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ABSTRACT: Adaptive motion behavior in response to different environmental stimuli is
ubiquitous in biology and enables creatures to achieve a diversity of complex tasks, but not
typically observed in synthetic systems. Here we propose a design of chemically-powered
micromotors actively performing multimodal motion behaviors with the external stimulus
changing. They have isotropic outer surfaces but inherent inner mass asymmetry, such as
eccentric core-in-hollow shell TiO; (E-TiO2) microspheres. Their motion behavior can be
spontaneously transformed among random Brownian propulsion (stochastic walk), negative

phototaxis (moving against incident light), and negative photogravitaxis (moving against gravity)
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when the light intensity, illumination direction, or fuel concentration change. At a low light
intensity and/or low H2O. fuel concentration, the E-TiO2 micromotors perform directional
movement away from light based on the dominated diffusiophoresis by the photocatalytic
reaction over the isotropic shell. With the increase of light intensity or fuel concentration, there
are more and more photons or fuels to reach the eccentric core and the contribution of the
photocatalytic reaction over it to the diffusiophoresis gradually becomes dominant. In this case,
the E-TiO; micromotors perform stochastic walks near the substrate due to their Brownian
random rotational reorientations. The micromotors are single component, have low density, and
can be synthesized in a large scale and at a low cost. This work will facilitate the development of
multifunctional micro/nanomotors with varying behaviors and functions depending on

environmental cues, e.g., enabling efficient search and delivery operations.

1. Introduction

Synthetic micro/nanomotors are capable of autonomously moving in liquid media by
harvesting energy from surrounding chemical fuels or external fields (light, electric, magnetic,
ultrasound, etc.), and have potential applications in sensing, drug delivery, microsurgery,
micro/nanoengineering, and pollutant adsorption/degradation [1-7]. In these applications,
micro/nanomotors benefit from specific modes of motility, such as random motion, rotation,
spiral motion, or directional taxis to accomplish their tasks more efficiently. For example,
random motion of micro/nanomotors facilitates sensing and pollutant adsorption/degradation [8-
12], while directional taxis enables micro/nanomotors to “seek out” targets and is of special
interest in micro/nanoengineering, drug delivery, and microsurgery [13-19]. Moving forward to

the next generation of multifunctional motors capable of accomplishing a variety of tasks, the



ability to build-in controllable multimodal motion behavior is critically important [20,21]. For
example, Levy walk which is the optimal search strategy adopted by many organisms involves
random “diffusion” punctuated by directed motion [22,23]. Herein, we report a new class of
eccentric hollow micro/nanomotors that can reversibly switch from random superdiffusive
motion to directed taxis, using two different inputs: light and chemical fuel. This behavior may
allow the design of robotic systems capable of honing on to a given target area and then
efficiently delivering cargoes over that area.

The key principle in designing micro/nanomotors is to introduce either structural
asymmetry (asymmetry in chemical composition, geometry, or crystalline phase) or asymmetry
in external applied fields (e.g., chemical or light gradient) [24-29]. Based on this design
principle, elaborate micro/nanostructures have been designed for higher speed and greater
controllability [11,30-37], but tend to perform a single motion behavior. For example,
asymmetric multicomponent structures such as Janus microspheres, bimetallic micro/nanorods,
and multilayered microtubes [30,38-42], and single-component micro/nanomotors which are
based on asymmetry in geometry or the crystalline phase, both hardly show directional motion
over a significant length scale due to constant Brownian randomization [32,43-45]. In addition,
asymmetric motors in the externally applied field are typically directional [14,46,47].

