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ABSTRACT: Light-driven synthetic micro-/nanomotors
have attracted considerable attention due to their potential
applications and unique performances such as remote
motion control and adjustable velocity. Utilizing harmless
and renewable visible light to supply energy for micro-/
nanomotors in water represents a great challenge. In view
of the outstanding photocatalytic performance of bismuth
oxyiodide (BiOI), visible-light-driven BiOI-based Janus
micromotors have been developed, which can be activated
by a broad spectrum of light, including blue and green
light. Such BiOI-based Janus micromotors can be
propelled by photocatalytic reactions in pure water
under environmentally friendly visible light without the
addition of any other chemical fuels. The remote control
of photocatalytic propulsion by modulating the power of
visible light is characterized by velocity and mean-square
displacement analysis of optical video recordings. In
addition, the self-electrophoresis mechanism has been
confirmed for such visible-light-driven BiOI-based Janus
micromotors by demonstrating the effects of various
coated layers (e.g., Al2O3, Pt, and Au) on the velocity of
motors. The successful demonstration of visible-light-
driven Janus micromotors holds a great promise for future
biomedical and environmental applications.

Nano- and microscale devices powered by biocompatible
and environmentally friendly fuel sources are strongly

desired for practical applications.1 However, most systems
reported so far, such as bimetallic catalytic nanowires,2

microtubular microrockets,3 Janus microspheres,4 and super-
molecule-based nanomotors,5 require toxic chemicals (H2O2, I2,
N2H4) as fuels which are not appropriate for in vivo use. As a
result, autonomous nanomotors that can be self-propelled in
biofluids has recently been developed.6 Meanwhile, consid-
erable efforts have been devoted to motors that can be powered
by external stimuli such as magnetic fields,7 electrical fields,8

ultrasound,9 and light.10 Light is one of the most efficient and
versatile physical stimuli to facilitate and regulate the
propulsion of micro-/nanomotors. Several light-driven
micro-/nanomotors have been reported recently, such as
TiO2-based micromotors propelled by photocatalytic activ-
ities,11 polymer-based microrockets driven by photothermal

effects,12 and organic microswimmers activated by photo-
isomerizations.13 However, to the best of our knowledge, in
pure water, all reported light-driven motors are propelled
autonomously under either ultraviolet (UV) or near-infrared
(NIR) light. UV light accounts for only 4% of the incoming
solar energy and is shown to be harmful to human beings,14

while high-intensity NIR dramatically changes local temper-
ature and could induce cell damage due to the thermal
radiation, greatly limiting its wide application.15 Visible light
accounts for about 43% of the incoming solar energy,16 and it is
necessary in human daily life. Thus, it can potentially serve as
an ideal external stimulus for propelling micromotors. In order
to expand the applications of synthetic micromotors, over-
coming the challenges of using visible light to supply energy for
micromotors’ self-propulsion in biocompatible environments
has become critically important.
Bismuth oxyiodide (BiOI)one of the most common

photocatalysts which can be activated by visible light due to
its narrow band gap (1.7 eV)17is of immense importance
owing to its excellent optical and electrical properties. It has
been widely applied in numerous fields ranging from pollutant
degradation18 and bacteria disinfection19 to solar cells.20

Moreover, it is well established that metal junctions can greatly
enhance the photocatalytic activity of semiconductors due to an
efficient electron−hole separation.21

In light of these advantages, herein we present visible light
powered Janus micromotors based on BiOI microspheres with
one hemisphere coated with a metal layer, propelled by self-
eletrophoresis mechanism (Figure 1A). Upon exposure to
visible light, electrons from the BiOI conduction band are
trapped into the metal layer, resulting in a net negative charge
at the metal side, while at the BiOI side, H+ ions are produced
from the oxidation of water and highly concentrated on the
surface.22 In order to balance the electrical charge, the H+ ions
migrate within the double layer formed at the surface of the
micromotor in pure water from the BiOI side toward the metal
side. There, the H+ ions are consumed in the reduction half-
reaction, completing the photochemical reaction. The net
movement of H+ ions are accompanied by a corresponding
electroosmotic flow of water molecules to the metal side,
causing a net displacement of the particle and propels the BiOI
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micromotor with BiOI side forward. To date, most reports on
BiOI photocatalysts are focused on the decomposition of liquid
organic pollutants.22 According to literature,22 a possible
catalytic cycle under visible light is given below:

