
FULL PAPER

1803613  (1 of 11) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

High-Motility Visible Light-Driven Ag/AgCl Janus Micromotors

Xu Wang, Larysa Baraban,* Anh Nguyen, Jin Ge, Vyacheslav R. Misko, Jacques Tempere, 
Franco Nori, Petr Formanek, Tao Huang, Gianaurelio Cuniberti, Jürgen Fassbender,  
and Denys Makarov*

X. Wang, Dr. J. Ge, Prof. J. Fassbender, Dr. D. Makarov
Helmholtz-Zentrum Dresden-Rossendorf e.V.
Institute of Ion Beam Physics and Materials Research
Bautzner Landstrasse 400, 01328 Dresden, Germany
E-mail: d.makarov@hzdr.de
Dr. L. Baraban, A. Nguyen, T. Huang, Prof. G. Cuniberti
Institute for Materials Science and Max Bergmann  
Center of Biomaterials
Technische Universität Dresden
01062 Dresden, Germany
E-mail: larysa.baraban@nano.tu-dresden.de
Dr. L. Baraban, T. Huang, Prof. G. Cuniberti
Center for Advancing Electronics Dresden
Technische Universität Dresden
01062 Dresden, Germany

DOI: 10.1002/smll.201803613

1. Introduction

The research field of man-made nano/micromotors is growing 
significantly at the level of new materials and fabrication, 
as well as numerous exciting demonstrations, ranging from 

Visible light-driven nano/micromotors are promising candidates for biomedical 
and environmental applications. This study demonstrates blue light-driven 
Ag/AgCl-based spherical Janus micromotors, which couple plasmonic light 
absorption with the photochemical decomposition of AgCl. These micromotors 
reveal high motility in pure water, i.e., mean squared displacements (MSD) 
reaching 800 µm2 within 8 s, which is 100× higher compared to previous 
visible light-driven Janus micromotors and 7× higher than reported ultraviolet 
(UV) light-driven AgCl micromotors. In addition to providing design rules 
to realize efficient Janus micromotors, the complex dynamics revealed by 
individual and assemblies of Janus motors is investigated experimentally  
and in simulations. The effect of suppressed rotational diffusion is focused on, 
compared to UV light-driven AgCl micromotors, as a reason for this remarkable 
increase of the MSD. Moreover, this study demonstrates the potential of  
using visible light-driven plasmonic Ag/AgCl-based Janus micromotors in 
human saliva, phosphate-buffered saline solution, the most common isotonic 
buffer that mimics the environment of human body fluids, and Rhodamine  
B solution, which is a typical polluted dye for demonstrations of photocatalytic 
environmental remediation. This new knowledge is useful for designing visible  
light driven nano/micromotors based on the surface plasmon resonance effect and 
their applications in assays relevant for biomedical and ecological sciences.

Janus Micromotors
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fundamentals[1] to real-life applications.[2] 
Pioneering studies on the propulsion of 
different objects (e.g., tubular,[3] helical,[4] 
gear,[5] rod-like,[6] and Janus particles[4b,7]) 
allowed for the determination of the fun-
damental mechanisms of motion[2a,8] 
and highlighted a number of promising 
applications, especially in environmental 
research,[2b] biology, and medicine.[2c,9] 
Furthermore, for these synthetic motors 
to achieve deterministic motion over 
large distances, distinct mechanisms have 
already been explored, including bubble 
propulsion,[9d,10] electrophoresis,[3b,6a,11] 
ultrasonic wave actuation,[12] AC and 
DC magnetic field actuation,[13] and dif-
fusiophoresis.[14] For applications in a 
physiological environment or environ-
mental remediation, the propulsion 
mechanism should be properly selected to 
fulfill a number of stringent requirements, 
including usage of low toxicity solutions, 
being easily controllable, and allowing for 
high-speed movement.

Currently, one of the most active 
research directions is the realization of 

light-driven nano/micromotors using different light sources.[15] 
The light is used to either initiate thermophoretic propulsion 
of the particles[5a,16] or activate and control a photocatalytic reac-
tion.[17] Typically, lasers (with wavelength λ  = 808 nm)[18] and 
ultraviolet (UV) (λ  = 340–380 nm)[19] radiation are applied. To 
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efficiently use solar energy and avoid the harmful influence to 
a human body for potential therapeutic applications,[20] visible 
light (λ = 390–700 nm) has been suggested as a promising stim-
ulus to propel nano/micromotors.[21] There is intense activity 
regarding the realization of visible light-controlled self-propelled 
micromotors in H2O2 solution.[20,22] Only very recently, visible 
light was successfully applied to stimulate a directional motion 
in pure H2O using Au/black TiO2 (high velocity can be achieved 
in H2O2 solution),[7e] BiOI/Au (high velocity can be achieved in 
H2O2 solution),[23] and Si–Au[24] composites. Certain advantage 
in terms of achieving high speed motion could be offered by 
AgCl, one of the most efficient photocatalysts, which can absorb 
efficiently in the UV spectral range.[25] Microparticles of AgCl of 
different shapes, e.g., uniform 2 µm particles[26] and 2 µm large 
microstars[27] have been used as artificial swimmers. The motion 
of individual particles as well as their collective behavior leading 
to clustering, local pumping, and schooling[26,28] is already well 
documented. Interestingly, due to the use of bulky and heavy 
AgCl microparticles, the obtained mean squared displacement 
(MSD) values are rather low in pure H2O: typically in the range 
of up to about 100 µm2 in 8 s despite favorable UV light illu-
mination.[27] This is a drawback of using UV light driven AgCl-
based micromotors, particularly for applications where the 
efficient transport of particles within bio-organisms, like blood 
vessels, is imperative. Plasmonic photocatalysts are typically 
applied to enhance the absorption ability in the visible spectral 
range.[25a,29] Recently, this concept was applied in the field of 
nanomotors,[21] where enhanced Brownian motion was success-
fully demonstrated in pure H2O under visible light illumination.