We have now developed chemically-powered micromotors performing adaptively
multimodal motion behaviors, including random propulsion, negative phototaxis, and negative
photogravitaxis, when the light intensity, illumination direction, or fuel concentration change.
The as-developed micromotors are eccentric core-in-hollow shell (a spherical solid inner core
attached to one side of a hollow shell) TiO2 (E-TiO2) microspheres, which have an isotropic

surface but an anisotropic interior [48-49]. With a relatively low light intensity (/) and/or low



H>0:> fuel concentration (Cy), the photocatalytic reaction mainly occurs on the illuminated
surface, which makes the E-TiO> particles perform directional motion away from light serving as
isotropic semiconductor micromotors. Upon increasing / or Cy to a critical value (e.g., I > 150

mW cm?

or Cr = 5 wt.%), the E-TiO2 micromotors undergo superdiffusive random motion
stemming from the increased contribution of the photocatalytic reaction over the eccentric core
to the diffusiophoresis. The as-reported micromotors have advantages of single component, low
density, low cost and large-scale preparation. They will facilitate the development of

multifunctional micro/nanomachines with intelligent responsive behaviors and functions

determined by environmental cues.

2. Experimental section

2.1. Synthesis of E-TiO2 micromotors

All chemicals were used as received without further purification. E-TiO> microparticles
were synthesized by a nonaqueous solvothermal process according to a previous report [48].
Typically, 10 mL of acetylacetone (purchased from Sinopharm Chemical Reagent) were
dissolved in 40 mL of isopropyl alcohol (purchased from Sinopharm Chemical Reagent) under
continuous stirring followed by the rapid addition of 2 mL tetrabutyl titanate (TBT, purchased
from Sinopharm Chemical Reagent). After stirring at ambient temperature for 5 minutes, the
transparent yellowish mixture was transferred into a 100 mL Teflon-lined stainless-steel
autoclave. After treatment at 200 °C for 2 h, the precipitate was separated and washed with
ethanol and deionized water 2 times, respectively, and kept in water. Then, the microparticle

suspension was calcinated at 500 °C for 2 h.



2.2. Characterization

Scanning electron microscopy (SEM) images were collected by a Hitachi S-4800 field-
emission SEM (Japan) and the transmission electron microscopy (TEM) images were captured
by JEM-F200 (Japan). Bruker D8 Advance X-ray diffractometer (Germany) was used to record

the X-ray diffraction (XRD) patterns.

2.3. Light-controlled motion

A 50 pL suspension of the E-TiO; micromotors was dropped onto a glass slide (Citotest
1A5107), followed by the addition of 50 pL of H>O:2 fuel solution. The built-in light source
(Leica EL6000, Germany) of the optical microscope (Leica DMI 3000B, Germany) can excite at
UV wavelengths from 280 to 410 nm with an adjustable intensity from 0 to 590 mW c¢m™. In
addition, a UV-LED light source (SZ Lamplic Technology, China) with a wavelength of 365 nm
with adjustable intensity (0-500 mW cm™2) was set above the substrate with an incident angle of
45°. The motion behavior of the E-TiO> micromotors was observed and recorded by optical

microscopy at ambient temperature.

2.4. Motion trajectories and velocity analysis

All videos of two-dimensional (2D) planar motions were tracked and analyzed by Video
Spot Tracker V08.01 software and Image]. The 3D trajectories of photogravitaxis were
calculated by the scale variation of the microscopic fine-tuning knob. Specifically, we focused
on the top and then the bottom of a 5 um SiO> sphere under the microscope and recorded the
respective positions of the tuning knob of the microscope. Then, the stroke of the knob between

two positions was scaled into 0.15 pm/step. To track the E-TiO2 micromotor performing negative



photogravitaxis, the tuning steps were recorded continuously when adjusting the tuning knob to
keep the micromotor in focus. The color-coded 2D trajectory plots and velocity data were

analyzed by using MATLAB.

2.5. Quantitative detection of dissolved oxygen

A 30 mL aqueous suspension with the E-TiO, micromotors (0.001 mg mL™!) and H,O;
(0.01 wt %) was put into a 50 mL beaker mounted with the probe for the dissolved oxygen meter
(Jenco 9173R, USA). A UV-LED light source (SZ Lamplic Technology, China) with a
wavelength of 365 nm was set below the beaker and the light intensity was set to be 50, 150,
250, and 500 mW cm~2. A control experiment with only H2O> (0.01 wt %) was conducted to rule

out spontaneous O production. The Jo, from the illuminated surface of the micromotors was

calculated according to the following equation [27].

