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Introduction

Photoactive micromotors, made of semiconducting compo-
nents, are a type of microscale device that can convert
light energy into mechanical energy through photocatalytic
reactions. Over the last few years, there has been an increased
interest in these types of micromotors, due to their multi-
wavelength light responses, chemical stability, and ability
to harvest both chemical and light energy to induce self-
propulsion.’?
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among components. The remaining challenges and possible solutions are also discussed.

The photocatalytic material, usually an inorganic or organic
semiconductor, absorbs light and generates electron-hole
pairs. These charge carriers can then react with water or other
chemicals in the environment, creating a gradient that propels
the micromotor forward by different phoretic mechanisms." A
more detailed explanation of the motion mechanisms can be
found in previous reviews.'” By controlling the intensity,
polarization, wavelength, and direction of the light, researchers
can manipulate the motion of these devices, making them
useful for a range of applications in fields such as biomedical
engineering,® environmental remediation, and energy harvest-
ing. Moreover, the concentration and type of chemicals present
in the liquid media can also influence their motion behaviors.

The robustness and variety of semiconductors make
them ideal candidates for designing light-driven micromotors
in comparison to photoactive organic compounds, such as
azobenzene, that exhibit restricted light activation to specific
wavelengths.* Moreover, semiconductor-based micromotors
offer the possibility of light absorption modulation by choosing
materials with suitable bandgaps. Based on the position of the
conduction and valence band potentials of the semiconducting
components, the oxidative and reductive properties of these
micromotors can be modulated as well. Therefore, light-driven
photocatalytic micromotors with tuneable redox capabilities
can be designed for specific target reactions.

The chassis of photocatalytic micromotors can be fabricated
in various shapes and sizes, including spheres,” rods,® tubes,’
flowers,® stars,® butterfly-like,"® or more complex structures,**>
to achieve specific movement patterns. Photocatalytic micro-
motors are typically composed of titanium dioxide. While this
material has proven useful, its optical absorption limited to the
UV range has led to the development of alternative micromotors
composed of semiconductors that respond to visible and/or
near-infrared wavelengths. In recent years, significant progress
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Fig. 1 Evolution of the design of photocatalytic micromotors from UV
last years.

has been made in this field, resulting in the creation of more
advanced and versatile light-driven micromotors.®”%34

Since the pioneering works on amorphous AgCl and TiO,
micromotors by Sen and co-authors,'>'® a quite broad range of
photocatalytic micromotors have been further designed, invol-
ving either single-component and/or multicomponent hetero-
structures. As can be seen in Fig. 1, the first examples of
photocatalytic micromotors included UV-light responsive mate-
rials, in which the asymmetry required for their autonomous
motion was provided by a heterogeneous rough surface. Then,
more defined structures consisting of visible light-responsive
photocatalysts were fabricated, including Fe,03,"” CdS,'® and
Ag;PO,."® To enhance the electron-hole pair separation, Janus
particles with metal-semiconductor heterostructures were
further reported, including C;N,/Pt,"® Cu,0O/Au,"® and BiOl/
Au.?° The use of photocatalysts with hybridized orbitals and
short bandgaps,”*" such as BiVO,, also represented a promising
strategy to design efficient visible-light-driven photocatalytic
micromotors with enhanced speeds and improved motion cap-
abilities, even in highly viscous glycerol media.’ Alternatively, the
fabrication of heterostructured micromotors based on p-n junc-
tions is also an attractive way of developing more sophisticated
photoactive micromotors without the need of using noble metals.
By focusing on the material properties, fabrication, and rational
design of semiconductor structures, more efficient and robust
photocatalytic micromotors can be developed in the future. There-
fore, these different configurations along with their advantages
and disadvantages are described in the following sections.