Here, we demonstrate for the first time Ag/AgCl-based 
spherical Janus motors that reveal efficient propulsion when 
illuminated by visible light. Our micromotors have strong 
absorption ability in the visible light range (>420 nm), because 
of the surface plasmon resonance (SPR) effect between AgCl 
nanoparticles and plasmonic Ag layer. We show that a proper 
design of Ag/AgCl-based micromotors can boost the MSD to 
a remarkable value of 800 µm2 in 8 s in pure H2O, even when 
activated using blue light (excitation λ  = 450–490 nm, light 
intensity of about 100 µW mm−2). To achieve this performance, 
we applied several key modifications to the type and structure 
of a micromotor. First, instead of AgCl microparticles with a 
relatively smooth surface, we use polystyrene (PS) microparti-
cles with a cap structure formed of a rough layer of Ag/AgCl 
nanoparticles. Those assure a high surface-to-volume ratio, a 
strong light confinement effect and enhance the speed of the 
photocatalytic reaction. Furthermore, the rotational diffusion 
coefficient of a 2 µm large polystyrene sphere is DR ≈ 0.165 rad2 
s−1, which is about 5× smaller than for the previously reported 
AgCl micromotors.[27] This effect together with a much more 
efficient photocatalytic reaction is the key ingredient, which 
allows the Ag/AgCl-based Janus micromotors to obtain large  
velocities and displacements. In this work, we investigate—
experimentally and using numerical simulations—the motion of 
individual Janus particles as well as their small (2- and 3-particle)  
and large (many-particle) clusters. We numerically solve the 
Langevin equations[30] of motion for self-propelled Janus par-
ticles using molecular-dynamics simulations. We analyze the 
trajectories and MSD of single Janus particles, their small 
“molecules” (consisting of two or three active particles), and 

large clusters and compared the obtained results with the 
experimental observations. We experimentally demonstrate 
the motion of Ag/AgCl-based Janus micromotors in physiolog-
ical environments under visible light illumination, such as in 
human saliva, phosphate-buffered saline (PBS) buffer, and Rho-
damine B (RhB) aqueous solutions of different concentrations.

2. Results

AgCl has a weak absorption in the visible spectral range due to 
its large bandgaps (5.15 eV direct bandgap and 3.25 eV indirect 
bandgap).[31] Instead, Ag/AgCl composites have strong absorp-
tion in the visible and near infrared (NIR) regions because of 
the coupling to the SPR of Ag.[25a,29f,32] We realize plasmonic 
PS/Ag/AgCl-based micromotors as follows: a monolayer of 
PS spherical particles with a diameter of 2 µm is prepared by 
drop casting 600 µL of ethanol-based colloidal suspension onto 
a round glass slide. After drying, the sample is introduced in 
a vacuum chamber where electron beam deposition is used to 
fabricate a 60 nm thin Ag coating on the top surface of PS par-
ticles. The scanning electron microscopy (SEM) image of the 
sample after the deposition of Ag layer is shown in Figure 1a. 
We note that at the top of a cap, the surface of the Ag layer 
remains smooth. Closer to the equator (starting from the 
angular position of about 75° from the symmetry axis of the 
capped particle), we observe a grainy film morphology. To trans-
form the Ag layer into Ag/AgCl, the sample is oxidized using 
a FeCl3/PVP (polyvinylpyrrolidone) solution.[32b,33] After the in 
situ oxidation reaction, the original smooth surface of Ag layer 
is turned to a grainy layer consisting of Ag/AgCl nanoparticles 
with a characteristic size of 50–100 nm (Figure 1b). The use of 
a highly concentrated PVP solution is crucial for promoting the 
formation of large Ag/AgCl clusters, stabilizing the oxidation 
process of Ag and resulting in a layer of Ag/AgCl.[32b] Different 
arrangements of Janus spheres are observed after the sample 
drying process, ranging from individual particles (Figure 1c) 
through their small clusters (Figure 1d,e) to clusters with large 
numbers of Janus particles. The Ag (Figure 1f) and Cl (Figure 1g)  
distributions over Ag/AgCl caps of Janus micromotors are 
shown by the energy dispersive X-ray spectroscopy (EDX) map-
ping. To investigate the distribution of the metallic Ag in Ag/
AgCl caps, we removed the AgCl layer by mixing the PS/Ag/
AgCl micromotors with an ammonium hydroxide solution 
(NH4OH). This assures that only Ag remains at the cap of the 
Janus particles. An SEM image of the NH4OH processed Janus 
PS/Ag/AgCl particles and the corresponding EDX mapping of 
Ag and Cl are shown in Figure 1h–j, respectively. The UV–vis 
spectrum (Figure 1k) reveals the absorption peak at around  
340 nm for both PS/Ag and NH4OH processed PS/Ag/AgCl 
Janus particles. For PS/Ag/AgCl capped spheres, the absorp-
tion peak is shifted to around 410 nm. Furthermore, this 
sample shows efficient absorption not only in the visible but 
even in the NIR range because of the SPR effect, in line with 
previous reports on plasmonic Ag/AgCl photocatalysts.[25a,29f ]

Figure 1l shows the schematic photocatalysis process and 
motion direction of a single PS/Ag/AgCl Janus micromotor. 
The mechanism of photoexcitation in Ag/AgCl bilayers is 
studied in great detail elsewhere.[29f,34] For the discussion 
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below, it is relevant that the different diffusion speeds of H+ 
and Cl− ions, which are provided by the photodecomposition 
process of AgCl, induce an asymmetric internal electric field 
around a Janus micromotor. Due to this fact, the motion is 
triggered toward the noncapped PS face.[25b] The propulsion of 

micromotors in deionized (DI) water is due to the photocata-
lytic reduction of AgCl[35] at the location of the cap

