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CONCISE REVIEW OF LIGHT-DRIVEN MICROMOTOR SYNTHESIS
AND ITS ENVIRONMENTAL APPLICATIONS

Light-powered micromotors are a new type of micromotor that can be used for water purification treatment. This paper focuses
on the synthesis processes and its application in water remediation. This mini review will highlight the great potential of these light
powered micromotor as well as the significance of preparing them for environmental applications. Photocatalytic micromotors
or light-powered micromotors have been intensively researched over the last several years for several applications, such as envi-
ronmental remediation, biomedicine and micropumps. It has been found that conventional wastewater treatment is commercially
inefficient in water remediation. The emphasis then was on a new solution of using micromotor as a potential replacement for
water remediation. Many studies have been carried out over the years on the synthesis of these light-powered micromotors, which
revolves around the materials used, and applications. This paper, therefore, reflects on the advancement of light-powered micromo-
tors and will be concentrating on the synthesis processes and its application in water remediation. This mini-review will highlight
the great potential of these light-driven micromotors as well as the significance of preparing them for environmental applications.
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1. Introduction

Micromotors or nanomotors have been studied intensively
for the past few years with an increasing number of publications
from the year 2012 to 2017 [1]. Its unique material selection
and mobility have become the factors in their wide applications
such as sensing [2], environmental remediation [3-8], biological/
chemical warfare agents [9,10], and cargo transportation [11,12].
Throughout the years, tremendous progress can be seen regarding
the fabrication of micro/nanomotors to widen the applicability
of its function. There are different types of micro/nanomotors
which include polymer stomatocytes, helical microswimmers,
biohybrids nanomotor, sporopollenin exine-based micromotors
and Janus micromotors [1]. For example, Janus micromotor, as
shown in Fig. 1, has received much attention due to its unique-
ness. Janus micromotor usually involves two or more distinct
physical properties which provide more efficient propulsion and
also selective function [1].
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Fig. 1. Asymmetry structure of Janus micromotors [13]

All these micro/nanomotors are autonomously triggered
through the usage of chemical fuels such as pure hydrogen
peroxide (H,O,) and pure water [14]. Chemical fuels that are
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commonly used are usually unfriendly and toxic towards the
environment. This can be exhibited by the use of hydrogen
peroxide which is often used in high concentrations to form
electrolyte or non-electrolyte gradient to propel the micro/na-
nomotor [15]. In a complex environment, the existence of fuel
for micro/nanomotors might be a challenge in developing a more
sustainable technology of itself. Hence, a fuel-free approach was
considered such as light [16], magnetic [17,18], and acoustic
[17]. Light specifically, which can be obtained from a natural
source such as sunlight, has attracted quite the attention as it is
more promising in terms of renewable energy and in general, is
more environmentally friendly.

Moreover, compared to other actuation sources such as
magnetic and acoustic, light itself has many variables that can
be tuned and explored from the fundamental and application
perspective. Some of the variables might include projection,
wavelength and intensity. Light-driven micromotor or nanomotor
often has wider applications and better performances because
its motion can be remote by turning on/off the light, as well as
alterable velocity [18].

For most light-driven micro/nanomotors published works
assessed, micromotors can be triggered over a wide range of
wavelengths such as UV, visible and near-infrared (NIR). In the
current state, despite its overwhelming increase in publications,
light-driven micromotors study is still scarce. For now, the focus
of developing light-driven micromotors is to reduce the reliance
on toxic fuels [15] and surface functionalization [19]. The fuel-
free or light-driven micromotors itself is still wide in terms of
collective behaviour and their applications depending on the
light spectrum. Photocatalytic materials are usually responsive
to a specific wavelength depending on their bandgap. High pho-
tocatalytic materials have a rapid response of approximately less
than 0.1s, which has a huge potential in environmental remedia-
tion [20] compared to conventional water treatment. Therefore,
amore photocatalytic material with a lower energy band gap has
been used to synthesise the light-driven micromotor.

The objective of this concise review is to highlight the
progress of developing light-powered micromotors. Intensive
attention will be given to the different methods in the synthesis
of micromotors which give out different structures of the micro-
motors. This review will also discuss the applications of these
light-powered micromotors specifically in environmental ap-
plications.