Ao-

Fig. 2 Photocatalytic mechanism illustrating the different steps that take
place on a photocatalytic micro/nanomotor upon irradiation.
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to visible-light responsive materials with different morphologies over the

Photocatalytic principles

The photoactivation of a semiconductor involves a series of
processes that are influenced by the optical and morphological
properties of the photocatalysts as well as the nature of the
solid-liquid interfaces. The threshold wavelength required for
inducing photocatalytic reactions can be estimated from the
bandgap energy of the material (Eg,p), as shown in eqn (1).
Where A corresponds to the Planck’s constant (6.63 x 10 3% s)
and c¢ is the speed of light (3.00 x 10° ms™') and Eg,, is
expressed in eV.*” Therefore, wide-bandgap semiconductors
are commonly used to develop UV-light responsive micromotors,
while intermediate and short-bandgap semiconductors are often
used to design micromotors with light absorption in the visible
and near-infrared, respectively.

he 1240
E, gap E gap

(1)

As represented in Fig. 2, the main steps of the photoactivation
of the micromotors includes photon absorption (i), electron-hole
pair separation (ii), diffusion and transport of the photogenerated
charge carriers (ii), reaction efficiency, and mass transfer of
reactants and products (iii).>* All the above factors have a direct
influence on the self-propulsion capabilities of photocatalytic
micromotors. Usually, generation, trapping, and recombination
of the photogenerated charges occur in the femto-, pico-, and
nano-seconds, while interfacial surface reactions take place at
milli-second time scales.>® Therefore, the electron-hole pair
recombination rates limit the overall photocatalytic motion effi-
ciencies and is the bottleneck of photocatalytic processes. To
overcome this limitation and enhance photocatalytic efficiencies,
researchers have explored various strategies, e.g., incorporating
noble metals and/or dual semiconductor components within the
same structure of the micromotors. These approaches have been
extensively investigated in recent years and show promise in
improving the overall photocatalytic performance. In the follow-
ing sections, we will discuss the most representative examples of
current designs of photocatalytic micromotors. A summary of
such works is also included in Table 1.

Single component micromotors

Single component photocatalytic micromotors have the advan-
tage of requiring simple fabrication techniques based on wet
chemical methods, such as hydrothermal, sol-gel, and co-
precipitation reactions. Moreover, the yield of micromotors is
usually higher than the obtained by large equipment, e.g.,

This journal is © The Royal Society of Chemistry 2023
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Table 1 Representative examples of photocatalytic micromotors based on single component and heterostructures, including metal-semiconductor

and semiconductor—semiconductor junctions

Light Fuel type Motion Size Speed
Type of micromotor Material source (% wt) mechanism (um)  (ums™h) Fabrication method Ref.
Single semiconductor AgCl uv Water Self-diffusiophoresis 1 100 Co-precipitation 15
Single semiconductor TiO, uv Water Self-diffusiophoresis 0.2-2.5 10 Commercial particles 16
Single semiconductor Fe,O; Visible H,0, (1) Self-diffusiophoresis 1.5 4.5 Sol-gel 17
Single semiconductor BiVO, Visible H,0, (0.025) Self-diffusiophoresis 4-8 5 Hydrothermal 9
Single semiconductor Bi,WOs  Visible Water Self-diffusiophoresis 7 1.9 Hydrothermal 21
Single semiconductor C;N, Visible H,0, (30) Bubble-recoil 67 72 Hydrothermal 7
Metal-semiconductor Cu,O/Au Visible H,0; (3) Self-electrophoresis 1.2 6 Co-precipitation/thermal 13
evaporator
Metal-semiconductor TiO,/Au UV Water Self-electrophoresis 1 25 Solvent extraction/evapora- 5
tion/sputtering
Metal-semiconductor C;N,/Pt UV Water Self-electrophoresis 2.6 23 Calcination/metal 19
reduction
Metal-semiconductor BiOI/Au  Visible Water Self-electrophoresis  2-4 1.62 Self-assembly/sputtering 20
Metal-semiconductor Si/Au Visible Water Self-electrophoresis 4 5 Glancing angle deposition/ 36
thermal evaporator
Semiconductor—- TiO,/ UV and H,0, (1.5) Self-phoresis/osmo-  4-5 — Drop casting/thermal 12
semiconductor Cu,O visible tic flow evaporator
Semiconductor— TiO,/CoO UV and Water Self-electrophoresis  2-6 11.5 (visible) Drop casting/sputtering 48
semiconductor Visible and 6.5 (UV)
Semiconductor- p-Si/n'-Si Visible H,0, (0.5) Self-electrophoresis 15 38 Metal-assisted electroless 6
semiconductor chemical etching/photo-
lithography/sputtering
Semiconductor- Si/Tio, UV H,0, (0.1) Self-electrophoresis 11 6 wet etching/atomic layer 11
semiconductor deposition/hydrothermal
Semiconductor— Sb,S;/ Visible 1,4-Benzoquinone/ Self-electrophoresis 10 12 Atomic layer deposition 49
semiconductor ZnO hydroquinone
Semiconductor— GaN/ZnO/ UV H,0, (10) Self-diffusiophoresis 4.6 5.5 Epitaxial growth/sputtering 51
semiconductor Au
Semiconductor- TiO,/CdS UV and Water Self-electrophoresis 8 11.3 Hydrothermal/ion- 54
semiconductor visible exchange/atomic layer
deposition

