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Light-powered swarming phoretic antimony
chalcogenide-based microrobots with “on-the-fly”
photodegradation abilitiest
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Microrobots are at the forefront of research for biomedical and environmental applications. Whereas a
single microrobot exhibits quite low performance in the large-scale environment, swarms of microrobots
are representing a powerful tool in biomedical and environmental applications. Here, we fabricated
phoretic Sb,S3-based microrobots that exhibited swarming behavior under light illumination without any
addition of chemical fuel. The microrobots were prepared in an environmentally friendly way by reacting
the precursors with bio-originated templates in aqueous solution in a microwave reactor. The crystalline
Sb,Ss material provided the microrobots with interesting optical and semiconductive properties. Because
of the formation of reactive oxygen species (ROS) upon light illumination, the microrobots possessed

Received 7th January 2023,
Accepted 26th February 2023

DOI: 10.1039/d3nr00098b

photocatalytic properties. To demonstrate the photocatalytic abilities, industrially used dyes, quinoline
yellow and tartrazine were degraded using microrobots in the “on-the-fly" mode. Overall, this proof-of-
concept work showed that Sb,S3 photoactive material is suitable for designing swarming microrobots for
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Introduction

Microrobots are autonomous micro-scaled devices that are
designed to accomplish a specific mission on microscale.'™
Microrobots are chemically programmed to collect, transport,
and deliver cargo,”® degrade pollutants”® and bacterial
contamination,”'® or sense desired substances,'"'* etc.
However, a single microrobot exhibits relatively poor efficiency
when studied in the macro-scale. Inspired by morphogenesis
in biology, microrobotic systems were programmed to commu-
nicate and cooperate with each other by forming swarms of
microrobots.*'* The swarming microrobots promise a power-
ful tool for medical and environmental applications, as they
can react in response to environmental stimuli, such as
change in morphology, cargo loading and transport, imaging,
etc.">"7 Swarming behavior can be induced by using various
external stimuli, i.e. magnetic field, light, acoustic or electric
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environmental remediation applications.

field."® Light-induced swarm formation is quite a versatile
approach considering its low-cost instrumentation, precise
control, and biocompatibility. The mechanism of light-
induced swarming lies in different mechanisms, such as elec-
trophoresis, diffusiophoresis, and thermophoresis.'® A typical
example of light-induced swarm formation are TiO,-based
swarming photophoretic microrobots.>® Upon light irradiation,
TiO, microrobots show schooling behavior consisting of the
expansion and contraction of the swarms that act as a micro-
firework or micropump system due to photophoretic pro-
perties.” Eventually, due to negative phototaxis, the swarms
can move within the sample and transport desired sub-
stances.”” L. Wang et al.*® used phoretic interactions among
TiO,-based microrobots to remove microplastics from aqueous
samples. In addition to TiO,, light-induced swarming behavior
was observed in various types of semiconductors, for example
organic photoactive molecules®® and polymers,* silver chlor-
ide,>® silver phosphate,® iron oxide,®® or chalcogenide
semiconductors.>**° The latter is also known for good thermo-
dynamic stability, facile synthesizability and dopability, and
unique optoelectrical properties that enable their application
in solar cells, thin film transistors, diodes, or water splitting
photoelectrocatalysts.”®  Recently, chalcogenide  semi-
conductors have been applied as suitable materials for the fab-
rication of light-driven microrobots; X. Zhan et al.** reported
on preparation of Sb,Se;-based microrobots of anisotropic
crystal structure that were navigated under polarized light.
Similarly, metal dichalcogenides, such as WS, and MoS,, were

This journal is © The Royal Society of Chemistry 2023
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applied for the fabrication of photophoretic swarming
microrobots.?*3°