2. Progress and Development in the Synthesis
of Light-powered Micromotor

There are different combinations of micromotors fabricated
over the years such as polymeric, polymeric/metallic, poly-
meric/metallic oxide, carbon/metallic and silica/metallic [1].
The development of light-powered micro/nanomotors has been
significantly improving over the years. It can be seen when
silica nanoparticles were the first to be used as the base for the
preparation of Janus micromotors in most studies [21-23]. Metal
and metal oxide nanoparticles were then studied as they can be
driven by light. Photocatalytic materials were used to form light-
driven micromotors due to their photocatalytic activity under the
influence of different wavelengths.

Materials such as TiO, [24-28] and its adjacent becomes the
main focus as it contains high photocatalytic activity [26] and
is nontoxic [27]. However, due to TiO, huge energy band gap,
a lower energy band gap materials have been looked upon such
as Bismuth Oxyiodide (BiOI) [28]. However, the use of metal
combinations has its drawback when it comes to larger-scale pro-
duction. The incorporation of metal caused a higher cost to pro-
duce micromotors. Hence, a different approach is used recently,
by incorporating graphitic carbon-nitride based micromotor [29].
However, the majority of light-powered micromotor is still in the
need of high concentration fuels. The usage of toxic fuels such
as hydrogen peroxide [30] is not favourable as it poses a threat
to the environment. Hence, a more environmentally friendly or
bio-based fuel was used such as glucose [29,31].

Looking into the synthesis aspect, these micromotors are
fabricated with different structures such as tubular [32-35] and
sphere [36,37] in which the propulsion and direction are varied
as shown in Fig. 2.

Generally, in designing the micromotors, the structure of
the micromotor can be categorized into two different structures.
The micromotor is synthesized into asymmetrical shapes which
are also called Janus structure as shown in Fig. 3. Janus structure
consists of two symmetric hemispheres in which characterized
by different surface properties. Asides from the Janus structure,
there are other non-uniform shapes such as sphere, peanut-
shaped, tubular, sheet-tube, rod-like, star-shaped, and others.
The difference between this structure is that Janus structure has
a uniform photo exposure on one side (photoactive material).
Meanwhile, the others have a non-uniform exposure of lights
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Fig. 2. Examples of tubular-shaped micromotor (left) and sphere micromotor (right) [37,38]




Fig. 3. Janus structure which consists of materials A and B

on the photoactive material. This could affect in a way of the
propulsion or direction of the micromotors.

These different structural arrangements of the micromotors
can be synthesised using different small-scale methods. Depend-
ing on the material itself, a certain synthesis method is needed to
get a specific structure. Over the years, different methods have
been approached to get a different structure that might affect
the propulsion of the micromotors itself. The most common
method in the synthesis of micromotor includes physical vapour
deposition (PVD), template-assisted layer-by-layer assembly,
and electrodeposition method. In the following subsections,
the mechanism will be further discussed, and the works of each
synthesis method will be reported.

2.1. Physical Vapor Deposition

This method involves the process of converting materials
in solid or liquid form into gaseous state. A high temperature
vacuum or gaseous plasma is usually involved in vaporizing the
materials. The vaporized material will then be condensed into
a thin film. There are different types of physical vapour deposi-
tion which include electron-beam physical vapour deposition,
sputter deposition, pulsed laser deposition, and cathodic arc
deposition. Each of the type uses different mechanisms to trans-
port the desired material onto the surface of a material. In the
synthesis of micromotor, a base material is first fabricated by
using different methods such as ultrasonication which then will
be coated with secondary material by using physical vapour
deposition as shown in Fig. 4.

For Janus micromotor, this method is suitable as it re-
quires a symmetric deposition of the coating on the surface
of the substrates. Physical vapour deposition offers the ability
to manipulate the tilt and rotation of the incoming vapour flux to
produce different structures [40]. A method of physical vapour
deposition using electron beam is illustrated by Ying et al. [36].
The research reported brush-shaped zinc oxide nanoparticles
coated with platinum light-driven micromotor. A modified
hydrothermal reaction was first used to synthesise ZnO arrays
where three different substrates were used to produce zinc oxide
nanoarrays (ZNAs) at different diameters. ZnO nanorods were
then produced by the hydrothermal reaction by immersing the
substrates vertically in the solution of ZnO precursor solutions.
The ZnO micromotors were first etched and platinum is deposited
on the surface of ZnO arrays by electron beam evaporation at
a glancing angle of 55°.
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Fig. 4. Schematic diagram of physical vapour deposition method [39]

2.2. Template-assisted Layer-by-layer Assembly

Layer-by-layer is a technique in which charged materials
are deposited alternatingly with its charge being opposite to each
other [37]. This technique is suitable to incorporate a variety
of materials and it is economically feasible other than easy to
operate. On top of that, using this assembly method also offers
the ability to encapsulate or incorporate desired components into
another material [37].