physical vapor deposition or sputtering techniques.> The first
examples of photocatalytic micromotors based on a single
material consisted of UV-light responsive materials such as
AgCl and TiO,, that were either unstable’® or required high
concentrations of chemical fuels.'® Such drawbacks, combined
with the necessity for a light source that was more biocompa-
tible, have prompted the development of micromotors that
respond to visible light. Therefore, semiconductors with a
bandgap ranging from 2.1-2.8 eV are commonly employed as
the chassis of visible-light-driven photocatalytic micromotors.
Some of the most representative examples of single component
photocatalytic micromotors, include the design of peanut-
shaped hematite micromotors with a size of about 1.5 pm
length and ~0.6 um diameter."”” Upon blue light irradiation,
these micromotors self-propel along the surface in the presence
of H,0, as chemical fuel and tetramethylammonium hydro-
xide. Taking advantage of their magnetic responses, the motion
direction was externally controlled by a weak magnetic field
(~1 mT). In addition, the direction was also steered by using a
patterned surface. Moreover, the authors found that the etch-
ing of the surface of the micromotors was key to enhance their
motion capabilities, due to an enhanced surface anisotropy. By
increasing the pH of the solution, these micromotors were able
to perform capture and cargo transportation of particles of
sizes up to 20 pm with the aid of magnetic fields (Fig. 3(A))."”
This work illustrates the versatility that photocatalytic micro-
motors offer for motion control and manipulation.

This journal is © The Royal Society of Chemistry 2023

The development of totally metal-free C3N, tubular micro-
motors that were prepared by a template-less method also
represented an important milestone towards scalable fabrica-
tion methods for their potential application in the environ-
mental field.” This material possesses unique electronic and
optical properties, making it an attractive candidate for various
applications, ranging from biomedicine*® to environmental
remediation. In the latter, it was found that C3;N, micromotors
were able to capture different heavy metals present in the
solution.” This was attributed to metal complex formation
and/or acid-base interactions between the surface of the micro-
motors and the metals. As a result, the speed of the micro-
motors increased up to 30%, requiring 20 times less amount of
fuel for propulsion. On the other hand, owing to their intrinsic
fluorescence, it was also possible to get an insight into the
heavy metal removal rates by fluorescence quenching. Further-
more, taking advantage of their big sizes, it was possible to
visualize the bubble formation rates (12-13 ms) and ejection
(88 ms) over time. Overall, this study showed the opportunities
that photocatalytic micromotors offer for pollutant removal
with the concomitant visualization of such a decontamination
process by optical means.

On the other hand, C;N,-derivates can store light energy by
electron storage-release mechanisms and drive the motion of
photoactive micromotors in the absence of light.”” Although
this property is limited to this kind of materials and depends
on the conditions of the liquid media, it is an interesting

Chem. Commun., 2023, 59, 8375-8383 | 8377
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Fig. 3 Most representative examples of single-component micromotors
that are based on visible-light-responsive materials. (A) Hematite peanut-
shaped micromotors for cargo transportation. Adapted with permission
from ref. 17. Copyright 2013, American Chemical Society. (B) Metal-free
C3Ny4 tubular micromotors for the removal of heavy metals. Adapted
with permission from ref. 7. Copyright 2018, American Chemical Society.
(C) Star-shaped BiVO,4 micromotors for removal of microbial contamination.
Adapted with permission from ref. 9. Copyright 2019, American
Chemical Society.

approach to further expand the applicability of these devices in
highly scattering environments.

The introduction of star-shaped BiVO, micromotors consoli-
dated this material as a benchmark photocatalysts for fabricating
visible-light responsive micromotors with a high efficiency and
photostability. By changing the morphology from single-star to
twin-star shaped, it was possible to modulate their motion
capabilities from planar to stand-up motion modes.” Moreover,
these BiVO, micromotors also showed smart features such as the
autonomous ability to change their motion trajectories to capture
and transport yeast cells. It should be noted that no magnetic
guidance or surface modification was carried out. Moreover, the
same yeast seeking behaviour was also confirmed in the presence
of other microorganisms, such as E. coli. Further works have
applied BiVO, micromotors for preventing microbial contamina-
tion in alcoholic beverages,*® oxidation of benzylamine, as well
as degradation of organic pollutants.'