For the BiOI side:

ν+ → +− +hBiOI e h (1)

+ → ++ + •2H O 2h 2H 2 OH2 (2)

For the gold side:

+ + →− + •O 2e 2H 2 OH2 (3)

Such eletrophoresis mechanism is similar to that of classic
bimetal catalytic nanomotors,2a however, here, the self-
electrophoresis is triggered by visible light. Since the propulsion
of BiOI-based Janus micromotors is activated by visible light
exposure, motors exhibit active directional motion under green
light due to the self-electrophoretic effect (Figure 1B). In
contrast, only extremely weak motion is observed in the
absence of green light (Figure 1C). To the best of our
knowledge, this is the first demonstration of visible-light-driven
Janus micromotors that can be operated in a fully
biocompatible environment using only visible light as external
stimuli and pure water as fuel without addition of any other
chemicals. Such visible-light-driven propulsion is very attractive,
especially considering the toxicity of common used chemical
fuels (e.g., H2O2) and the potential harm from UV or NIR light.
BiOI microspheres are fabricated according to previously

reported methods23 and characterized by the scanning electron
microscopy (SEM) (Figure S1A), X-ray diffraction (XRD)
(Figure S1B), and X-ray photoelectron spectroscopy (XPS)
(Figure S1C) in detail. The results indicate that these BiOI
microspheres are reliable for fabricating visible-light-driven
BiOI-based Janus micromotors. The BiOI-based Janus micro-
motors are prepared by coating a thin metal film (thickness: 40
nm) on a hemisphere of the BiOI particles. It is clear from
Figure 2A that the edges of uncoated BiOI flakes are sharper
than Au-coated flakes. The energy-dispersive X-ray (EDX)
results further confirm the Janus structure of such motors
(Figure 2B,C).
In view of the visible-light-induced motion of BiOI-based

Janus micromotors in pure water (Figure, 1A), cyclic “On” and

“Off” visible light activation of motors has been demonstrated
in Figure 3A,B and Video S2. The micromotors can move at a

speed of 1.62 μm/s under level 1 (43 900 lux) green light, but
they only exhibit Brownian motion when the light is off, and
speeds drop to 0.6 μm/s. Such BiOI-based Janus motors have
highly repeatable “go/stop” motion controlled by visible light.
In addition, it is important to demonstrate the motion of these
micromotors under green light with different power levels. The
motion of the micromotors changes from Brownian motion to
directional motion (parabolic mean-square displacement
(MSD)) with increasing luminous flux (Figure 3C). Increasing

Figure 1. (A) Schematic of visible-light-driven BiOI-metal Janus
micromotors. (B,C) Tracklines (taken from Video S1) illustrating the
distance traveled by the micromotors under level 1 green light (43 900
lux) and level 5 green light (background light, 100 lux) over 30 s,
respectively. Scale bar: 5 μm. Details about light levels are described in
the Supporting Information.

Figure 2. (A) SEM image of BiOI-Au Janus micromotors (center).
Scale bar, 1 μm. Left and right images are magnified SEM images of
Au-coated and uncoated side of a BiOI particle, respectively. Scale bar,
0.1 μm. (B) EDX images of BiOI-Au Janus micromotors for Bi, O, Au,
and I, respectively. Scale bar, 0.5 μm. (C) The intensity distributions
of elements Bi, Au, I, and O over the cross section of BiOI-Au Janus
micromotors obtained by EDX.