Layer-by-layer assembly is commonly used to fabricate
tubular-shaped micromotors by using a template as its non-
spherical shape requires the deposition of different materials
in alternative manners as shown in Fig. 5. A template-assisted
layer-by-layer assembly method is demonstrated by Wu et al. [42]
in the fabrication of tubular-shaped platinum-based micromotors.
Two solutions of polyallylamine hydrochloride (PAH) and poly
styrene-sulfonic acid (PSS) were used to immerse the template
alternatively. Each immersion will form one bilayer. The tem-
plate was immersed repetitively to form multiple bilayers. The
additional material which is platinum nanoparticles (PtNPs) will
be assembled in the innermost layer of the template.

Fig. 5. Illustration of synthesis by layer-by-layer assembly method [41]

2.3. Electrodeposition

This method emphasizes the use of electric current on a con-
ductive material in which it is immersed in a solution containing
the metal to be deposited. Its ability to perform without costly
equipment and sensitive environmental conditions make it easy



to perform. Particularly in the synthesis of micromotors, the
electrodeposition method usually comes with a template assisted
as in Fig. 6. The use of template in electrodeposition allows the
synthesis of desired tubes in each pore [37] which makes the
fabrication can be done in mass production.
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Fig. 6. Illustration of template-assisted electrodeposition [37]

Reported work by Enachi et al [11] illustrated the use of
electrochemical deposition by anodization of titanium sheets.
The TiO2 nanotubes were synthesized using a template. The
usage of the template ensures the diameter and density of the
micromotor stay constant throughout all samples. Hence, ensur-
ing the consistent performance of all the samples.

3. Application of light-powered micromotor
in Environmental Remediation

The deterioration quality of water in most cases is commonly
caused by disposal, land use and industrial activities. Sources such
as land disposal, animal feedlots, and use of pesticides are one of
the contributors to water pollution [43]. Consequently, clean water
sources for human usage were depleting over the years. Hence, a
responsible step should be taken to improve the water quality. As
for now, a few technologies were proposed for water remediation.
As for now, there are three types of water remediation technolo-
gies which consist of physical treatment technologies, chemical
treatment technologies and biological treatment technologies
[44]. Norman Network has listed a total of 700 substances that
are identified as emerging pollutants (EPs) being discharged in
the aquatic environment [45]. Emerging pollutants are natural
and synthetic compounds which pose threats to the environment,
however, there is only limited information about emerging pol-
lutants [46]. Asides from typical pollutants that are being treated
and controlled before discharge, these emerging pollutants were
discharged into the environment with high concentrations.

3.1. Water Treatment

Despite the advancement in water treatment process, these
concentrations of EPs are still found in water bodies [47-49].

Hence, the advantages of these light powered micromotor in
which can carry out a specific function can be utilized for the
environmental remediation. Li et al. [10] synthesized a light-
activated TiO,-Au-Mg micromotors which have the capabilities
of producing a highly reactive oxygen species. The species
plays a vital role in the degradation of the cell membranes and
mineralization of organophosphate nerve agents. The study dem-
onstrated the use of light powered micromotors in degradation
of pollutants which is hard to decompose. In other published
work by Zhang et al. [19], a light powered Au-WO;@C Janus
micromotor shown a high sensitivity towards pollutant such
as sodium-2,6-dichloroindophenol (DCIP) and Rhodamine B
(RhB). The high sensitivity toward these pollutants can be uti-
lized for detection and degradation of these pollutants. As fuel
dependent light-powered micromotor is an issue in microma-
chines field, Tong et al. [50] synthesized an Iron phthalocya-
nine (FePc) with the addition of gelatin through emulsification
process. This light-driven micromotor able to self-propulsion
under the condition of water as fuel. This discovery proved
the potential of micromotor in the environmental remediation.
Meanwhile, Wang et al. [51] synthesized a novel light driven
micromotor in which has the ability to carry out multipurpose
function. A TiO,-Fe micromotor. TiO, microspheres were first
synthesized using microemulsion method which then sputter-
coated with Fe. The micromotors were able to carry out pho-
tocatalysis and Fenton process in which suitable for the water
treatment.