To sum up, single component micromotors offer several
advantages in terms of fabrication and high mass-production,
allowing for large-scale manufacturing. Moreover, these micro-
motors can be produced using low-cost fabrication techniques,*®
making them economically viable for various applications.
Another advantage is the simplicity of their synthesis process,
typically involving a one-step procedure. However, these type of
micromotors often require the addition of chemical fuels for

8378 | Chem. Commun., 2023, 59, 8375-8383
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their propulsion, which can limit their autonomy and introduce
additional complexity. Furthermore, their light absorption cap-
ability is usually limited to a specific wavelength region, which
restricts their performance in broader light spectra. These types
of micromotors usually suffer from high recombination rates of
photogenerated electron-hole pairs, limiting their overall effi-
ciency. To address some of these limitations, potential strategies
such as crystal faceting show promise in enhancing the photo-
activity of single component micromotors.>"**> Such configu-
ration promotes electron-hole separation in each crystal facet
within the same material, leading to enhanced motion efficien-
cies and photocatalytic performances.

Metal—-semiconductor heterojunction

A metal-semiconductor interface is the junction between both
materials. This interface has important properties for electro-
nic devices and photovoltaic applications, as it can act as a
barrier to the flow of electrical charge carriers or as a means of
creating a junction for electronic devices. An optimal contact
between the semiconductor and the metal is given by the
characteristics of the materials and the type of contact formed
between the metal and the semiconductor. Usually, ohmic
junctions are formed with highly doped semiconductors, while
Schottky junctions are established with slightly doped
semiconductors.*® Fig. 4 represents the band alignment of a
metal-semiconductor (n-type) before and after contact. The
vacuum level, denoted as E,, is the energy state of electrons
with zero kinetic energy outside the material, either metal or
semiconductor. The Fermi energy (Er) represents the highest
occupied electron energy state at 7= 0 K in a metal; in a non-
degenerate semiconductor it lies in the gap between the valence
and the conduction band. The energy difference between the
Fermi energy and the vacuum level is defined as the work
function, represented by @. On the other hand, the electron
affinity, represented by y, is defined as the energy required to
move an electron from the vacuum level to the conduction
band. Upon contact, the differences in the work functions lead
to electron transfer from the semiconductor to the metal until
the respective Fermi levels align at equilibrium. This results in
the formation of a depletion region in the semiconductor,
where W is the width of such a region and @y is the height of
the potential barrier that an electron in the metal must over-
come to move into the semiconductor.?*

A) Metal n-type semiconductor B) Metal n-type semiconductor
Eo .................................................... .
o, s e
Oyl =mdem———— .
CR N £, %H N"__ o ]
C
EFM --------

M i
Ey E

Fig. 4 Schematic representation of the energy levels of a metal-semi-
conductor interface before (A) and after contact (B).

This journal is © The Royal Society of Chemistry 2023
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The design of metal-semiconductor junctions is then a
common strategy for minimizing electron-hole pair recombi-
nation. Usually, the decoration of semiconductors with co-
catalysts, such as Pt and RuO,, leads to an enhancement of
the reductive and oxidative pathways, respectively. In the field
of photocatalytic micro/nanomotors, the design of Janus photo-
catalytic micromotors based on a metal-semiconductor hetero-
junction has been widely explored. One of the main advantages
of these type of heterostructures in comparison with single-
component semiconductors is their ability to achieve fast
speeds in pure water. The first study based on this configu-
ration included TiO,/Au micromotors that showed a high
motion efficiency in pure water.” The same heterostructure
was also further applied to nanomotors, showing propulsion
abilities in water as well.>®> After this pioneering work, other
type of Janus metal-semiconductor micromotors based on UV
or visible-light responsive photocatalysts were further reported,
including Cu,0/Au,"® Si/Au,*® Fe,0;/Au,*” BiOI/Au,*’ ZnO/Pt,®
C;N4/Pt,*® and AgCl/Ag.*® However, some of these micromotors
still require the addition of chemical fuels, such as H,0, or
organic solvents, to exhibit stronger propulsion abilities.