Figure 3. (A) Schematic of BiOI-Au Janus micromotor moving status
in pure water with and without green light, respectively. (B) Velocity
plot illustrating visible-light-induced 3 cyclic on/off motion of
micromotors in water. The inset is the trackline of a BiOI-Au motor
(taken from Video S2). Scale bar, 5 μm. (C) Average MSD of
micromotors under different green light intensities vs time interval
(Δt) analyzed from tracking trajectories (insets are diffusion
coefficient values for particles under level 4 and 5 green light). (D)
Average MSD of micromotors under green and blue light (insets are
the corresponding veloctity values).
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the flux of photons of a certain wavelength of light will lead to
an enhanced charge separation in BiOI. As a result, more
protons are generated and accumulated near the BiOI surfaces
to form enhanced gradients which result in high fluid shear
velocity around BiOI microsphere, generating directional
motion. It is clear from Figure 3C that the BiOI-Au motors
exhibit an enhanced directional movement upon exposure to
visible light output above level 3 (5410 lux). Note, although
level 4 light (2450 lux) has over 24 times higher luminous flux
than level 5 light (100 lux), the motors have a similar low
diffusion coefficient (Figure 3C inset). The diffusion
coefficients here were determined by the equation D =
MSD/iΔt, where Δt is the time interval. The results illustrate
that when the power of green light decreases below level 4, the
light intensity has little effect on the propulsion of motors due
to the weak photocatalytic activity. The effects of different
wavelength visible light (blue, 450−490 nm; green, 510−560
nm) are also investigated. Figure 3D shows that the directional
motion of the motors is stronger under blue light than under
green light due to the stronger blue light absorption of BiOI.23

To confirm the propulsion mechanism of motors, the self-
propelled motion of the BiOI-based Janus micromotors with
different metal layers was systematically investigated by velocity
and MSD analysis. Figure 4A,B shows that different coatings

have a direct influence on the movement behavior of
micromotors. It is found that only BiOI-Au and BiOI-Pt
Janus micromotors exhibit directional motion, while other
control particles only show Brownian motion, as evidenced by
their parabolic or linear MSD curves. Compared to the other
particle types that can only move locally, restricted by Brownian
motion, the BiOI-noble metal motors have high absolute
movement speeds, allowing net motion of the motors. The
mixed potentials and open-circuit voltages of BiOI with
illumination and different metal electrodes (e.g., Au, Pt) are
examined to further explain these results.24 It is clear from
Figure 4C that the potential difference of BiOI-Au (478 mV) is
much larger than that of BiOI-Pt (294 mV), a similar trend was
also observed from the open-circuit voltages (Figure 4D).
These findings are consistent with our observation (the MSD
and speed of BiOI-Au are much higher than that of BiOI-Pt),

confirming that the directional movement speed of such visible-
light-driven Janus micromotor strongly depends on the coated
layer due to the self-electrophoresis mechanism.
As we know, Janus particle is commonly propelled by