(Ce = Co) = (Cro — Go)
NS, ¢t

Jo, =

Here, C, is the original concentration of the dissolved oxygen in the solution without UV
irradiation, C;y and C; are the oxygen concentrations found with only the H>O; and the mixture,
respectively, at time ¢ under UV irradiation. N is the number of E-TiO2 micromotors in the unit

volume. Sy is the surface area of a micromotor.

2.6. Numerical simulations

The numerical simulation of the propagation and attenuation of light in the E-TiO>
microparticles was performed via the full-wave optics and transient diffusion modules of the
commercial COMSOL Multiphysics package. The wavelength of the plane light source in this

simulation is 365 nm. The diameter and refractive index of the E-TiO> microspheres are 1 pm



and 2.7-0.15i and the perfected layers were set up to simulate an isolated sphere. Three different
power inputs of 50, 500, and 590 mW were respectively studied here.

Nonelectrolyte (O2 molecules) diffusiophoresis induced concentration gradients, fluid
speed, and pressure distribution were simulated using the diffusions and creeping flow modules
of the commercial COMSOL Multiphysics package. The simulation was built up by placing an
E-TiO2 micromotor on a glass substrate (100 pm in width), which was immersed in the bottom
of a 0.01 mm? square space which is filled with water. By quantitative measurement of dissolved
oxygen due to the photocatalytic decomposition of H20, the flux of oxygen molecules (Jo,) are
0.71 X10* and 9.5 X 10* mol/(m?s) (Fig. S1) at I of 50 and 500 mW cm2, respectively. And the

Jo, at the I of 590 mW cm™ was then calculated to be 14.5X10* mol/(m’s) according to the

result in Fig. S1. From the analysis of the TEM figure, the motor model is approximately set to
be that a solid sphere (diameter: 500 nm) attached to a 50 nm spherical shell. The surface
mobility over the particle surface (bp) is deduced to be 1 x 101 m> mol! s7!, and the by is set to

be 0.5b, [50]. The diffusion coefficient of O> molecules in water is 1.97 X 10° m? s [14]. The

reactions inside of the particles are not considered because it is not easy for the produced O>
molecules to diffuse out of them and the induced surface osmosis can be neglected. The

governing equations of the numerical simulations are given in Supplementary Information.

3. Results and discussion

To demonstrate the design strategy of the E-TiO> micromotors with multimodal motion
behaviors, the eccentric core-in-hollow shell TiO2 microspheres, which have a unique isotropic
outer surface but inherent inner mass asymmetry, were fabricated at first by a simple

solvothermal method followed by calcination (see details in the Experimental section) [48]. The



formation of the eccentric core-in-hollow shell structure is attributed to the typical Ostwald
ripening process, in which the growth of the outer hollow shell is at the expense of the
dissolution of the inner core, thereby generating an interior hollow space between the shell and
the core [48]. Fig. 1A-C shows the structure of the obtained eccentric core-in-hollow shell TiO>
microspheres. The SEM and TEM images (Fig. 1A and B) confirm that the particles are in
spherical structures with an average diameter of 1 um and with rough surfaces. In addition, they
are anisotropic with a spherical inner core attached to one side of the hollow shell, with an
average shell thickness of 50 nm. The XRD pattern (Fig. 1C) shows that the particles consist of a
single component of anatase TiO>. TiO2 is one of the most common photocatalysts with high
stability and excellent photocatalytic activity. Upon UV illumination, TiO> micromotors catalyze

the decomposition of H>O» (fuel) as follows: [51]

TiO, + hv > ht + e~ (1)
H,0, + 2h* > 0, + 2H* )
H,0, + 2e~ + 2H* - 2H,0 (3)

The molecular product (O2) then induces non-electrolyte diffusiophoresis as the dominant
propulsion mechanism.