Here, we fabricated swarming phoretic antimony(m) sulfide
(Sb,S3)-based microrobots (further referred as “microrobots”).
Sb,S; is an earth-abundant semiconductor with low toxicity
and good stability in air.*® It shows remarkable optoelectrical
properties suitable for solar cells*® and lithium ion batteries
fabrication,®® photocatalytic water splitting®® and photo-
catalytic pollutant degradation.®”*® Being aware of current
“green chemistry” trends,”® our objective was to apply the syn-
thetic approach to microrobots manufacturing in an environ-
mentally friendly way. Therefore, we employed bio-originated
precursors as capping agents, that is, proteogenic a-amino acid
L-cysteine and tartaric acid, which occurs naturally in many
types of fruits. The synthetic route was then carried out in a
microwave reactor providing great reproducibility, low-energy
usage, and large-scale production.*®*! The resulting microro-
bots were propelled under ultraviolet (UV) light irradiation due
to the electrophoretic and diffusiophoretic behavior of the
microrobots. Since the electrophoretic and diffusiophoretic-
induced propulsion is caused by ions and ROS formation and
redistribution, we applied the microrobots for photocatalytical
degradation of organic pollutants. As model pollutants, we
chose tartrazine and quinoline yellow food dyes. Given their
poor biodegradability, synthetic food dyes can accumulate in
wastewater and negatively influence the environment.****
Anionic azo-dye tartrazine (E 102) and anionic quinophthalone
dye quinoline yellow (E 104) are claimed to induce allergic and
intolerance reactions, particularly in asthmatics, and cause
hyperactivity, especially in children.**’

Results and discussion
Fabrication and characterization of microrobots

The Sb,S; microrobots were prepared in a microwave reactor
(Fig. 1) by reacting SbCl; (antimony(ur) chloride) with bioma-
terial-based templates r-cysteine and tartaric acid. As
suggested in a previous report,”® Sb®* forms a complex with
tartaric acid and thus allows coupling via hydrogen bonds
with r-cysteine, which acts as a sulfurizing agent to allow the
formation of Sb,S;. To perform the synthesis in an environ-
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mentally friendly way, we proceeded the reaction in an
aqueous environment. Although water is not considered the
most efficient solvent to convert microwave irradiation into
heat, especially in comparison to ethylene glycol, dimethyl
sulfoxide, or methanol,*® this synthetic approach showed great
results and can be regarded as environmentally friendly.

To optimize the procedure, different reaction conditions
were tested. Fig. S1T shows the influence of magnetic stirring,
reaction time, temperature, and tartaric acid concentration on
the resulting morphology of the microrobots. Briefly, stirring
the reaction mixture during the synthesis enabled formation
of homogeneous size and morphology distribution of microro-
bots. It is worth emphasizing that stirring is not typically
allowed in conventional hydrothermal synthetic methods, but
it can be applied and controlled in the case of using a micro-
wave reactor. Next, the reaction time of 15 minutes caused the
formation of spherical and rod-like microrobots together. After
30 minutes, only rod-shaped microrobots were obtained,
suggesting homogeneous shape and size control. No further
effect was observed when prolonging the reaction time to
45 minutes. The morphology was further influenced by the
reaction temperature. The optimal temperature was evaluated
at 180 °C as the lower temperature of 160 °C led to a reduction
of microrobot size homogeneity; however, higher temperature
of 200 °C caused only a slight increase in size homogeneity.
Further, tartaric acid concentration was observed to have a sig-
nificant effect on the resulting morphology of the microrobots
as well. The optimal concentration of tartaric acid was evalu-
ated as 8 mol. eq. with respect to SbCl;. When the concen-
tration was reduced to 6 mol. eq. with respect to SbCls,
sponge-like microparticles were formed, whereas increasing
the concentration to 10 mol. eq. with respect to SbCl; caused
the formation of larger rods. The protocol of the optimized
microwave-assisted synthetic procedure is shown in Fig. S2.7
Namely, the temperature, pressure, and power profiles are pre-
sented. It is worth noting that the precise hold of the tempera-
ture during the synthesis enables high reproducibility of the
material preparation. Moreover, the power of the microwave
reactor is ~20 W after reaching the set temperature suggesting
low-energy consumption mode during the synthesis.