To illustrate the effect of the metal work function on the
performance of photocatalytic micromotors, we considered
Janus TiO, micromotors as an example. As shown in Fig. 5(A),
various Janus TiO, micromotors with a spherical shape and
containing different metallic counterparts have been reported,
including TiO,/Pt,*® TiO,/Au,’ TiO,/Cu,*® TiO,/PtPd*" and TiO,/
Fe.*> The differences between the metal work function values
and the electron affinity of the semiconductor affect the for-
mation of the resulting Schottky barrier, which has a direct
influence on their motion capabilities (Fig. 5(B)).** The reported
velocities for Janus TiO, micromotors based on Pt, Au, Cu, and
Fe micromotors are 26.2, 25, 22.8, and 1.96 body length s,
respectively. Therefore, the larger the work function difference
with respect to the semiconductor, the higher the motion
speeds. This can be attributed to the Schottky barrier junction,
where the metallic counterpart acts as an electron sink and
reduction active site. This contributes to minimize electron-hole
pair recombination, increasing the overall photocatalytic perfor-
mance. Thus, the work function value is an important parameter
to consider when designing Janus micromotors based on metal-
semiconductor junctions.

Vacuum level

Fe (4.3 eV)

A) B)

e

Tio, Metal: Pt, Au, Cu or Fe

Cu (4.65 eV)
Au (5.15eV)
Pt (5.65 eV)

P

Fig. 5 Janus photocatalytic TiO, micromotors. (A) Schematic represen-
tation showing the different examples of Janus TiO,/metal micromotors.
(B) Metal work functions of Fe, Cu, Au, and Pt.
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An additional advantage of Janus micromotors in compar-
ison to single component micromotors is their ability to self-
propel at a very low light intensity (2.5 x 10° W cm ?).?
Furthermore, as any photoresponsive micromotor, the motion
speeds can be increased by modulating the light intensity
(Fig. 6(A)-(E)).

An alternative strategy to control the motion of photoactive
micromotors is by taking advantage of the light penetration in
semiconductors. When a light beam hits a semiconductor
material, there is a decrease in the intensity as it traverses
through the material. Therefore, the absorption coefficient of a
semiconductor estimates how strongly the material absorbs
light."® For example, in silicon, the absorption coefficient is
highest at shorter wavelengths and decreases as the wavelength
increases. This means that blue light is absorbed more strongly
than red light, and that light of shorter wavelengths can
penetrate less deeply into the material than light of longer
wavelengths.

Zhang et al. fabricated phototactic photocatalytic micromo-
tors based on the limited light penetration depth in isotropic
particles, including TiO,, CdS, and ZnO.'® By using a home-
made experimental setup, it was possible to control the move-
ment direction of the micromotors along X and Y axes. As can
be seen from Fig. 6(F), TiO, micromotors followed a prede-
signed motion trajectory, due to their phototactic behavior and
sophisticated light control setup. Such motion control by the
external light beam direction was greatly affected by the size of

A B E
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/
«
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Fig. 6 Light control of photocatalytic micromotors. (A) Motion trajec-
tories and velocities of TiO,/Au Janus micromotors at different light
intensities. Adapted with permission from ref. 5. Copyright 2016, American
Chemical Society. (B) Motion control of TiO, micromotors along X and Y
light directions. Reproduced from ref. 18 with permission from John Wiley
and Sons, copyright 2016.
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the micromotor. For sizes of about 1 pm, the micromotors
showed phototactic behaviors, because the diameter was much
larger than the penetration depth (). However, this was not
observed for micromotors of 0.4 um diameter since the light
penetrated almost the whole body of the micromotor. On the
other hand, when the size was increased up to 3.5 um, the
micromotor showed stronger friction with the glass hampering
its motion.

Other factors, such as surface area or crystalline structure of
the photocatalysts have also an influence on the motion
efficiencies of photoactive micromotors. A more detailed dis-
cussion can be found in previous reviews.>*

Overall, metal-semiconductor heterojunctions offer several
advantages in their design and functionality. One notable
advantage is their ability to self-propel in pure water under
low light intensities, making them highly versatile for various
environments and broadening their range of applications to
biocompatible scenarios. Such metal-semiconductor-based
micromotors also demonstrate high motion efficiencies and
low recombination rates, resulting in improved overall perfor-
mance. However, there are some disadvantages associated with
their fabrication. One drawback is the low micromotor yield,
which can limit their scalability and practical implementation.
Additionally, the fabrication techniques required for creating
these heterojunctions can be expensive and robust, posing
challenges in terms of cost and feasibility. Moreover, the multi-
step fabrication process adds complexity and increases the
chances of process-related issues. Potential strategies to over-
come these challenges include using low-cost metals such as
Fe, Cu, and Ni, or metal alloys, e.g., Cu/Ni and Fe/Ni. Further-
more, exploring alternative fabrication processes like emulsion
polymerization, electrostatic assembly, and microfluidic tech-
niques may offer cost-effective and accessible production of
metal-semiconductor heterojunctions.