We first describe the multiple motion behavior of E-TiO; micromotors, from negative
phototaxis to random propulsion, upon sidewise UV light irradiation. The specific experimental
setup is demonstrated in Fig. S2. In a typical experiment, the E-TiO> micromotors are dispersed
in the aqueous medium (5.0 wt.% H203), and they only exhibit Brownian motion with UV light
off (Fig. 1D(i) and Video S1). To obtain a quantitative insight into the behaviors of micromotors,
the trajectories are color-coded to record their time progression in 5 s intervals while tracking.
Turning on the UV light from the side and adjusting the light intensity (/) to 50 mW cm™2, the E-

TiO> micromotors showed negative phototaxis (Fig. 1D(ii) and Video S1) that can be observed



from the color positions of the starting and ending points. At I of 150 mW c¢m™2, the micromotor
trajectories start to become more random in nature, as shown in Fig. 1D(iii). As [ is increased,
the motion of the E-TiO; micromotors becomes more diffusive with less directionality (Fig.
ID(iv)). Not only the motion behavior, but also the speed of E-TiO> micromotors can be
precisely controlled by regulating /. Fig. 1E shows that the average speed of the microparticles
gradually increases from 2.2 to 7.2 um s~! as I increases from 0 to 500 mW cm™2.

The schematic diagram of an E-TiO: micromotor in the aforementioned experimental
system is shown in Fig. 2A. Like other colloids whose densities are larger than water, the
fabricated motors tend to reside near the substrate surface because of gravity sedimentation.
Here, the particle gravity is considered to be completely compensated by thermal motion and the
average particle height from the substrate is determined according to 7 = KpT/mg, where mg
represents the particle buoyant gravity [52]. The angle between the particle symmetry axis and
the normal vector perpendicular to the substrate is defined as the orientation angle (0) of the E-
TiO2 micromotor (Fig. 2A). Due to the asymmetric mass distribution, the E-TiO> micromotor
would experience an intrinsic torque (7o) once the motor axis deviated from the surface normal
of the substrate (or 6 # 0). The maximum magnitude of Ty was calculated to be 0.7 x 102! N-m
at a @ of 90° according to the model given in Fig. 2A. This value is comparable to Brownian
random torque (78, 102! N-m) estimated from the maximum magnitude of Brownian force (Fp =
kgT/2r) times r [53]. This suggests that Brownian random rotation of the motor in water is
largely constrained by its asymmetric mass distribution and it prefers to have an orientation with
the inner core downward (-90° < 8 < 90°).

The time-averaged energy density of UV light with different / in an E-TiO2 micromotor

with a typical orientation (6 = 45°) was simulated using the COMSOL software [54]. At low 1,



only a few photons can pass through the shell and reach the core (left panel of Fig. 2B), and a
small number of photogenerated holes and electrons were generated in the core. Further, most of
them would be consumed rapidly at the inner core surface by H2O2 (5 wt.%) inside the E-TiO2
micromotor. As a result, few holes and electrons generated in the core can diffuse to the outer
surface of the E-TiO> micromotor, and the photocatalytic reaction occurs predominantly on the
illuminated outer surface. Under this condition, the produced O molecules would mainly
accumulate at the illuminated side of the E-TiO; micromotor (Fig. S3A), and the resulting O>
gradient across the motor would induce a surface phoretic slip to drive it with the shadowed side
forward near the substrate (Fig. 2Ca). The driving force generated by the phoretic flow can be
decomposed into a horizontal driving force Fx (1.3 x 10" N) to propel the motor moving along
the substrate and a vertical downward force Fy (5.9 x 10°'5 N) which pushes the motor close to
the substrate. The average height / of the motor to the substrate can be estimated to be about 145
nm according to h = KgT/(mg + Fy) [52].

In contrast, at a high 7, enough photons can penetrate the shell (right panel of Fig. 2B), and
the generated electrons and holes in the core can migrate to the nearby outer surface (the
diffusion length of photogenerated charges can reach tens of micrometers and participate in the
photocatalytic reactions there [55]. Thus, the inherent mass asymmetry now influences the
motion behavior of the E-TiO2 micromotor. To verify this, the phoretic flow field (#) around an
E-TiO> micromotor with a 6 of 45° at the high I of 500 mW c¢m was simulated (Fig. 2Cb). Due
to the strong Fy (4.5 x 1074 N) originating from the high O, flux, the motor sinks to a position
with an & of 75 nm (Fig. 2Cb) to the substrate, and thus the produced O becomes highly
concentrated in the confined space between the motor and the substrate on the core side (i.e., the