→ − −4AgCl+2H O 4Ag +4H +4Cl +O •2
+

2 � (1)
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Figure 1.   Scanning electron microscopy (SEM) images of a) as prepared PS/Ag capped particles, b) PS/Ag/AgCl Janus particle assemblies. The inset in 
panel (b) shows a high-resolution SEM image of the Ag/AgCl surface. Zoom on a location with c) a single Janus particle, d) cluster of 3-Janus particles, 
and e) clusters of 2- and 3-Janus particles. The EDX mapping of f) Ag and g) Cl elements for the sample shown in panel (e). h) SEM image of PS/Ag/
AgCl Janus particles processed in ammonia solution and the corresponding EDX mapping of i) Ag and j) Cl elements. k) UV–vis absorption spectra of 
PS/Ag (red curve), PS/pure AgCl (blue curve), PS/Ag/AgCl (green curve), and ammonia solution processed PS/Ag/AgCl (orange curve). l) Schematic 
image for visible light absorption process of Janus PS/Ag/AgCl micromotors based on the SPR effect. Our model of the visible light actuated motion 
based on the photodecomposition process of AgCl layer is shown as well (CB: conductive band, VB: valence band).
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2.1. Dynamics of a Single Janus Particle

To obtain a quantitative insight into the dynamics of individual 
Janus spheres when illuminated by blue light (450–490 nm)  
of high intensity, we investigate the motion trajectories of 
20 particles over a period of up to 30 s (Figure 2a; Video S1, 
Supporting Information). The trajectories are color coded to 
indicate the time progression while tracking. For reference, 
a typical Brownian motion of a Janus particle under a refer-
ence green light illumination of low intensity (see the Experi-
mental Section) is shown in Figure 3a (Video S1, Supporting 
Information). Following the classical works on the evaluation 
of MSD,[36] we present the MSD data up to 8 s only based on 
the information obtained from each 30 s long tracking movie. 
This provides a sufficient sampling for calculating the MSD 
for each particle. Then, the average is taken over all the parti-
cles to obtain the resulting MSD. The MSDs for 20 particles 
are shown in panel (b) with gray lines. The final MSD curve, 

averaged over 20 particles, is shown in red. The resulting MSD 
reaches remarkably high values of up to 800 µm2 after 8 s. Note 
that the MSD curves for individual particles noticeably disperse 
around this average value and can reach values as high as about 
2000 µm2 in 8 s.

The analysis of the experimental data shown in Figure 2b is 
done by fitting the experimental MSD to the theoretical MSD 
curve[7f ]

τ τ τ( ) ( )( ) − − t D v t v tMSD = 4 + + exp 2 / 1 /2T
2

R
2

R
2

R � (2)

In this way, we extract the effective translational 
Deff  =  DT  +  v2/(4DR) and rotational diffusion DR coefficients. 
Note that for self-propelled particles, Deff is mainly deter-
mined by the second term: v2/(4DR) >>  DT. Therefore, we 
extract v and DR from the fitting, and we use the theoretical 
value for the translational diffusion coefficient of a spherical 
pure Brownian particle of the same size as the Janus particle: 
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Figure 2.   a) Trajectories of 20 single Janus PS/Ag/AgCl particles taken over 30 s under blue light illumination [(106 ± 1) µW mm−2]. b) The individual 
(grey) and averaged (red) experimental MSD curves of 20 single Janus particles. c) Representative individual (grey) and averaged (magenta) simulated 
MSD curves of 20 single Janus particles.

Figure 3.   a) Trajectories of four single Janus PS/Ag/AgCl particles (J1–J4) taken over 8.6 s under blue light illumination [(106 ± 1) µW mm−2]. The 
trajectory of a reference Janus PS/Ag/AgCl particle under green light illumination [(8 ± 1) µW mm−2] is shown as well (Video S1, Supporting Informa-
tion). b) The experimental MSD curves of single Janus particles: J1 (1193 µm2, green symbols), J2 (1460 µm2, orange symbols), J3 (940 µm2, purple 
symbols), and J4 (2899 µm2, red symbols) (Video S1, Supporting Information). c) Time evolution of the experimental autocorrelation values, Cos(Δθ), 
of the angle Δθ, capturing the change of the orientation of the main symmetry axis of the metallic cap of a colloid between two neighboring frames in 
the tracking video files for the single Janus PS/Ag/AgCl particles (J1–J4). The upper inset shows schematics on how the angle Δθ is defined. The lower 
inset summarizes the rotational diffusion coefficients, DR, for four single Janus particles (Video S2, Supporting Information).
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DT  ≈ 0.22 µm2 s−1.[37] The extracted average self-propulsion 
velocity and rotational diffusion coefficients are v = 4.9 µm s−1 
and DR = 0.165 rad2 s−1. Note that the extracted rotational diffu-
sion coefficient is in quantitative agreement with the analytical 
estimate for a spherical particle: DR,A  = 0.16 rad2 s−1 in pure 
water.[37] These experimentally determined values are adopted 
for performing molecular-dynamics simulations.