3.2. Water Purification Treatment

In the year 2020, Liu et al. [52] demonstrated a light pow-
ered bismuth bromide oxide (BiOBr) based micromotor doped
with Fe*". It is found that the efficiency of degradation on meth-
ylene blue is approximately 97%. Later that same year, Zhan et
al. [53] described a BiOI-Agl-Fe;04-Au light driven micromo-
tor a fabricated by simple hydrothermal method. Uniquely, the
fabricated micromotor can be recoverable and reusable. Through
the addition of Agl, the photocatalytic activity was increased to
trigger a faster in motion speed and degradation of pollutants.
Fe;0,4 was added for the recoverability feature. Therefore, it is
illustrated that a combination of different materials can provide
a different functions or effects toward different pollutant. Hence,
light powered micromotor has a wide application in water pu-
rification treatment.

4. Conclusion and outlook

Light powered micromotor have shown a lot of great po-
tential in the application related to environmental remediation.
The flexibility of materials combination allows the micromotors
to have a different function according to each characterization.
In past several years, light powered micromotors depending on
high concentration and toxic fuels. Photocatalytic materials such



as silica dioxide (Si0,) and titanium dioxide (TiO,) have been
the main focus in fabricating light powered micromotors. The
focus then turns towards a more efficient light driven micromotor
with a lower energy band gap such as bismuth oxyiodide (BiOI).
The use of polymer based micromotor also have been becoming
an interest among researchers as it provides less threats to the
environment.

In term of synthesis aspect, all the synthesis methods were
in lab-scale application as to the best of our knowledge. In mov-
ing towards macro scale production, a more substantial progress
should be made in the aspects such as interaction between the
particles and interaction between the surrounding environment
and micromotor itself. Even though there are promising novel
light powered micromotor up to these dates, a combination of
different actuation sources effect on micromotor is still at scarce.
In real environment, the actuation sources can be found almost
everywhere in which it might affects the motion behavior of the
light powered micromotor. Hence, a combination study of all
the actuation sources towards a group of micromotors should
be studied to observe the behavior.

Allin all, the light powered micromotor field is still in early
stage of development. Without a doubt, light powered micromo-
tor is one of the most exciting research projects in nanomaterials
advancement with their flexibility in implementation of vari-
ous kind of alteration. One of the future challenges in this area
is the trade-off between performance and economical aspect of
the micromotor development. Therefore, it is expected to grow
at a faster pace in a few years to come, especially in moving
towards macro scale production which might open plenty more
door to explore.

REFERENCES

[1] B.Jurado-Sanchez, M. Pacheco, R. Maria-Hormigos, A. Escarpa,
Perspectives on Janus micromotors: Materials and applications.
Appl. Mater. Today 9, 407-418 (2017).

[2] M.Liw, Y. Sun, T. Wang, Z. Ye, H. Zhang, B. Dong, C.Y. Li, A bio-
degradable, all-polymer micromotor for gas sensing applications,
J. Mater. Chem. C 4 (25), 5945-5952 (2016).

[3] J. Orozco, A. Cortés, G. Cheng, S. Sattayasamitsathit, W. Gao,
X. Feng, Y. Shen, J. Wang, Molecularly imprinted polymer-based
catalytic micromotors for selective protein transport. J. Am. Chem.
Soc. 135 (14), 5336 5339 (2013).

[4] J.Orozco, G. Cheng, D. Vilela, S. Sattayasamitsathit, R. Vazquez-
Duhalt, G. Valdés-Ramirez, O.S. Pak, A. Escarpa, C. Kan, J. Wang,
Micromotor-based high-yielding fast oxidative detoxification of
chemical threats. Angew. Chemie — Int. Ed. 52 (50), 13276-13279
(2013).

[5] C.Huang, X. Shen, Janus molecularly imprinted polymer particles.
Chem. Commun. 50 (20), 2646-2649 (2014).