shadowed side). The high concentration of O will then induce a lateral phoretic flow toward the
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confined space along the substrate on the core side, resulting in a high local pressure (p, color
background in Fig. 2Cd) there. Consequently, different from the negative phototaxis in the +x
direction at low 7 (e.g. 50 mW c¢m™2, Fig. 2Ca), the motor with the same orientation (6 = 45°) can
now move in the opposite direction (-x direction, Fig. 2Cb) near the substrate under the Fx of -5.5
x 107'* N (Fig. 2D). This reversal in motion direction (or the direction of Fx) highlights the
contribution of the mass asymmetry to the propulsion and the orientation-dependent
directionality of E-TiO2 micromotors at high 1. As a result, similar to the traditional asymmetric
Janus-structured micro/nanomotors [56-58], the E-TiO: motors perform a random motion
because of their constantly varying orientation (¢) due to Brownian rotations. It is worth noting
that the horizontal driving force Fx at low I mainly resulted from the phoretic force via the slip
velocity on the motor (Fig. 2Cc), while that at high I comes from the fluid pressure
predominantly induced by the accumulated product, O> (Fig. 2Cd).

To summarize the behavior of the E-TiO, motors with varying I, under a sidewise UV
irradiation with low I, the micromotors can be treated as isotropic spheres and they undergo
directional negative phototaxis due to the persistent chemiosmotic slip toward the illuminated
side of the motor regardless of their orientation (Fig. 2E) [14]. In contrast, the E-TiO:
micromotors tend to move randomly at a high I (Fig. 2F) because of the contribution of the core
to the propulsion and the orientation-dependent motion directionality.

When the H>O: fuel concentration (Cy) changes, the E-TiO2 micromotors irradiated
vertically from the bottom of the substrate can switch their motion behavior between negative
photogravitaxis and random propulsion, as illustrated in Fig. 3. In detail, at a low Cr (0.01 wt.%
H>0>) and an I of 590 mW cm, the microparticles gradually move out of focus as they move

upwards against gravity (0 - 50 s in Fig. 3C and Video S2). The trajectories of two E-TiO:
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micromotors are shown in Fig. 3D, indicating the negative photogravitactic migration in the +z
direction (ca. 0.12 um s7') and with random movement in the 2D horizontal plane. In contrast,
these micromotors only exhibited continuous, wall-bound stochastic motion in the 2D plane
when Cr was increased from 0.01 to 5 wt.%, either illuminated vertically from the bottom (Fig.
3B and 3E) or the above of the substrate (Fig. S4). The experiments with vertical upward light
illumination were also conducted at a low Cr(0.01 wt.%) and lower values of I (80 and 350 mW
cm~2). Only a few micromotors moved up at I = 80 mW c¢m~2 while many more moved up at I =
350 mW cm™. As expected, the speed of E-TiO> micromotors at a high Cr can be controlled by
varying I, as demonstrated in Fig. 3F, where the speed increased from 6.5 to 9.5 pm s~! when /
was enhanced from 350 to 590 mW cm™2.

To understand the switchable motion behavior of E-TiO» micromotors upon vertical UV
illumination from the bottom, we focus on the orientation angle € in the absence and presence of
UV light. Fig. 4A and 4B show the time-lapse microscopic images through a 100x objective at a
rate of 18 frames per second, describing the in-plane orientation of the motors (taken from Video
S4). The dark and light colors correspond to the core and hollow shell, respectively. In the
absence of light, irrespective of Cy, the E-TiO2 micromotor undergoes continuous Brownian
rotations but has favorable orientations with the core downward (upper panels in Fig. 4A and
4B). When the vertical UV illumination was turned on, at a low Cr(0.01 wt.% H203), the similar
constantly varying but preferred core-downward orientation (-90° < 6 < 90°) of the E-TiO>
micromotor was observed, and it gradually moved vertically upwards away from light (lower
panel in Fig. 4A, Fig. S5 and Video S4) [50]. In contrast, the E-TiO2 micromotors always move