A similar trend is captured in the simulations for particles 
characterized by the self-propulsion velocities and the rotational 
diffusion coefficients: v = 4.9 µm s−1; DR = 0.165 rad2 s−1 and 
v = 5 µm s−1; DR = 0.16 rad2 s−1 (both the (v, DR) sets providing 
good fits to the experimental MSD) (Figure 2c). We note that 
the values of the MSD achieved in our experiments are much 
higher than those reported for the AgCl star-shaped micromo-
tors.[27] We attribute this fact to the more efficient propulsion 
due to the grainy morphology of AgCl films and much smaller 
rotational diffusion coefficient compared to the case of AgCl 
microstars.[27]

In addition, we also use an alternative approach to extract 
the rotational diffusion coefficient of single Janus particles 
by calculating the difference of orientation angles of the 
main symmetry axis of the metallic cap of a colloid between 
two consecutive frames (as illustrated in a schematic image, 
inset in Figure 3) from the tracking videos (Video S1, Sup-
porting Information). Relevant tracking trajectories taken 
over 8 s are shown in Figure 3a. The calculated MSD based 
on the experimental tracking data over 1.5 s is shown in 
Figure 3b. Following the established method,[3c] we plot the 
mean squared angular displacement (MSAD) as a function of 
time. The rotational diffusion coefficient (DR, inset in Figure 
3c) is calculated based on the equation, MSAD = 2DRΔt. To 
reveal the details of the rotational motion, we measure the 
variable angular value (Δθ) of Janus micromotors compared 
to their initial orientation and plot the autocorrelation values 
(cos(Δθ)) during the initial 1.5 s (Figure 3c). The autocor-
relation is decreased to a value ranging from 0.65 to 0.91, 
and their effective translational diffusion coefficient DT,eff  = 
(4DT + v2τR) and rotational diffusion coefficient DR are, respec-
tively, 65 µm2 s−1 and 0.165 rad2 s−1. Note that this value of 
DR coincides with that extracted from a fit to the theoretical 
MSD curve[7f ]and is about 5× smaller compared to the pre-
vious reports on AgCl micromotors.[27] This DR value is also in 
perfect agreement with the one extracted from the analysis of 
the MSD data (Figure 2b).

Further, we find a strong dependence of the motion param-
eters, e.g., MSD and velocity, on the intensity of the blue light 
(Figure 4; Video S2, Supporting Information). If the intensity 
of blue light is lower than (26 ± 1) µW mm−2, the dynamics of 
a Janus motor is not distinct from the Brownian fluctuations 
of a reference particle (under illumination with a green light of 
low intensity). In this case, the phoretic contribution from the 
chemical reaction is not sufficiently strong to be discriminated 
from the Brownian motion, as shown in Figure 4a (switching 
between green and blue light). Once the intensity of blue light 
increases, the chemical gradient due to the diffusion of Cl ions 
around Janus particles becomes larger. This leads to an increase 
in the speed of Janus particles and a parabolic growth of the 
corresponding MSD curves in time (Figure 4b). For instance, at 
blue light illumination with an intensity of (106 ± 1) µW mm−2,  

the MSD reaches the value of about 800 µm2 within 8 s  
(Figures 2b and 3b (experimental data) and Figure 2c (simula-
tion data)), which is 100× higher as compared to the previous 
visible light-driven Janus BiOI/Au micromotor[23] and 7× higher 
than the reported UV light-driven AgCl micromotors.[27] The 
value of the instantaneous velocity at blue light illumination 
with an intensity of (106 ± 1) µW mm−2 reaches (7 ± 2) µm s−1  
(Figure S1, Supporting Information).[38] This instantaneous 
velocity is very similar to the propulsion velocity of about 
5 µm s−1 extracted from the parabolic fit to the experimental 
MSD data shown in Figure 2b (for further details we refer to 
the work by Howse et al.[7f ]).

2.2. Dynamics of Janus Particle Assemblies

Investigations of assemblies of particles were the focus of sev-
eral works for different passive and active systems.[19b,26,28,39] 
Therefore, it is of interest to analyze the dynamics of assem-
blies of Ag/AgCl Janus particles. For the novel plasmonic Ag/
AgCl Janus spheres realized in this work, in the following we 
will describe the dynamics of micromotor assemblies of two, 
three, and clusters consisting of more particles (representa-
tive examples of the Janus particle assemblies are shown in 
Figure 1). The comparison of the motion characteristics of 
these objects under blue light illumination (blue light intensity 
of (106 ± 1) µW mm−2) is shown in Figure 5a (Videos S1 and 
S3, Supporting Information). The tracking of the shown trajec-
tories is done over 12 s, which allows us to plot the MSD for up 
to 3 s (Figure 5b).

The increase of the number of particles in the cluster leads to 
a slowdown of the whole assembly (MSD curves in Figure 5b),  
caused i) by random orientations of the active sides of indi-
vidual Janus particles within the cluster that suppresses its 
net velocity, and ii) to a lesser extent, by the suppression of the 
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Figure 4.   a) Trajectories and b) corresponding MSD curves of single 
Janus PS/Ag/AgCl particles taken over about 27 s when blue light 
of different intensities [(1.3 ± 1) µW mm−2, (26 ± 1) µW mm−2, and 
(137 ± 1) µW mm−2] is turned off (≈9 s), on (≈9 s), and off (≈9 s) (Video S3,  
Supporting Information). The intensity of the reference green light is  
(8 ± 1) µW mm−2.
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translational diffusion of the cluster that scales as 1/Rcl, where 
Rcl is the radius of the cluster.