[6] M. Guix, J. Orozco, M. Garcia, W. Gao, S. Sattayasamitsathit,
A. Merkogi, A. Escarpa, J. Wang, Superhydrophobic alkanethiol-
coated microsubmarines for effective removal of oil. ACS Nano,
6 (5), 4445-4451 (2012).

[7]

[12]

[13]

[14]

[17]

(18]

[19]

(20]

(21]

(22]

1281

W. Gao, X. Feng, A. Pei, Y. Gu, J. Li, J. Wang, Seawater-driven
magnesium based Janus micromotors for environmental remedia-
tion. Nanoscale 5 (11), 4696-4700 (2013).

W. Gao, J. Wang, The environmental impact of Micro / Nanoma-
chines: A Review. ACS Nano 8 (4), 3170-3180 (2014).

V.V. Singh, J. Wang, Nano/micromotors for security/defense ap-
plications. A review, Nanoscale 7 (46), 19377-19389 (2015).

J. Li, V.V. Singh, S. Sattayasamitsathit, J. Orozco, K. Kaufmann,
R. Dong, W. Gao, B. Jurado-Sanchez, Y. Fedorak, J. Wang,
Water-driven micromotors for rapid photocatalytic degradation
of biological and chemical warfare agents. ACS Nano 8 (11),
11118-11125 (2014).

M. Enachi, M. Guix, V. Postolache, V. Ciobanu, V.M. Fomin,
0.G. Schmidt, I. Tiginyanu, Light-induced motion of microengines
based on microarrays of TiO2 nanotubes. Small 12 (39), 5497-
5505 (2016).

J. Palacci, S. Sacanna, A. Vatchinsky, P.M. Chaikin, D.J. Pine,
Photoactivated colloidal dockers for cargo transportation. J. Am.
Chem. Soc. 135 (43), 15978-15981 (2013).

Q. Wang, C. Wang, R. Dong, Q. Pang, Y. Cai, Steerable light-
driven TiO2-Fe Janus micromotor. Inorg. Chem. Commun. 91,
1-4 (2018).

Q. Chi, Z. Wang, F. Tian, J. You, S. Xu, A review of fast bubble-
driven micromotors powered by biocompatible fuel: Low-
concentration fuel, bioactive fluid and enzyme. Micromachines
9 (10), 537 (2018).

H. Yu, W. Tang, G. Mu, H. Wang, X. Chang, H. Dong, L. Qi,
G. Zhang, T. Li, Micro-/nanorobots propelled by oscillating
magnetic fields. Micromachines 9 (11), 540 (2018).

K. Villa, M. Pumera, Fuel-free light-driven micro/nanomachines:
artificial active matter mimicking nature. Chem. Soc. Rev. 48 (19),
4966-4978 (2019).

L. Ren, D. Zhou, Z. Mao, P. Xu, T.J. Huang, T.E. Mallouk, Rhe-
otaxis of Bimetallic Micromotors Driven by Chemical-Acoustic
Hybrid Power. ACS Nano 11 (10), 10591-10598 (2017).

Q. Zhang, R. Dong, Y. Wu, W. Gao, Z. He, B. Ren, Light-driven
Au-WO3@C Janus micromotors for rapid photodegradation of
dye pollutants. ACS Appl. Mater. Interfaces 9 (5), 4674-4683
(2017).

R. Mout, D.F. Moyano, S. Rana, V.M. Rotello, Surface function-
alization of nanoparticles for nanomedicine. Chem. Soc. Rev. 41
(7), 2539-2544 (2012).

L. Xu, F. Mou, H. Gong, M. Luo, J. Guan, Light-driven micro/
nanomotors: From fundamentals to applications. Chem. Soc. Rev.
46 (22), 6905-6926 (2017).

W. Gao, A. Pei, R. Dong, J. Wang, Catalytic iridium-based Janus
micromotors powered by ultralow levels of chemical fuels. J. Am.
Chem. Soc. 136 (6), 2276-2279 (2014).

Q. Wang, C. Wang, R. Dong, Q. Pang, Y. Cai, Steerable light-
driven TiO2-Fe Janus micromotor. Inorg. Chem. Commun. 91,
1-4 (2018).