Semiconductor—semiconductor
heterojunction

The development of light-driven micromotors by combining
two semiconductors in the same structure is also an interesting
approach to overcome the main limitations of single
semiconductor-based microdevices, e.g., light absorption under
specific wavelength region, limited redox potential and fast
charge-pair recombination. Heterostructures are often used to
facilitate charge transfer between the materials, which is
necessary for the generation of a driving force. As shown in
Fig. 7, there are two main types of heterostructure junctions:
p—h junction and Z-scheme. The p-n heterojunction consists of
the junction formed between a n-type semiconductor and a
p-type semiconductor (Fig. 7(A)).**** Upon photoactivation, the
photogenerated electrons from photocatalyst II (PS II) migrate
to the conduction band of the photocatalyst I (PS I) to equili-
brate the Fermi levels. In a similar fashion, the photogenerated
holes from the valence band of PS I are transferred to the
valence band of PS II. This results in the formation of an
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Fig. 7 Schematic illustration of charge transfer in semiconductor hetero-
junctions. (A) P—n semiconductor junction and (B) Solid-state Z-scheme.
Reproduced from refs. 44 and 45 with permission from John Wiley and
Sons, copyright 2014, and licensee Beilstein-Institut, copyright 2018,
respectively.

electrical field at the p-n interface that can drive the electrons
and holes to migrate in opposite directions.** Owing to this
electron-hole separation, the charge pair recombination is
greatly inhibited and the lifetime of the photogenerated car-
riers is extended.**

In contrast to p—n configurations, where the redox potential is
reduced compared to the bare semiconductors, the development
of an all-solid-state Z-scheme heterostructure presents a promis-
ing approach to creating a photocatalytic system with a strong
redox potential and minimal electron-hole pair recombination.
This configuration allows for photogenerated electrons from PS
II to combine with photogenerated holes from PS I, facilitated by
the formed Ohmic contact (Fig. 7(B)).** The resulting electrons,
with a more negative potential, can then be utilized to carry out
reductive reactions, while the holes, with a more positive
potential, can be used for performing oxidative reactions. The
formation of this heterostructure junction can be achieved
through physical contact or with a solid electron mediator.*®
A very well-known example of this solid Z-scheme configuration
for the photocatalytic water splitting is the combination of
Ru/SITiO;:Rh and BiVO,.*” However, this configuration is yet
to be explored for the construction of light-driven heterostruc-
tured micromotors.

Photocatalytic micromotors based on p-n heterojunctions
have shown promising results in recent years. One example is
the design of a TiO,/Cu,O micromotor, which has a unique
chevron shape and is capable of self-propelling in both H,0,
and pure water (Fig. 8(A))."> By combining materials that
respond to both UV and visible light within a single motor
structure, it became feasible to adjust the types of motion
exhibited by the motor, shifting from translational to rota-
tional, simply by altering the light wavelength from UV to blue.
By following a similar approach, it was also possible to control
the movement direction of TiO,/CoO Janus micromotors by
switching from UV to visible wavelengths (Fig. 8(B)).*® In this
configuration, TiO, is only photoactivated under UV light, while
visible light irradiation activates mostly the CoO counterpart.
Therefore, the motion direction was changed by changing the
electron transfer dynamics among components.