Simulated trajectories and the MSD curves are shown 
in Figure 5c–e for single, double, triple Janus particles and 
clusters of many Janus particles. In the case of simulations, 
we track the motion over a longer time period, of up to 40 s 
(Figure 5c), which provides a deeper insight into the dynamics 
of the particle assemblies, e.g., the MSD can be analyzed up to 
10 s (Figure 5d). For the sake of comparison with the experi-
mental data (Figure 5a,b), we present a close-up of the theo-
retical MSD curves for 3 s as well (Figure 5e). The simulation 
results capture the experimental data rather well. Single Janus 
particles are characterized by the highest mobility (among 
single, double, triple particles, and clusters), with self-propelled 
velocity v ranging from 4.75 to 6 µm s−1 (Figure 2c). The corre-
sponding MSD for single Janus particles for t = 9 s varies from 
1100 to 2000 µm2, and from 225 to 255 µm2 for t = 3 s, which 
is in good agreement with the experimental values. Assemblies 
of Janus particles, such as double and triple Janus particles, 
demonstrate decreasing mobility with the increasing number 
of constituent particles. This is explained by the random or 
even antisymmetric orientation of constituent Janus particles 
in the assemblies when their individual self-velocities are par-
tially cancelled out. As a result, the calculated self-velocities 
and MSD of double and triple Janus particles are consider-
ably lower: v  ≈ 3.5–4 µm s−1, MSD (t  = 9 s) ≈ 880–1100 µm2 
and MSD (t  = 3 s) ≈ 115–125 µm2 (2-particle Janus), and 
v  ≈ 2.5–3.5 µm s−1, MSD (t  = 9 s) ≈ 425–650 µm2 and MSD 
(t  = 3 s) ≈ 70–80 µm2 (3-particle Janus). For large clusters of 
Janus particles these values decrease even further (Figure 2c–e).

In addition to the changes in the self-propelled velocity, 
the diffusivity of clusters of Janus particles decreases as com-
pared to that of single particles. In the simulations, we used 
the analytic expressions to estimate the translational DT and 
rotational DR diffusion coefficients of the clusters, where DT 
scales as 1/Rcl, and DR as 1/Rcl

3. Thus, for 2- and 3-particles, we 
took DT2 = DT/2, DR2 = DR/8, and DT3 = DT/3, DR2 = DR/27. For 
large clusters, where individual particles are closely packed, we 
evaluated the diffusion coefficients assuming a nearly circular 
shape of the clusters with a radius that scales with the number 

of particles in the cluster NJPcl as NJPcl
1/2. For example, for a 

cluster with NJPcl = 25, the corresponding diffusion coefficients 
were evaluated as DTcl  =  DT/5, and DRcl  =  DR/125. From the 
simulations, it follows that the resulting MSD curves are much 
less sensitive to variations of the diffusion coefficients than to 
variations of the self-velocity.

2.3. Visible Light Driven Motion in a Physiological Environment

To demonstrate the potential of plasmonic PS/Ag/AgCl-
based Janus micromotors for applications in physiological 
environments, as well as for the applications of environment 
remediation, we investigate their dynamics in several relevant 
media under blue light illumination ((106 ± 1) µW mm−2) 
including i) human saliva, ii) PBS, the most common isotonic 
buffer that mimics the environment of human body fluids, and 
iii) aqueous solution of RhB, which is a typical polluted dye in tex-
tile industry. Trajectories and the corresponding MSD of Janus 
motors composed of 1 particle (J1), 2 particles (J2), and a cluster 
of many particles (J3) are shown in Figure 6 (Videos S5–S7,  
Supporting Information). Our experiments reveal that the effi-
cient motion of Janus particles can be detected in 100 times 
diluted human saliva (Figure 6a), 0.01 × 10−3 m PBS (Figure 6b) 
and 100 × 10−3 m RhB solution (Figure 6c). Instead, in higher 
concentrated physiological solutions the motion of PS/Ag/
AgCl-based micromotors is highly suppressed, in accordance 
with the theoretical considerations for the electro kinetic micro-
motors[40] (details in Section 3).

3. Discussion

We model the experiments with single Janus particles and 
their two-, three-, or many-particle assemblies. For the case 
when there is no asymmetric distribution of chemical products 
around a Janus particle (reference case of green light illumi-
nation in the experiment), Janus particle assemblies undergo 
Brownian diffusion. Turning blue light ON initiates the 
chemical reaction leading to a strong radial flow.

Small 2018, 1803613

Figure 5.   a) Trajectories and b) the corresponding experimental MSD curves of different Janus particle assemblies (one, two, three particles, and a 
cluster consisting of around 30 particles) taken over about 3 s under blue light illumination [(106 ± 1) µW mm−2]. c) Simulated trajectories and the 
corresponding simulated MSD curves for different Janus particle assemblies (one, two, three particles, and a small cluster) taken over d) 3 s and e) 9 s.
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A similar set of simulations for clusters consisting of two 
single Janus particles is presented in Figure S6 (Supporting 
Information) for seven double Janus particles JD1 to JD7. Note 
that since Janus particles in a two-particle configuration are 
linked by their hydrophobic Ag/AgCl caps (Figure 1e), their 
resulting self-propelled velocity is always lower than the self-
velocity of a single Janus particle: vd  <  v. Our estimates show 
that the self-propelled velocity of a 2-particle Janus assembly, 
corresponding to the experimentally measured MSD, can 
be typically vd  ≈ 0.5v (although vd can be very small for 
“antisymmetric” configurations or close to v for rare nearly 
symmetric alignment of Janus particles in a two-particle  
molecule).

Three-particle clusters of Janus particles (Figure 1d) are 
generally characterized by similar, or slightly lower, values of 
self-velocity than two-particle clusters. This is explained by the 
inside orientation of individual Janus particles by their hydro-
phobic Ag/AgCl caps, resulting in cancelling out self-veloci-
ties of constituent micromotors. Typical values of their self-
propelled velocities are estimated to be about vt ≈ 0.4v. At the 
same time, three-particle configurations reveal a much stronger 
ability to rotate, which can be seen in their trajectories shown 
in Figure S6 (Supporting Information).

Finally, large clusters of Janus particles show even less ability 
to self-propel, due to the random orientation of individual parti-
cles in the clusters. Also, their translational diffusion coefficient 
scales as 1/Rcl, where Rcl is the radius of the cluster. However, 
this average distance becomes large enough thanks to the 
strong flow due to the chemical reaction at the surface of many 
Janus particles in the cluster. Thus, this distance is larger than 
that for double and triple Janus particles for short times (about 
8 s) and is comparable to that for double Janus particles for 
some longer times. These results agree with the experimental 
observations.