near the substrate with a stable core-sideward orientation (6 =~ 90°) when Cr was increased to 5

wt.% (Fig. 4B and Video S4).
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Modeling helped to understand the above behavior. Upon vertical UV light irradiation from
the bottom, due to the relative higher photocatalytic activity of the core side, the motor tends to
rotate its core side away from the substrate when the motor axis deviated from the surface
normal of the substrate (6 # 0°), as evidenced by the simulated flow field () (Fig. 4C) and the
correspondingly generated phoretic torque (7) (Fig. 4D) around an E-TiO: micromotor.
Nevertheless, the magnitude of 7 acting on the motor (blue curve in Fig. 4D) is too low to
overcome its intrinsic torque (black curve in Fig. 4D) at low Cr (0.01 wt.%) even at a € of 15°,
and thus it always moves vertically upwards away from light (negative photogravitaxis). In stark
contrast, the magnitude of T of the motor reaches a maximum value as high as 9.45 x 102° N-m
when 6 = -30° (or § = 30°) at the high Cr (5 wt.%) (red curve in Fig. 4D). Even though gradually
weakening as the 6 deviates from -30° (or 6 = 30°), the phoretic torque 7 (0.4 x 102! N-m) on the
motor is still comparable to Tp (0.7 x 102! N-m) even at the 6 of 90° (or -90°). Hence, the E-TiO>
micromotors prefer to move with a core-sideward orientation (6 = -90° or 90°) near the substrate
at the high Cr (5 wt.%). In addition, the hydrodynamic interactions between the active motor and
the substrate may also facilitate its 2D motion near the substrates [50,59-62]. The multimodal
motion behavior of the E-TiO; micromotors at different Cr are summarized in Fig. 4E and 4F.
Under vertically upward UV illumination, the motors tend to perform negative photogravitaxis
due to their core-downward orientation under the dominant intrinsic torque at the low Cr (Fig.
4E), while they prefer to move randomly in the 2D plane (near the substrate) in a core-sideward
orientation (6 = -90° or 90°) because of their apparent reorientation under the overwhelming

phoretic torque at the high Cr (Fig. 4F).

4. Conclusion
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We have shown photochemically-powered micromotors with the motion behavior actively
adjusted to environmental cues. Based on the inherent mass asymmetry, single-component
eccentric core-in-hollow shell TiO2 (E-TiO2) micromotors in hydrogen peroxide (H202) solution
under UV irradiation can display negative phototaxis, negative photogravitaxis, and random
diffusive propulsion, depending on the UV light intensity (/) and the H2O> concentration (Cy).
When illuminated from one side with a low I, the E-TiO; micromotors act as isotropic
microspheres and undergo negative phototaxis. Once [ is increased, the photocatalysis by the
eccentric core of the micromotors becomes remarkable, resulting in random Brownian
superdiffusion. In another example, when the UV light is applied vertically from the bottom,
either negative photogravitaxis or Brownian superdiffusion can be observed depending on
whether the Cris low or high. The experimental observations were supported by numerical
simulations. This ability to control the motile behavior “on the fly” by two different inputs
overcomes an important barrier to the design of micro/nanomotors that can serve multiple
functions, such as search and delivery. The directional taxis of the motors would allow them to
quickly move to a target area; subsequently switching the motion to superdiffusion will then

enable the motors to efficiently deliver cargoes over the entire area.
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Fig. 1. The characterization and motion analysis of E-TiO2 micromotors when UV light is

irradiated from one side. (A-C) Scanning electron microscopy (SEM) image (A), Transmission

electron microscopy (TEM) image (B), and X-ray diffraction (XRD) pattern (C) of the typical E-

TiO2 microspheres, respectively. (D) The motion trajectories of E-TiO» micromotors over 5 s in

the aqueous medium with 5.0 wt.% H>O> under different strengths of UV irradiation, obtained

from Video S1. The coded different color records the time progression. (E) Average speed of the