This journal is © The Royal Society of Chemistry 2023
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A) Cu,0 B) C)

n*-Si

50 ym

Fig. 8 Photocatalytic micromotors based on semiconductor—semicon-
ductor junctions. (A) TiO2/Cu,O micromotors and SEM/EDS images that
show their chevron-like morphology and elemental mapping. Reproduced
from ref. 12 with permission from John Wiley and Sons, copyright 2018.
(B) TiO,/CoO micromotors with a spherical Janus morphology and SEM
image. Adapted with permission from ref. 48. Copyright 2020, American
Chemical Society. (C) Core-shell silicon-based nanomotors and SEM
image showing the silicon nanowire array, scale bar 10 um. Reproduced
from ref. 6 with permission from John Wiley and Sons, copyright 2017.
(D) GaN/ZnO tubular micromotors and SEM image showing the tubular
structure with different diameters. Reproduced from ref. 51 with permission
from John Wiley and Sons, copyright 2019. (E) Schematic representation
of a programmable micromotor based on a TiO./Si heterostructure.™ (F)
TiO,/CdS micromotors and SEM image showing their a tubular structure.
Reproduced from ref. 54 with permission from John Wiley and Sons,
copyright 2021.

Another example of heterostructuring in micromachines is
the development of core-shell nanomotors with a p-Si core and
an n'-Si shell using the vapor-liquid-solid growth method
(Fig. 8(c)).° These silicon nanomotors were able to move under
visible and near-infrared illumination at ultralow light intensity
(approximately 3 mW em™~?), making it a highly efficient device.
Additionally, the motion trajectories of nanowires were altered
by manipulating their end surface morphologies, resulting in
various modes such as linear, circular, and rotational move-
ments. By taking advantage of the strong optical resonance of
the silicon nanowires, the spectral response of the nanomotors
was also modulated by changing the diameter.

A less studied approach is the polarization of light to induce
changes in the speed of the micro/nanomotors. In a recent
study, a nanomotor made of core-shell Sb,Se;/ZnO nanowires
with an anisotropic crystal structure was reported.** When
illuminated with light polarized parallel to the nanowires, the
nanomotor absorbs the light preferentially, resulting in an
enhanced motion speed compared to perpendicular polarized
light. By combining two of these nanomotors, a polarotactic
artificial microswimmer was created, allowing navigation by
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controlling the polarization of the incident light. This dichroic
microswimmer offers a significant reduction in required light
intensity compared to previous methods, making it suitable for
large-scale nanomanipulation and heat-sensitive applications.

The formation of n—n semiconductor heterojunctions offers
an alternative approach to achieving charge separation in
photoactive micromotors. This can be accomplished by creating
a sharp junction between n-type semiconductors with different
electron affinities.”® One example of such a junction is the
development of GaN/ZnO microtubes with a nanoarchitectured
structure (Fig. 8(D)).>" These microtubes were decorated with
(Ga;_,Zn,)(N; _,O,) nanowires on their surface, which greatly
enhanced their stability and photocatalytic efficiency in the UV
region. The unique nanoarchitecture of these micromotors
resulted in enhanced propulsion. Moreover, the inclusion of
ZnO enabled fluorescence emission when excited by UV light,
making them suitable for imaging and tracking applications at
the microscale.

On the other hand, programmable phototactic behaviors in
light-driven nanomotors have also been achieved Si/TiO, Janus
heterostructures (Fig. 8(E))."* These micromotors consist of a
nanostructured photocathode and photoanode at opposite ends
that release cations and anions, respectively, thereby propelling
the microdevice via self-electrophoresis. By adjusting the zeta
potential of the photoanode, the motion dynamics of the micro-
motor were manipulated to provide them with sensing capabil-
ities of light stimuli, by either showing negative or positive
phototaxis. This feature is commonly displayed by natural photo-
synthetic microorganisms, which are able to move towards the
light for harvesting nutrients or away from it to avoid damage.
Therefore, this innovative approach based on artificial phototactic
micromotors offers a promising method for incorporating biomi-
metic features in artificial photoactive nanomotors.

CdS is a widely explored material in photocatalysis, due to
its short bandgap and optimal redox band potential for hydro-
gen generation.>>>® The coupling of this material with a wide
bandgap photocatalyst is a common approach to avoid the
photo-corrosion associated with sulfide-based semiconductors.
In the field of photocatalytic micromotors, a heterojunction
that might represent a Z-scheme heterostructure consists of the
fabrication of TiO,/CdS tubular micromotors able to move
under visible-light irradiation in water (Fig. 8(F)).>* To achieve
this configuration, ZnO microrods were used as a sacrificial
template. Moreover, the inclusion of magnetic nanoparticles
enabled their external actuation under magnetic fields. Therefore,
the use of semiconductor heterojunctions presents a promising
approach to constructing efficient photocatalytic micromotors
able to self-propel in pure water without requiring noble-metal
components.