X. LY. Sun, Z. Zhang, N. Feng, H. Song, Y. Liu, L. Hai, J. Cao,
G. Wang, Visible light-driven multi-motion modes CNC/TiO2
nanomotors for highly efficient degradation of emerging contami-
nants. Carbon N. Y. 155, 195-203 (2019).



1282

[24]

(23]

[26]

(27]

(28]

[29]

(30]

(31]

[32]

[33]

(34]

[35]

[36]

[37]

[38]

Y. Chen, H. Gao, D. Wei, X. Dong,Y. Cao, Langmuir-Blodgett as-
sembly of visible light responsive TiO2 nanotube arrays/graphene
oxide heterostructure. Appl. Surf. Sci. 392, 1036-1042 (2017).
G. Castillo-Dali, R. Castillo-Oyagiie, A. Terriza, J. Saffar,
A. Batista-Cruzado, C.D. Lynch, A.J. Sloan, J. Gutiérrez-Pérez,
D. Torres-Lagares, Pre-prosthetic use of poly(lactic-co-glycolic
acid) membranes treated with oxygen plasma and TiO2 nanocom-
posite particles for guided bone regeneration processes. J. Dent.
47, 71-79 (2016).

G. Vélu, D. Rémiens, Electrical properties of sputtered PZT films
on stabilized platinum electrode. J. Eur. Ceram. Soc. 19 (11),
2005-2013 (1999).

L. Marchiori, P. Jorge, A. De Moura, P.D. De, Titanium dioxide
micromotors — Applied to removal of emerging contaminants.
1528-1530 (2016).

R. Dong, Y. Hu, Y. Wu, W. Gao, B. Ren, Q. Wang, Y. Cai, Visible-
light-driven BiOl-based janus micromotor in pure water. J. Am.
Chem. Soc. 139 (5), 1722-1725 (2017).

Y.S. Kochergin, K. Villa, F. Novotny, J. Plutnar, M.J. Bojdys,
M. Pumera, Multifunctional Visible-Light Powered Micromo-
tors Based on Semiconducting Sulfur- and Nitrogen-Containing
Donor — Acceptor Polymer. Advanced Functional Materials 30
(38), 1-9 (2020).

L. Liu, T. Bai, Q. Chi, Z. Wang, S. Xu, Q. Liu, Q. Wang, How to
Make a Fast, Efficient Bubble-Driven Micromotor: A Mechanical
View. Micromachines 8 (9), 267 (2017).

L. Yang, X. Chen, L. Wang, Z. Hu, C. Xin, M. Hippler, W. Zhu,
Y. Hu, J. Li, Y. Wang, L. Zhang, D. Wu, J. Chu, Targeted Single-
Cell Therapeutics with Magnetic Tubular Micromotor by One-Step
Exposure of Structured Femtosecond Optical Vortices. Adv. Funct.
Mater. 29 (45), 1905745 (2019).

K. Villa, C.L. Manzanares Palenzuela, Z. Sofer, S. Matgjkova,
M. Pumera, Metal-Free Visible-Light Photoactivated C 3 N 4
Bubble-Propelled Tubular Micromotors with Inherent Fluores-
cence and On/Off Capabilities. ACS Nano 12 (12), 12482-12491
(2018).

Y. Yuan, C. Gao, D. Wang, C. Zhou, B. Zhu, Q. He, Janus-
micromotor-based on-off luminescence sensor for active TNT
detection. Beilstein J. Nanotechnol. 10, 1324-1331 (2019).
A.M. Pourrahimi, M. Pumera, Multifunctional and self-propelled
spherical Janus nano/micromotors: recent advances. Nanoscale 10
(35), 16398-16415 (2018).

R. Wang, W. Guo, X. Li, Z. Liu, H. Liu, S. Ding, Highly efficient
MOF-based self-propelled micromotors for water purification.
RSC Adv. 7 (67), 42462-42467 (2017).

Y. Ying, A.M. Pourrahimi, C.L. Manzanares-Palenzuela, F. No-
votny, Z. Sofer, M. Pumera, Light-Driven ZnO Brush-Shaped
Self-Propelled Micromachines for Nitroaromatic Explosives
Decomposition. Small 16 (27), 1-9 (2019).