E-TiO2 micromotors at different 7, which was determined by tracking 15 microparticles. The

concentration of H>O; in the medium is 5.0 wt.%.
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Fig. 2. The numerical simulations, calculation, and schematic diagrams toward the motion
mechanism of the E-TiO, micromotors under sidewise UV irradiation at different 1. (A)
Schematic illustration of the Brownian rotational diffusion and suspension height (4) of an E-
TiO2 micromotor in the aqueous medium with 5.0 wt.% H>O> under UV irradiation. The
parameter 6 describes the polar angle between the particle symmetry axis and the normal vector
perpendicular to the substrate. (B) Simulated results of the time-averaged energy density of UV
light in the E-TiO> micromotors (6 = 45°) with different /. The power inputs were set as 50 (left
panel), and 500 mW (right panel), respectively. The wavelength and incident angle of UV light

are 365 nm and 45°. (C) The simulated velocity in the x direction and the streamlines (black
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curves) of the hydrodynamic flow (a, b), and the pressure (P) on the particle surfaces (c, d)
induced by the VC along the surface of the particles and the interactions between particles and
substrate with different 7, (a, ¢) 50 mW cm™2 and (b, d) 500 mW cm™2. The red arrows in a and b
indicate the instantaneous motion directions of the respective motors. (D) The calculated
horizontal driving force (Fx) acting on the motors under UV irradiation at different / of 50 and
500 mW c¢m™2. (E) The negative phototaxis mechanism of E-TiO, micromotors at a low I (under
50 mW c¢m™2). (F) The random propulsion mechanism of E-TiO» micromotors at a high I (over
150 mW cm™). Red arrows represent the motion directions of the micromotors at different
states. The yellow body in the diagram indicates the E-TiO> micromotor while the black
represents the hollow part. All diagrams are demonstrated from the X-Z plane (perpendicular to

the substrate, as depicted in E). Purple arrows indicate the incident direction of the UV light.
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schematic diagram depicting the motion behavior variation of E-TiO2 micromotors with / when
UV light is applied vertically from the bottom. (C) (i-iii) Time-lapse snapshots of the motions of
the E-TiO> micromotors with 0.01 wt.% H>O> at I = 590 mW c¢m™2; images are taken from Video
S2. (D) The motion trajectories of 2 micromotors in three-dimension (3D) space in 15.5 s. The
ranges of X axis and Y axis correspond to the length and width of i-iii (C). (E) Motion trajectories
of an E-TiO> micromotor over 3 s within 5.0 wt.% H»O; at different /; images are taken from
Video S3. The coded color records the time progression. (F) Average speed of the E-TiO>
micromotors at different / with 5.0 wt.% H>O, as fuel, which was calculated by tracking 15

microparticles.
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Fig. 4. Brownian rotational change, underlying mechanism analysis of an E-TiO2 micromotor
under vertical UV illumination with different / and Cr. (A, B) Images taken from an optical
microscopy video (Video S4) depict the states () of E-TiO, micromotors at low Cr (A, 0.01
wt.% H202) and high Cr (B, 5 wt.% H202), respectively; the shells and cores of the colloidal
particles appear bright and dark, respectively. I: 590 mW cm™, scale bar: 1 um. (C) The
simulated velocity along the x direction and the streamlines (black curves) of the hydrodynamic
flow (u) induced by the VC along the surface of the particles at different 8 (-45°, 0°, 45°) at high
Cr (5 wt.% H203). (D) The calculated vertical torque (7) of the E-TiO> micromotor at different 6
(90° <0 <90°) under UV irradiation at high Cr (5 wt.% H>O», red curve) and low Cr(0.01 wt.%
H>0:, blue curve). I: 590 mW cm™2. The black curve indicates the intrinsic torque (-7o) of the E-
TiO2 micromotor at different 8 (90° < 8 < 90°). (E, F) The motility mechanism of E-TiO>

micromotors at low Cr (E) and high Cr (F). The black and blue arrows represent the switch
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between different states and the rotation trends of the motors, respectively. And the red and
purple arrows indicate the respective motion direction of the motor and the incident direction of

the UV light.
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