3.1. The Contribution of v and DR to the Enhanced MSD

The theoretical predicted value of the MSD(t) of a self-propelled 
particle,[7f ] as defined by Equation (1), is mainly determined by 
the particle self-velocity v and its rotational diffusion coefficient 
DR = 1/τR and to a much lesser extent by its translational dif-
fusion DT, as 4DT << v2τR for typical experimental conditions. 
Therefore, the experimentally observed large values of the MSD 
for Janus particles can be explained by their increased self-
propelled velocity v or by suppressed rotational diffusion, or by 
both factors together (Figure S6, Supporting Information).

To analyze the effects of the self-velocity and rotational diffu-
sion, we calculated the MSD(t) for varying self-propelled velocity 
and the rotational diffusion coefficient DR, using Equation (1). 
First, we fix the rotational diffusion coefficient, which is taken 
as a theoretical estimate for a 1 µm radius Brownian particle, 
DR = 0.16 rad2 s−1, and change the self-propelled velocity. The 
results are shown in Figure S6b (Supporting Information). The 
MSD increases from about 1000 µm2 to more than 2000 µm2 
for t = 10 s when the self-velocity increases from 5 to 7 µm s−1. 
Note that in numerical simulations, there is a dispersion in the 
MSD values extracted from trajectories of single Janus particles 
such that the MSD can reach values as high as 2000 µm2, for a 
similar set of parameters (cp. Figure 2c).

To analyze the effect of rotational diffusion, the MSD has 
been calculated for Janus particles with varying DR and fixed 
self-propelled velocity 6 µm s−1 (Figure S6a, Supporting Infor-
mation). For the reference value of the rotational diffusion coef-
ficient, DR = 0.16 rad2 s−1, the MSD reaches the value of about 
1600 µm2 in 10 s. For the same self-velocity, the MSD increases 
for decreasing values of DR, as shown in Figure S6a (Sup-
porting Information). For example, the measured MSD value 
of 3000 µm2 can be achieved in 10 s for DR  = 0.035 rad2 s−1, 
i.e., when the persistence length of the self-propelled motion of 
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Figure 6.   Trajectories (insets; taken for 1 s) and the corresponding experimental MSD curves of different Janus particle assemblies (J1: single Janus 
particle; J2: 2-particle assembly; and J3: big cluster of Janus particles) in a) human saliva solution (100 times diluted) (Video S5, Supporting Informa-
tion), b) PBS solution (0.01 × 10−3 m) (Video S6, Supporting Information), and c) RhB solution (100 × 10−3 m) (Video S7, Supporting Information), 
under blue light illumination [(106 ± 1) µW mm−2].
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a Janus particle increases about 4.5 times as compared to the 
estimated theoretical value. In other words, such a considerable 
increase in the persistence length results in an increase of the 
MSD value about twice in 10 s. Therefore, for particles char-
acterized by the rotational diffusion coefficient ranging from 
DR  = 0.03 to 0.16 rad2 s−1, for self-velocities in the range of 
about 6 to 7 µm s−1, the MSD values (for 10 s) is in the range 
of 1500–3000 µm2, in agreement with the experimentally meas-
ured and simulated values (cp. Figure 2).

Early measurements of the MSD of AgCl microparticles 
illuminated by UV light[27] revealed moderate values of the 
MSD of about 200 µm2. If we assume that the reason for this 
considerable change in the MSD (i.e., from 200 to 3000 µm2) is 
related to a change in rotational diffusion of the particles, then 
the rotational diffusion coefficient should be taken about an 
order of magnitude larger than the reference theoretical value 
(DR  = 0.16 rad2 s−1). Namely, the violet MSD curve in Figure 
S6a (Supporting Information) corresponds to DR = 1.6 rad2 s−1. 
The MSD reaches the value of 226 µm2 in 10 s.

This analysis shows that both factors, the increase in the 
self-propelled velocity and the suppression of rotational dif-
fusion, lead to the detected substantial increase of the MSD 
of Ag/AgCl Janus particles. Indeed, in our experiments we 
observe a moderate increase in the self-velocity as compared to 
previous reports[38] and a substantial decrease of the rotational 
diffusion coefficient as compared to previously reported AgCl 
micromotors.[27]

3.2. Motion in Physiological Solutions

The dynamics of micromotors is drastically affected by the 
physiological liquid and its dilution factors. This is mainly 
due to the different ionic strengths of the solution and thus 
screening of the surface charges at the particles. In 1000 times 
diluted saliva solution, the MSD (Δt  = 1 s) of micromotors 
with 1-, 2-, and a cluster of many Janus particles is measured 
to be 3800, 60, and 490 µm2, respectively (Figure S2b, Sup-
porting Information). But in 10 times diluted saliva solution, 
the MSD (Δt = 1 s) of micromotors is suppressed to less than 
1.3 µm2 (Figure S2d, Supporting Information), which is mainly 
due to the Brownian motion. A similar trend is also shown in 
Figure S3b (Supporting Information) for the case when Janus 
motors move in a 0.001 and 0.1 × 10−3 m PBS solution. In the 
case of 0.001 × 10−3 m PBS solution, the MSD (Δt  = 1 s) of 
micromotors with 1-, 4-, and a cluster of many Janus particles 
is 656, 100, and 300 µm2, respectively. However, only Brownian 
motion is observed in 0.1 × 10−3 m PBS solution (Figure S3d, 
Supporting Information). The slowdown and complete stop of 
the motion in concentrated physiological solutions demonstrate 
that the mechanism of self-electrodiffusiophoresis is invoked 
during the motion of Janus PS/Ag/AgCl micromotors.