H. Wang, M. Pumera, Fabrication of micro/nanoscale motors.
Chem. Rev. 115 (16), 8704-8735 (2015).

E. Karshalev, B. Esteban-Fernandez de Avila, J. Wang, Micro-
motors for, Chemistry-on-the-Fly‘. J. Am. Chem. Soc. 140 (11),
3810-3820 (2018).

[39]

[40]

[41]

[51]

B. Khezri, F. Novotny, J.G.S. Moo, M.Z.M. Nasir, M. Pumera,
Confined Bubble-Propelled Microswimmers in Capillaries: Wall
Effect, Fuel Deprivation, and Exhaust Product Excess. Small 16
(27), 202000413 (2020).

C. Liang, C. Zhan, F. Zeng, D. Xu, Y. Wang, W. Zhao, J. Zhang,
J. Guo, H. Feng, X. Ma, Bilayer Tubular Micromotors for Simul-
taneous Environmental Monitoring and Remediation. ACS Appl.
Mater. Interfaces 10 (41), 35099-35107 (2018).

Y. Sun, Y. Liu, D. Zhang, H. Zhang, J. Jiang, R. Duan, J. Xiao,
J. Xing, D. Zhang, B. Dong, Calligraphy/Painting Based on
a Bioinspired Light-Driven Micromotor with Concentration-
Dependent Motion Direction Reversal and Dynamic Swarming
Behavior. ACS Appl. Mater. Interfaces 11 (43), 40533-40542
(2019).

Y. Wang, C. Zhou, W. Wang, D. Xu, F. Zeng, C. Zhan, J. Gu,
M. Li, W. Zhao, J. Zhang, J. Guo, H. Feng, X. Ma, Photocata-
lytically Powered Matchlike Nanomotor for Light-Guided Active
SERS Sensing, Angew. Chemie - Int. Ed. 57 (40), 13110-13113
(2018).

LT. Cousins, C.A. Staples, G.M. Klecka, D. Mackay, A Multimedia
Assessment of the Environmental Fate of Bisphenol A. Hum. Ecol.
Risk Assess. An Int. J. 8 (5), 1107-1135 (2002).

J.G. Speight, Remediation technologies, (2020).

NORMAN Association, Emerging substances. https://www.
norman-network.net/?q=node%?2F19 (accessed Nov. 07, 2019).
A.L Stefanakis, J.A. Becker, A review of emerging contaminants
in water: Classification, sources, and potential risks. Impact Water
Pollut. Hum. Heal. Environ. Sustain., 55-80 (2015).

K. Kiimmerer, The presence of pharmaceuticals in the environment
due to human use — present knowledge and future challenges.
J. Environ. Manage. 90 (8), 2354-2366 (2009).

B. Petrie, R. Barden, B. Kasprzyk-Hordern, A review on emerg-
ing contaminants in wastewaters and the environment: Current
knowledge, understudied areas and recommendations for future
monitoring. Water Res. 72, 3-27 (2014).

C.J. Houtman, Emerging contaminants in surface waters and their
relevance for the production of drinking water in Europe. J. Integr.
Environ. Sci. 7 (4), 271-295 (2010).

J. Tong, D. Wang, D. Wang, F. Xu, R. Duan, D. Zhang, J. Fan,
B. Dong, Visible-Light-Driven Water-Fueled Ecofriendly Micro-
motors Based on Iron Phthalocyanine for Highly Efficient Organic
Pollutant Degradation. Langmuir 36 (25), 6930-6937 (2020).

J. Wang, R. Dong, Q. Yang, H. Wu, Z. Bi, Q. Liang, Q. Wang,
C. Wang, Y. Mei, Y. Cai, One body, two hands: Photocatalytic
function- and Fenton effect-integrated light-driven micromo-
tors for pollutant degradation. Nanoscale 11 (35), 16592-16598
(2019).

Y. Liu, J. Li, J. Li, X. Yan, F. Wang, W. Yang, D.H.L. Ng, J. Yang,
Active magnetic Fe3+-doped BiOBr micromotors as efficient solar
photo-fenton catalyst. J. Clean. Prod. 252, 119573 (2020).
Z.Zhan, F. Wei, J. Zheng, C. Yin, W. Yang, L. Yao, S. Tang, D. Liu,
Visible light driven recyclable micromotors for ‘on-the-fly’ water
remediation. Mater. Lett. 258, 126825 (2020).