electrophoresis,25 diffusionphoresis,6b thermalphoresis,26 and
bubbles.27 A series of control experiments were conducted
using plain BiOI microspheres, BiOI-Al2O3, BiOI-Al2O3/Au,
and SiO2-Au Janus particles to further validate the propulsion
mechanism. Note, in our system, there are no bubbles even
under very high intensity. Figure 4B shows that the plain BiOI
microsphere does not exhibit obvious directional motion both
with and without light. The possible reason is the large size (2−
4 μm diameter) and the weak photocatalytic activity of BiOI
without metal coating. It is noted that the thermal heating of
the solution also exhibits negligible effects on the Brownian
motion of bare BiOI particles. Moreover, porous SiO2-Au Janus
particles (2.0 μm diameter) were used as a control to
investigate the effects of asymmetric thermal gradients induced
by local heating of the Au coating under visible light. The
diffusion coefficient of SiO2-Au Janus microspheres is close to
that of the plain BiOI particles but no obvious directional
motion is observed. This indicates that noble metal coated
microspheres under such visible light illumination do not
undergo thermophoretic motion (Figure 4B and inset). Finally,
the effects of an insulating layer on BiOI-based micromotors
were studied. Figure 4B indicates that the BiOI-Al2O3
microspheres display a similar diffusion coefficient to plain
BiOI. Analogously, BiOI-Al2O3/Au microspheres cannot move
by the self-electrophoretic mechanism due to the insulating
barrier to electrons between the BiOI and Au coating. This also
indicate that the photocatalitic activity of BiOI side is not
strong enough to propel the motors. Accordingly, the
mechanism is not difussionphoresis. The above results clearly
demonstrate the self-electrophoretic mechanism of propulsion
for BiOI-metal Janus micromotors. In addition, the motors can
still move in 1 mM NaCl solution with a decreased speed of
1.16 μm/s and stop moving in 1 mol/L NaCl solution, which
also confirms the self-electrophoretic mechanism. Particularly,
the BiOI-Au motor display enhanced propulsion in the
presence of biomolecules such as glucose. The speeds of
motors go up to 2.6 um/s in 10 mM glucose solution,
promising a great potential in future diverse practical
applications. In addition, such motors also show an interesting
aggregation behavior under visible light, as shown in Figure S2.
In conclusion, we demonstrate environmentally friendly

visible-light-driven BiOI-based Janus micromotors. The self-
propelled Janus micromotors are powered by photocatalytic
reactions using two of the most common energy sources from
nature: visible light and water. The propulsion of such
micromotors is based on the self-electrophoresis mechanism
and can be adjusted by wavelength and power of visible light.
Further efforts will be focused on realizing the use of sunlight to
propel motors and promoting the propulsion.
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Experimental details; Figures S1 and S2 (PDF)

Video S1, BiOI-Au Janus micromotor with and without

green light exposure in pure water (AVI)

Figure 4. (A) MSD and (B) velocities of different particles in different
conditions. Light condition, 43 900 lux green light. (B inset) The
corresponding diffusion coefficients of particles with nondirectional
motion. (C) Tafel plots and (D) open-circuit voltage of Au, Pt, and
BiOI with green illumination (level 1).
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Video S2, on/off visible light activation of BiOI-Au Janus
micromotor (AVI)
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(b) Sańchez, S.; Soler, L.; Katuri, J. Angew. Chem., Int. Ed. 2015, 54,
1414−1444. (c) Guix, M.; Mayorga-Martinez, C. C.; Merkoci̧, A.
Chem. Rev. 2014, 114, 6285−6322. (d) Wu, Z.; Lin, X.; Si, T.; He, Q.
Small 2016, 12, 3080−3093. (e) Moo, J. G. S.; Pumera, M. Chem. -
Eur. J. 2015, 21, 58−72. (f) Li, J.; Rozen, I.; Wang, J. ACS Nano 2016,
10, 5619−5634. (g) Wang, W.; Duan, W.; Ahmed, S.; Mallouk, T. E.;
Sen, A. Nano Today 2013, 8, 531−554. (h) Abdelmohsen, L. K. E. A.;
Peng, F.; Tu, Y.; Wilson, D. A. J. Mater. Chem. B 2014, 2, 2395−2408.
(2) (a) Paxton, W. F.; Kistler, K. C.; Olmeda, C. C.; Sen, A.; St.
Angelo, S. K.; Cao, Y.; Mallouk, T. E.; Lammert, P. E.; Crespi, V. H. J.
Am. Chem. Soc. 2004, 126, 13424−13431. (b) Wong, F.; Sen, A. ACS
Nano 2016, 10, 7172−7179.
(3) (a) Vilela, D.; Parmar, J.; Zeng, Y.; Zhao, Y.; Sańchez, S. Nano
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B. E.-F.; Karshalev, E.; Wang, J. Adv. Funct. Mater. 2016, 26, 6270−
6278.
(4) (a) Ma, X.; Jang, S.; Popescu, M. N.; Uspal, W. E.; Miguel-Loṕez,
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