Overall, semiconductor-semiconductor heterojunctions
offer several advantages in the design and functionality of
heterostructured photocatalytic micromotors. Similar to
metal-semiconductor heterojunctions, these types of micromo-
tors can move under low light intensities and in pure water,
making them versatile for various environmental conditions.
Additionally, these heterojunctions also exhibit high motion
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efficiency and low recombination rates, ensuring reliable
operation and enhanced functionality. However, there are
certain disadvantages associated with semiconductor-semicon-
ductor heterojunctions. Their fabrication often requires the use
of templates and involves a multistep process, which can be
complex and time-consuming. Moreover, sophisticated techni-
ques are typically employed, adding to the complexity and cost
of production.”® Depending on the specific heterojunction, the
reductive or oxidative potential of the single material may be
reduced, which can impact its overall performance. To address
these challenges, potential strategies include engineering the
heterojunctions with appropriate valence and conduction
bands to optimize their properties and facilitate charge trans-
fer. Additionally, incorporating chemical wet methods in the
synthesis process can contribute to reduce the fabrication cost
and scalability.

Conclusions

In conclusion, this feature article has provided a comprehensive
overview of the latest advancements in the field of photoactive
micromotors based on metal-free and inorganic metal oxide-
based semiconductors. We have highlighted the evolution from
UV- to visible-light responsive photocatalytic micromotors, as well
as advancements in the type of morphologies from simple
amorphous particles to more sophisticated designs. We have also
discussed the progression of photocatalytic micromotors from
single component structures to multiple-component heterojunc-
tions, which have improved the performance and capabilities of
these micromotors. This article also emphasizes the significance
of heterojunctions in the design of photoactive micromotors, as
they allow for the integration of multiple materials with distinct
properties. The various examples of heterojunctions presented in
the article, including Si/TiO,, TiO,/Cu,O, CoO/TiO,, TiO,/CdS,
and GaN/ZnO, showcase the diverse range of configurations and
possibilities of photoactive micromotors. Specifically, we have
highlighted the potential for external control of motion behaviors
by combining two types of semiconductors with different band-
gaps, which enables control of the swimming direction (left and
right) and/or motion modes under different wavelengths. Addi-
tionally, we have shown that the work function of metals in Janus
photocatalytic micromotors can also influence their performance.
Overall, these findings underscore the importance of a rational
design approach that considers material properties such as
bandgap, redox band potentials, Fermi levels, and stability. By
optimizing the design of photocatalytic micromotors to minimize
electron-hole pair recombination, we can fabricate devices with
improved efficiency and performance.

The research discussed in this article has significant impli-
cations for various fields, including microfluidics, biomedical
applications, and environmental remediation. In the latter, the
potential for harvesting direct sunlight to induce the motion of
photocatalytic micromotors is an attractive prospect for devel-
oping sustainable technology in water treatment. However, the
high fabrication costs and the lack of in-depth studies on the
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reusability of such devices for meeting industrial requirements
currently limit their applicability, rendering it in a very pre-
mature phase. Moreover, it is crucial to consider aspects, such
as life-cycle assessment and stability of photocatalytic micro-
motors in future investigations.

Meanwhile, a more practical approach would involve
integrating these photocatalytic micromotors into water treat-
ment plants as a polishing step after tertiary treatment.
Their inclusion in advanced oxidative processes would facilitate
the treatment without requiring external mechanical agitation.
In particular, the micromotors would contribute to effectively
eliminate persistent or highly toxic contaminants that cannot
be removed through common microbiological processes.

However, it is important to note that the applicability of these
devices in real-world applications, particularly in non-
transparent media and turbid environments, is currently not
envisioned due to the limitations of light actuation. To fully
unlock the potential of these devices in diverse applications,
such as biomedicine and microbiology, it is necessary to develop
photoactive micromotors able to store optical energy to have
motion autonomy regardless of the swimming environment.
Furthermore, developing near-infrared responsive micromotors
and possibly coupling optical fibers to reach desired areas are
viable options worth considering in the biomedical field.

As research in this field continues to advance, it is likely that we
will see even more sophisticated and efficient photoactive micro-
motors in the future. Therefore, it is crucial to continue exploring
these materials and their capabilities and to investigate their
potential for integration into practical applications. We hope that
this feature article serves as a valuable resource and inspires further
research in this exciting and rapidly developing area of science.
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