respectively dispersed in the diluted bacteria. After being incubated for 60min, the viability of bacteria

was determined by counting the number of colonies formed.
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3.3 Results and Discussion
As illustrated in Figure 1a, Janus STO:Al-Au/Ag nanoswimmers were fabricated through Au sputtering

on SrTiO3:Al to obtain asymmetric structure followed by Ag nanoparticles deposition. HAADF-STEM-

EDS analysis confirms the successful preparation of Janus STO:Al-Au/Ag nanoswimmers (Figure 1b).

Figure 3.2 (a) Schematic of the multi-step fabrication procedure of Janus STO:Al-Au/Ag
nanoswimmers (b) HAADF-STEM image of Janus STO:Al-Au nanoswimmers and the corresponding
energy-dispersive X-ray spectroscopy (EDS) elemental map images. Scale bar, 250 nm

The photocatalytic processes taking place on the nanoswimmer surface under light illumination are

schematically shown in Figure 3.2a. Protons are produced from the oxidation of water at STO:Al and

the generated electrons are consumed during the reduction of protons at Au layer. The OER and HER

co-catalysts are alternately distributed on the sides of the octagon which further improves the

photocatalytic performance of the nanoswimmer. Such mechanism synergistically facilitates the

ultrafast movement of the nanoswimmer. To explore the enhanced performance of the nanoswimmer

caused by plasmonic effect, the electromagnetic field distribution is analyzed by finite difference time

domain (FDTD) simulation method [36, 42-43]. Figures 3.2b gives the calculated electronic field
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distributions of under the illumination of UV light with λ = 365 nm. The mapping indicates the ratio of

the intensity of the plasmonic field to that of the excitation light. It is seen that the plasmonic field is

generated with maximal intensities occur at the interface between STO:Al and gold layer deposited with

silver nanoparticles. Figures 3.2c further verifies the plasmonic effect of the nanoswimmers. The

emerging peak (450-600 nm) of UV-Vis adsorption spectra originated from the localized surface

plasmonic resonance effect of Ag NPs and Au layer [38, 44-46].

Figure 3.3 (a) Scheme illustrating the excitation process and propulsion mechanism of the Janus
STO:Al-Au/Ag nanoswimmers. (b) Simulated plasmonic electric field distribution (normal-z direction)
of the Janus STO:Al-Au/Ag nanoswimmer under the excitation of 365 nm. (c) UV-Vis absorption
spectra and of the Janus STO:Al-Au/Ag nanoswimmers. (d) Surface plot of electrical potential profiles,
and velocity streamlines colored by velocity magnitude Left side: Anode (SrTiO3:Al); Right side:
Cathode (Au). (e) Left: 2D slice (0, y, z plane) of the 3D electrical potential profile. Right: 2D slice (0, y,
z plane) of the 3D flow profile.
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The motion behaviour of such Janus STO:Al-Au/Ag nanoswimmers in various conditions has been

further explored. As shown in Figure 3.3a, the motion speeds of Janus STO:Al-Au/Ag, Janus STO:Al-

Au and STO:Al/Ag were tested under illumination of UV light, 405nm and 488nm visible light

(40mW/cm2). The ranking of speed has the following trends: (1) Janus STO:Al-Au/Ag > Janus STO:Al-

Au > STO:Al/Ag (2) UV > 405nm > 488nm. Such results match the optical and structural properties of

the nanoswimmers. To further verify the outstanding motion performance of the nanoswimmer, we

select PS nanosphere with the same size (500nm) as the control group for comparison (Figure 3b). The

trajectories indicate that the Janus STO:Al-Au/Ag moves very fast directionally while the PS inert

particle does not show effective movement. Figure 3c investigates the impact of UV light intensity on

the speed of Janus STO:Al-Au/Ag nanoswimmers, which demonstrates the speed increases significantly

upon increasing the light intensity from 5 mW/cm2 to 40 mW/cm2. The mean squared displacement

(MSD) is calculated for three different types of nanoswimmers (Figure 3.3d). The MSD curves further

establish Janus STO:Al-Au/Ag and Janus STO:Al-Au nanoswimmers can move directionally under UV

illumination. However, Janus STO:Al-Au/Ag nanoswimmers without UV illumination and Ag NPs-

STO under UV illumination only show weak brownian motion. This reveals the necessity of the

existence of Janus structures and light to lead to ultrafast and efficient movement. Analysis of the XY

trajectories as a function of time indicates a universally directional ultrafast movement of

nanoswimmers (Figure 3.3e). To evaluate the motion performance of the nanoswimmers in various

biological media, the speeds of the nanoswimmers in pure water, 1×PBS, LB media under 40 mW/cm2

UV illumination are tested (Figure 3.3f). Although the motion speeds are significantly reduced due to

the high concentration of ions, it is still desirably fast, which ensures the effective movement of

nanoswimmers under high salt concentration for more environmental and biomedical applications [47].
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Figure 3.4 (a) Mean speeds (N = 10) of Ag NPs-STO, Janus STO:Al/Au, Janus STO:Al-Au/Ag
nanoswimmers with visible light (405nm, 488nm, 40mW/cm2) and UV light (40mW/cm2). (b)
Trajectories of the Janus STO:Al-Au/Ag nanoswimmer (red) and 500nm PS nanosphere (green, control
group) over 10s. Scale bar: 10μm. (c) Effect of UV light intensity on the nanoswimmer speed in water
(N = 10). (d) Average MSD versus time interval (Δt = 1 s) for Janus STO:Al-Au/Ag, Janus STO/Au, Ag
NPs-STO nanoswimmers with UV light (40 mW·cm−2) and Ag-NPs-Janus STO/Au without UV light. (e)
Trajectory of 10 nanomotors in aqueous solution with X- and Y-coordinates under UV-light irradiation
(40 mW·cm−2) for 2s. (f) Mean speeds (N = 10) of Janus STO:Al-Au/Ag nanoswimmers in various
biological media (pure water, 1 × PBS, LB media) swimming under UV light illumination.

In addition, the Janus STO-Au/Ag nanoswimmers exhibit outstanding antibacterial performance.

Compared to the STO-Au, STO and the negative control group, STO-Au/Ag nanoswimmers kill E. coli

very effectively (Figure 4a-4b) and furthermore, the better performance with light illuminition over dark

verifies the superiority of the light-driven motion of nanoswimmers and plasmonic antibacterial capacity

(Figure 4c-4d).
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Figure 3.5 The antibacterial activity of the STO nanomotors against E. coli bacteria. (a, c) Photographs
of bacterial colonies, (b, d) the bacterial viabilities of E. coli after different treatments.
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Chapter 4
Conclusions
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Compared with traditional nanoparticles, the controllable operation of nanomotors makes them have

obvious advantages in dealing with practical problems in the fields of environmental governance and

biomedicine. The use of photocatalytic materials and photoresponsive materials with excellent

performance to fabricate light-driven nanomotors is the most important strategy to overcome defects

and improve performance. In this dissertation, we introduce the application of light-driven nanomotors

based on pure water splitting photocatalysts and photothermal materials with excellent performance in

environmental governance and biomedicine. The use of single-atom catalysts or modified doped

cocatalysts can greatly enhance the motion performance and application potential of photocatalytic

nanomotors. In addition, photothermal nanomotors driven by near-infrared light also reflect their great

advantages in biological applications. In the future, it is still the core task of the development of this

field to continue to improve motor materials, improve the motor performance, and overcome its

application defects.
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