After optimizing the synthetic procedure, the microrobots
resembled rods with average length of 16 + 5 pm and width of

A
N\
N\
N\
o
Sb,S3 Sb,S3
precursor  microrobots

Fig. 1 Schematic illustration showing (A) the “one-pot” preparation of Sb,Ss microrobots using a microwave reactor and (B) their phoretic properties
under light irradiation that induce swarming-like behavior. CB and VB stand for conduction and valence bands, respectively.
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3.0 + 0.9 um (Fig. 2A). EDX images revealed a homogeneous
presence of antimony and sulfur within the microrobots,
suggesting that no antimony- or sulfur-rich domains were
formed during the preparation (Fig. 2A). The EDX spectra are
presented in Fig. S3.f The formation of the Sb,S; phase was
proved by recording Raman spectra. Fig. 2B demonstrates the
well-resolved resulting Raman spectrum that points to the crys-
talline structure.’® The peaks localized at 303, 282, and
254 cm™ " correspond to the Sb-S stretching vibration, and the
peak at 190 cm™' corresponds to the S-Sb-S bending
vibration.’® To confirm the crystalline nature of the microro-
bots, powder X-ray diffraction (powder XRD) analysis was per-
formed. The resulting diffractograms (Fig. 2C) reveal a crystal-
line structure without signs of impurities. The diffractogram
corresponded to the orthorhombic structure of stibnite with
lattice parameters a = 11.33, b = 3.84, and ¢ = 11.24 which is in
agreement with reported data.*® In the next step, we recorded
absorption spectra of the powdered material to characterize its
optical properties. As seen in Fig. 2D, the absorption occurs
even in visible range, with the onset of absorption at around
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750 nm. Assuming an indirect transition, the optical bandgap
was estimated at 1.6 eV, which is in agreement with previous
reports.>?

It should be noted that during the typical hydrothermal
preparation of Sb,S; material, an amorphous phase is formed
and further sintering is necessary to transform the material
into a crystalline phase.’®*° Based on the results discussed in
the latter paragraph, the microwave irradiation obviously facili-
tated formation of the crystalline phase during the synthetic
procedure. Therefore, the resulting material could be directly
used for the desired application without any further energy-
consuming and time-demanding thermal treatment. This
observation is in agreement with previous findings in which
microwave radiation assisted in the formation of high-quality
crystalline structures.”®

The microrobots were further characterized by measuring
zeta potential in aqueous dispersions. The value of —40 *
4 mV suggested the formation of stable colloidal solutions that
do not require any further stabilization through the use of
surfactants.

B s -
- 303 cm™! 282 cm”
p ~ 254 cm™1
~ »«~
> +190 cm™!
2 0.4
C
Q9
£
& 02-
€
©
o
V(Sb-S)  5(S-Sb-S)
0.0 . . .
400 300 200 100
Raman shift (cm™)

D

3

S

(0]

O

C

©

£

(@]

(7]

o)

<C

1.5 2.0 25
Energy (eV)
400 500 600 700 800 900

Wavelength (nm)

Fig. 2 Structural and optical characterization of microrobots. (A) SEM image of the microrobots and EDX elemental mapping images. Scale bar
25 pm. (B) Raman spectrum with labelled characteristic stretching (v) and bending (8) vibrations. (C) Powder XRD pattern of microrobots showing the
characteristic fingerprint of the Sb,Ss material in comparison with the reference pattern (JCPDS No. 01-075-4015). (D) Absorption spectrum of

microrobots with Tauc plot in the inset to determine optical bandgap.
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Light-induced locomotion of microrobots

Initially, we tested whether the photocatalytic properties of
Sb,S; would enable self-propulsion of microrobots under UV
light irradiation. As Fig. 3A and C demonstrate, moderate self-
propulsion induced by UV irradiation was indeed observed
(video S1t). The average velocity of the microrobots under UV
irradiation was 0.3 = 0.1 pm s~ '. On the contrary, only
Brownian motion was observed without any UV irradiation. To
explain this observation, it should be noted that as a photo-
active material, Sb,S; is capable of light absorption; hence,
suitable energy of irradiation can cause exciton formation
where electrons (e7) are accumulated in the conduction band
and can interact on the surface of microrobots with protons
generated from the interaction of holes (h*) with water.>* The
process can be summarized by the following equations:

2H,0 + 4h™ — 4H' + O, (1)

4H' + 4e” — 2H, (2)

In addition to protons, oxygen, and hydrogen, different
photogenerated species, such as O,”, OH", and OH™, can be
formed by further interactions. Due to the non-symmetrical
shape of microrobots, the ion gradient around an individual
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microrobot is not homogeneous, thus, self-electrophoretic
motion is induced.**

To investigate the origin of the phenomenon deeper, we
determined the photoelectrochemical properties of microro-
bots by plotting Tafel curves. As the Tafel curves (Fig. 3B)
suggest, there is a significant shift of about 360 mV toward
positive potential after exposure of the sample to UV
irradiation. This observation supports our conclusions about
photochemically driven locomotion.