3.3. Wavelength Dependence

Considering the absorption curve (Figure 1k), it is expected 
that motors should efficiently move even when illuminated 
using not only blue but also green or red light. Still, similar 

to the case with a blue light discussed in this work, proper 
light intensity is needed to achieve efficient propulsion. As 
indicated in the Experimental Section, the green light, which 
we use as a reference, comes directly from a microscope lamp. 
The light is processed with green and yellow filter sets (hence, 
it is named here as “green light”) and has very low intensity 
of (8 ± 1) µW mm−2. For comparison, blue light with intensity 
of (106 ± 1) µW mm−2 is needed to achieve efficient propul-
sion of Janus motors. Due to the low intensity of the reference 
green light, we do not observe an efficient motion of Janus 
particles. Still, we believe that the reason why Janus particles 
do not propel efficiently under illumination with the reference 
green light is its low intensity rather than the wavelength. This 
assumption is yet to be confirmed experimentally.

3.4. Initial Stage of Motion

We note that Janus micromotors do slow down when the expo-
sure time is increased under blue light illumination. Before 
turning on the blue light lamp, they perform Brownian motion 
(Figure S4, Supporting Information). Once the blue light lamp 
is turned on, at the very beginning, the velocity of micromo-
tors rises to 50 µm s−1 and then decays down to 25 µm s−1 
after about 5 s, further maintaining the decreasing trend[25b] 
(Video S8, Supporting Information). Therefore, in this work we 
focused on the discussion of the trajectories taken after rather 
long illumination time when the decay of the velocity with time 
is not pronounced. In this case, we are limited to velocities of 
about 7 µm s−1.

4. Conclusions

We demonstrated, for the first time, the experimental realiza-
tion and observation of blue light-driven Janus PS/Ag/AgCl 
micromotors capable of large scale displacements in pure water 
and the possible usage of them in human saliva, PBS, and RhB 
solutions. The self-propelled motion is induced by the photo-
catalytic reaction of Ag/AgCl and its speed can be tuned by 
changing the light intensity. We showed that a proper design of 
an Ag/AgCl-based micromotor can boost the MSD to a remark-
able value of 800 µm2 in 8 s in pure water, which is about  
7 times larger than the MSD values previously reported in the lit-
erature for AgCl-based micromotors. The new design employed 
in our experiments included the following key modifications 
of the type and the structure of a micromotor: i) Plasmonic 
Ag/AgCl Janus layer enables efficient visible light (>420 nm) 
absorption; ii) heavy AgCl microparticles are replaced by light 
Janus particles consisting of a 2 µm PS spheres capped with a 
60 nm thin film of Ag/AgCl; iii) we used a rough capping layer 
formed by Ag/AgCl nanoparticles, which facilitate the photo-
catalytic reaction. The high efficiency chemical reaction and the 
lightness of Janus particles allowed us to achieve high velocities 
for the Ag/AgCl-based Janus micromotors.

To obtain insight in the dynamics of the newly synthesized 
Ag/AgCl-based micromotors, we investigated, experimentally 
and using numerical simulations, the motion of individual 
Janus particles and their small (consisting of 2 and 3 particles) 

Small 2018, 1803613
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and large clusters. The highest velocities of motion and largest 
MSD values were observed in the case of single Janus particles. 
With increasing number of particles forming an active “mol-
ecule” (consisting of 2 or 3 Janus particles) or a cluster, the 
detected velocities and MSD decreased, as a result of the cancel-
lation of the self-velocities of the constituent Janus particles due 
to their random arrangements in the assemblies.

The results of our study bring important insights in the 
dynamics of these newly synthesized high-motility Ag/AgCl-
based micromotors. Our results can be useful for the design of 
new visible-light-driven high-motility plasmonic photocatalysis 
micromotors for applications in bioenvironments demanding 
low toxicity and nondestructive illumination conditions, such 
as water purification[27,32a,33,41] and antibacterial action.[27,42]

5. Experimental Section
Materials and Instruments: All chemicals including the PVP 

(Mw = 55 000) and iron(III) chloride hexahydrate (FeCl3 • 6H2O) as well as 
the polystyrene microparticles (diameters: 1 and 2 µm) are from Sigma-
Aldrich. The 4-wavelength light emitting diode (LED) source and its 
driver (DC4104) are from THORLABS and the fluorescence lamp (HBO 
103) is from Carl Zeiss Microscope. The light power detector (XLP 12) 
and its monitor are from Gentec-eo. The SEM and EDX were performed 
in Ultra Plus (Carl Zeiss Microscopy GmbH, Germany) SEM operated 
at 6 kV and equipped with XFlash QUAD 5060F EDX detector (Bruker 
Nano GmbH, Germany). The specimens for SEM were prepared by drop 
casting a 2 µL microparticle solution on a 5 mm × 5 mm Si wafer and 
coating it with a 20 nm carbon (SCD500 coater, Leica Microsystems 
GmbH, Germany) to reduce the charging of the specimen in the electron 
beam. The UV–vis spectra are measured by a UV–vis Spectrometer 
(Varian Cary 50 Bio). The pH values of physiological solutions are 
measured by a pH meter (InoLab Terminal Level 3, WTW GmbH).