Self-propulsion was further enhanced by applying hydrogen
peroxide as a fuel (Video S21). The photocatalytic decompo-
sition of hydrogen peroxide forms reactive oxygen species
(ROS) by the following equations:

H,0, +2ht — 2HT + 0, (3)

H,0, + 2e~ — 20H" (4)

Combining the interactions described in eqn (1)-(4), the
concentration of ionic species and radicals increases, therefore
the self-electrophoretic phenomenon is enhanced.

The results of the velocity calculations are summarized in
Fig. 3A. Obviously, the average velocity of the microrobots
increased with increasing fuel concentration starting from the
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Fig. 3 Characterization of the locomotion of the microrobots. (A) Average velocity of microrobots at different fuel concentrations and the influence
of UV irradiation. (B) Tafel plots of static microrobots to demonstrate photocatalytic activity. The Tafel curves were measured in pure water under
dark conditions (a) and under UV irradiation (b). (C) Typical trajectories of microrobots at different conditions collected after 20 s.
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concentration of 1 wt% hydrogen peroxide. Propulsion was
also observed in the presence of >1 wt% hydrogen peroxide
under dark conditions. However, in this case the average vel-
ocity did not depend on the concentration of hydrogen per-
oxide and remained constant in the range 0.4-0.5 pm s~ .

Observing microrobots in their aqueous dispersion, a
strong influence of UV irradiation on microrobots organization
within the sample was observed. As Fig. 4 suggests, UV
irradiation induces collective behavior and the swarms of
microrobots expand (original micrographs without any labels
are shown in Fig. S47). Conversely, when UV light was switched
off, the swarms started shrinking, suggesting a reversible
process (Video S31). Same phenomenon was previously
observed in the case of titanium dioxide-based microrobots.>®
As mentioned above, Sb,S; acts as a semiconductive photo-
catalyst and upon UV irradiation, ions and ROS are formed
according to eqn (1)—(4). In addition to electrophoresis, other
phenomena, such as osmotic propulsion and surface charge
interaction, occur. Ions, radicals, and ROS are generated under
UV irradiation, which leads to the accumulation of surface
charge and electrostatic repulsions take place causing expan-
sion of the swarms. Under dark conditions, the accumulated
charged species induce electro-osmosis during their dis-
sociation and diffusion, which obviously causes clustering of
microrobots’ swarms.>'?**> As expected, the addition of
hydrogen peroxide increased the collective behavior due to
more intensive ions and ROS generation. Comparison of light-
induced swarming behavior of fueled and non-fueled microro-
bots is also demonstrated in Video S3.1 To exclude photother-
mal related effects, such as thermal convection that is induced
when the sample is locally heated with UV light,*® non-photo-
catalytic polymer microparticles were studied at the same
setting while applying 5% hydrogen peroxide as a fuel and irra-
diating the sample with UV light. As a result, no propulsion
was induced in that experiment (Video S4}) suggesting that
the swarming behavior of the microrobots was not caused by
temperature gradients.

no fuel

5 wt.% H,0,

Fig. 4 Collective swarming behavior of microrobots as a function of UV
irradiation. Comparison of fueled and non-fueled microrobots.
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Photocatalytic degradation of food dyes

Taking into account the remarkable photocatalytic properties
of Sb,S;, we employed microrobots for photocatalytic degra-
dation of food dyes, ie., quinoline yellow and tartrazine. It
was assumed that the active radicals, ions, and ROS
produced under UV irradiation would be able to degrade the
food dyes.