Fabrication of Janus Silver Chloride Coated Polystyrene Microparticles 
( Janus PS@Ag/AgCl): Monolayers of 2 µm PS particles (Sigma-Aldrich) 
were prepared by drop casting the PS ethanol suspension (25 mg mL−1) 
onto glass slides preprocessed by a plasma activation equipment. A  
60 nm thin Ag layer was deposited on the top surface of the monolayer 
using electron beam deposition (base pressure: 7 × 10−7 mbar; 
deposition rate is 1 nm s−1). To detach the capped particles from the 
glass slides, sonication processing for 15 min was applied. The Janus Ag 
coated polystyrene particles (PS/Ag) were collected and resuspended in 
DI water. The Janus Ag/AgCl coated polystyrene particles (PS/Ag/AgCl) 
were synthesized following the established procedure.[32b,33] In brief, 
Janus PS/Ag particles were dispersed in a PVP solution (50 × 10−3 m).  
Then, an excess FeCl3 solution (0.02 m) was added to the initial solution 
in a dark environment. After 20 min of stirring, the solution was 
centrifuged and the resulting Janus PS/Ag/AgCl were decanted and 
resuspended in DI water five times to remove the FeCl3 and PVP from 
the solution. The Janus PS/Ag/AgCl particles were kept suspended in DI 
water and stored in a fridge for future use. The whole synthesis process 
must be done in a dark environment.

Optical Video Recording: The motion of Janus PS/Ag/AgCl particles 
and 1 µm tracer was recorded with a Carl Zeiss inverted microscope 
(Axiovert 200 M) integrated with a Cascade video camera (5120), a 20× 
air and a 100× oil transmitted-light objectives. The suspension with 
Janus micromotors was diluted and mixed on a clean glass slide with a 
droplet of DI water. To study the collective behavior, a suspension with 
PS beads was dispersed in a DI water droplet and then it was further 
diluted in the suspension with Janus PS/Ag/AgCl particles. 400 frames 
video files were recorded with a Cascade camera at a frame rate of  
28 frames per second.

Green Light Illumination: For reference measurements, we used 
light which directly comes from the microscope lamp (12 V and 100 W 

Halogen lamp) and is processed with green and yellow filter sets. The 
green light intensity is (8 ± 1) µW mm−2.

Blue Light Illumination: For the experiment which shows Janus particles 
under different intensity blue lights, we use the 4-wavelength LED source 
to selectively provide 490 nm blue light with (1.3 ± 0.2) µW mm−2,  
(26 ± 1) µW mm−2, and (137 ± 1) µW mm−2 intensities. The blue light 
source for the other experiments was provided by the external fluorescence 
lamp with Zeiss filter set (excitation with BP 450–490 nm and emission 
with LP 515 nm, (106 ± 1) µW mm−2) and it can be controlled with on/
off modes by opening or closing the shutter. All the light intensities were 
measured with a light power detector (gentec-eo XLP 12).

Video Analysis: Custom scripts in Python using the OpenCV library[3c] 
and TrackMate[43] from the image processing software Fiji (http://fiji.sc/) 
were used for particle tracking to obtain the trajectory data of Janus PS/
Ag/AgCl particles and their assemblies. A custom MATLAB script was 
written to analyze the trajectory data, utilizing the per-value class @
msdanalyzer (https://tinevez.github.io/msdanalyzer/) to calculate the 
MSD, instantaneous velocity, and the radial displacement of Janus 
particles. The MSD was calculated as follows: MSD = [r(t  +  Δt) – r(t)]2t 
with Δt the time step between video frames and r the (x, y) coordinate 
values from individual video tracking.[44] The MSAD was calculated 
following the established method: MSAD = [(θ(t + Δt) – θ(t))2]t. This value 
is used to calculate the DR. DR = MSAD/(2Δt). The angular autocorrelation 
is calculated using the equation cos[(θ(t + Δt) – θ(t)(t=0)].[3c]

Impact of Thermophoresis: To investigate a possible contribution from 
thermophoresis, we prepared reference 2 µm Janus particles coated 
with only a 60 nm thin Ag layer and analyzed the MSD data with blue 
light off and on. The MSDs of a single Janus PS/Ag particle are 9.5 and 
13 µm2 after 1 s when illuminating without/with blue light, respectively 
(Figure S5 and Video S4, Supporting Information). These figures are way 
smaller compared to the case of Janus PS/Ag/AgCl particles. Hence, 
thermophoresis can be safely excluded as the main driving mechanism. 
The slight increase of MSD under blue light is due to the enhanced 
absorption of the blue light and resulting heating effect.[16a,c]

Simulations: The motion of active micromotors characterized by 
self-propelled velocity v was simulated by numerically integrating the 
following overdamped Langevin equations[30b-d]

Cos ( )0 0, ,�x v t fi i i x ij x
ij

N

∑θ ξ µ= + + �

(3)Sin ( )0 0, ,�y v t fi i i y ij y
ij

N

∑θ ξ µ= + +

( )� tiθ ξ= θ 	

for i,j running from 1 to the total number N of particles, active and 
passive, in the system. Here μ is the mobility of Janus particles, 
ξi0(t) = (ξi0,x(t), ξi0,y(t)) is a 2D thermal Gaussian noise with correlation 
functions 〈ξ0,α(t)〉 = 0, 〈ξ0,α(t)ξ0,β(t)〉 = 2DTξαβξ(t), where α,β =  x,y, and 
DT is the translational diffusion constant of a passive particle of the same 
geometry as an active micromotor, at a fixed temperature; ξθ  (t) is an 
independent 1D Gaussian noise with correlation functions 〈ξθ (t)〉 = 0 and 
〈ξθ (t)ξθ(0)〉 = 2DRδ(t) that models the fluctuations of the propulsion angle θ.  
The diffusion coefficients DT and DR can be directly calculated[45] or 
extracted from experimentally measured trajectories and MSD. Thus, for 
a particle with radius RP = 1 µm diffusing in water at room temperature, 
the corresponding translational diffusion coefficient is DT ≈ 0.22 µm2 s−1, 
and the rotational diffusion coefficient is DR ≈ 0.16 rad2 s−1.[37]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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