Quinoline yellow is an acid dye with a characteristic absorp-
tion spectrum due to the aromatic structure, with its
maximum at 412 nm. On the other hand, tartrazine, as a
member of azo-dye family, shows a characteristic absorption
spectrum, with its maximum at 428 nm (Fig. S5t). In both
cases, degradation is expected to cause a decrease in absorp-
tion bands due to the disruption of the structure.>® Therefore,
the degradation process was monitored by recording UV-Vis
spectra of the samples. To perform the degradation experi-
ments, stock solutions of food dyes were prepared and exposed
to UV irradiation to first monitor stability without the presence
of microrobots. After two hours of exposure to UV irradiation,
the decrease in absorbance was ~7 and ~1% in the case of qui-
noline yellow and tartrazine, respectively, suggesting that both
food dyes exhibit great stability when exposed to UV
irradiation.

Prior the photocatalytic experiments, the samples contain-
ing microrobots alongside the food dyes were magnetically
stirred for 20 minutes at dark conditions and the UV-Vis
spectra were recorded to monitor the possible adsorption of
dyes on the microrobots. However, no drop in the absorbance
was detected during these equilibration experiments indicat-
ing that no adsorption occurred. In the next step, the samples
were exposed to UV irradiation and the stability of food dyes
was monitored using a spectrophotometer. Fig. 5 summarizes
the degradation of food dyes as observed in the presence of
microrobots. In the case of quinoline yellow, there was a 35%
decrease in absorbance when microrobots were applied. In the
case of tartrazine, the decrease in absorbance was by 17%,
suggesting its better stability toward photocatalytic decompo-
sition in this set up. The low degradation efficiency of tartra-
zine could be explained by different tendency toward photo-
catalytic degradation at different pH of solutions. In our study,
no pH control was applied by using buffer solutions. The pH
of the quinoline yellow and tartrazine solutions containing the
microrobots were 6.5 and 6.4, respectively before the photo-
catalytic degradation experiments. As described in a previous
study, photodegradation efficiency of tartrazine is higher at
acidic conditions®” whereas photodegradation of quinoline
yellow showed to be the most efficient without any pH
control.”®

To investigate the degradation process of food dyes deeper,
control experiments of the photodegradation of quinoline
yellow were performed with ethylenediaminetetraacetic acid
(EDTA). EDTA is a commonly used scavenger that interacts
with photogenerated holes and hinders the formation of OH’
radicals.>® As clearly demonstrated in Fig. S6,1 the presence of
the scavenger significantly decreased the efficiency of photo-

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Photodegradation of food dyes determined by the change in absorbance. Graphs show degradation of quinoline yellow (A) and tartrazine (B)
using photocatalytically active microrobots and UV irradiation alongside the control experiment where no microrobots were applied.

catalytic degradation of quinoline yellow; the absorbance
decreased by 22% after two hours This observation supports
the assumption that the ROS, especially OH" radicals are gen-
erated upon exposure of the microrobots under UV illumina-
tion providing the degradation abilities.

Conclusions

We employed a microwave-assisted technique to develop a
reproducible, low-cost, and “green” manufacturing process of
microrobots. It is worth noting that the original synthesis of
the Sb,S; material was performed in an autoclave at 180 °C for
12 hours and further annealing at 250 °C for 3 hours was
necessary to obtain the crystalline structure.’® Here, we per-
formed the reaction in a microwave reactor at 180 °C for
30 min without any further thermal treatment. Sb,S; was pre-
sented as photoactive material that enables the self-propulsion
of the resulting microrobots under UV irradiation. Self-propul-
sion was further enhanced in the presence of hydrogen per-
oxide as a fuel. Due to their photocatalytic properties, microro-
bots were applied for the degradation of food dyes, namely,
tartrazine and quinoline yellow. It can be expected that such
microrobots can find application in the removal of residual
food dyes and beyond.

Experimental
Materials

Antimony(mr) chloride (SbCl;, >99.5%), vi-tartaric acid
(>299.5%), r-cysteine (97%), tartrazine (analytical standard),
quinoline yellow (mixture of the mono- and disulfonic acids),
ethylenediaminetetraacetic acid (EDTA, >98.5%), and hydro-
gen peroxide (30%) were obtained from Sigma Aldrich.
Ethanol absolute A.G. was purchased from Penta. All chemi-
cals were used as received.

This journal is © The Royal Society of Chemistry 2023

Synthesis of Sb,S; microrobots

For a typical microwave-assisted synthesis of Sb,S; microro-
bots, SbCl; (0.46 mmol) was dissolved in 20 mL of tartaric acid
stock solution (0.17 mol dm™?) using a sonication bath. In the
next step, r-cysteine (0.65 mmol) was added and the solution
was magnetically stirred for 10 minutes. The precursor solu-
tion was transferred to a reaction vial and placed in the micro-
wave reactor (Monowave 400, Anton Paar). The reaction was
carried out at 180 °C for 30 minutes while being magnetically
stirred (600 rpm). The crude product was collected by centrifu-
gation (4000 rpm, 3 min) and washed with ultrapure water
twice and with ethanol three times. The resulting microrobots
were vacuum-dried at 40 °C overnight.

Characterization

Morphology was characterized using a MIRA 3 XMU (Tescan)
scanning electron microscope equipped with an EDX detector
(Oxford Instruments) for elemental mapping. Powder samples
were characterized on an adhesive carbon tape.

Powder XRD characterization was performed using a
Rigaku SmartLab 3 kW X-ray powder diffractometer with Cu
Ko radiation source. Raman spectra were measured with an
IR-Raman spectrometer (Bruker RFS 100) using a 9394.4 cm ™"
laser for excitation. The absorption spectra of microrobots in
solid state were recorded by a Jasco V-750 UV-Vis spectrometer
equipped with an integrating sphere (ISV-922). The zeta poten-
tial was measured by Zetasizer Ultra (Malvern Panalytical Ltd)
and an average of 5 measurements was calculated.

Tafel plots were obtained by performing linear sweep vol-
tammetry on a PGSTAT 204 (Metrohm Autolab) equipped with
UV LED (365 nm, 700 mA, radiant flux 3.3 W, LedEngin Inc.).
For this purpose, microrobots’ aqueous dispersion was drop-
casted over an ITO substrate that was then dried at ambient
conditions. Ag/AgCl and platinum electrodes were employed as
reference and counter electrodes, respectively. The measure-
ments were made in distilled water under dark conditions and
under UV irradiation.

Nanoscale, 2023, 15, 5726-5734 | 5731
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Locomotion analysis was performed using a Nicon Eclipse
Ts2R inverted microscope equipped with a Basler ace acA1920-
155uc digital camera. The microscope was also equipped with
a UV-LED source (pE-100, 365 nm, 1670 W ¢cm™>). The sample
for the locomotion analysis was prepared by placing a droplet
of microrobots’ solution (5 pl) on a glass slide. The concen-
tration was adjusted according to the setting of microscope to
obtain videos of at least 60 tracks. Alternatively, hydrogen per-
oxide was added to the microrobots in a specific amount to
reach its desired concentration to act as fuel. The tracks of the
microrobots were analyzed using the TrackMate plugin within
Image] software.® A Python code subtracting eventual drift
was used to calculate average velocities of each video.®' The
resulting velocities were obtained as an average and a standard
deviation of at least three videos. Finally, the representative tra-
jectories were visualized using NIS software.

Food dyes degradation experiments

The sample containing microrobots (0.2 mg mL™") and food
dye (quinoline yellow or tartrazine, both 0.01 mg mL™") in
total volume 20 mL was magnetically stirred for 20 min in a
50 mL reaction vial at dark conditions before the experiment.
The sample was exposed to UV irradiation (365 nm, 700 mA,
radiant flux 4.1 W, LedEngin Inc.) and aliquots were taken at
given time intervals to monitor the degradation process. For
this purpose, the sample was centrifuged (4000 rpm, 3 min) to
remove microrobots and the absorption spectrum of the super-
natant was recorded in quartz cuvettes (1 x 1 cm) using the
UV-Vis spectrometer. The absorbance of quinoline yellow and
tartrazine was read at 412 and 428 nm, respectively. The
control experiment with EDTA was performed at same con-
ditions with the modification that EDTA was added to the reac-
tion mixture (0.1 mM) before the photocatalytic reaction.
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