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ABSTRACT: The potential of hydrogen as a next-generation fuel
has recently attracted a great deal of attention because it is
considered a green fuel originating from renewable sources.
Material sciences with the tools of nanoarchitectonics are targeting
a wide variety of suitable photocatalysts of different materials,
morphologies, and dimensionalities. Here, we present the concept
of the photocatalytic hydrogen evolution reaction (HER) using
microrobots: tiny autonomous devices possessing propulsion and
photocatalytic abilities. The microrobots were derived from a black
TiO2 (bTiO2) material that provided the photocatalytic properties
that contributed not only to successful light-induced propulsion
but also to the activity toward the HER. In the next step, the
decoration with magnetic nanoparticles (NPs) enabled the navigation of microrobots (mag-bTiO2 microrobots) in a magnetic field
to enhance overall propulsion abilities and to allow their collection and consecutive reusability. As a result, mag-bTiO2 microrobots
showed efficiency as dynamic photocatalysts for the HER; the positive contribution of the “on-the-fly” mode was confirmed by a
control experiment using mag-bTiO2 microrobots as static photocatalysts. Furthermore, the overall efficiency of the HER was
improved by decorating microrobots with atomic-level Pt species (mag-Pt-bTiO2 microrobots). The findings of this proof-of-
concept study demonstrate an alternative approach toward the photocatalytic HER and lay the basis for the next generation of nano/
microrobots for energy conversion applications.

■ INTRODUCTION
The need for sustainable solutions in energetics is palpable.1

The community is aware of the need to explore green sources
of sustainable energy supply; there have been many different
routes to find the applicable solutions.2 One of the routes
would be the photocatalytic hydrogen evolution reaction
(HER), which results from water splitting and thus provides
hydrogen (H2) as a fuel that originates from renewable
sources.3,4 Considering the photocatalytic HER as a sustain-
able and green source for the generation of H2, different
aspects must be evaluated, especially the accessibility of
technologies, the overall economics, safety, and environmental
aspects, among others.5 Materials science is targeting a class of
suitable photocatalysts that meet all critical aspects: not only
efficiency but also sustainability and gentleness to the
environment.6−8

The overall efficiency of the selected photocatalysts can be
adapted by modifications and surface functionalization.9,10 The
synergy between the structure and decorations can be assessed
by nanoarchitectonics that represents a modern tool in
materials science for the fabrication of dynamic advanced
materials.11 Nanoarchitectonics represents a concept that
exploits the relationship among materials, molecular design,
and overall functionality. It organizes functional materials from
the atomic-level scale into macroscopically operating advanced

dynamic systems of a high degree of organization.12 The tools
of nanoarchitectonics are universal and can also be applied in
the field of photocatalysis and energy conversion.13 In the
latest research trends in this regard, the use of atomic-level
species helps to increase the photocatalytic efficiency per unit
mass while reducing the amount of required material.14−16

Especially, Pt in the form of single atoms or atomic-level
species has shown great efficiency as a photocatalyst for the
HER.17−19 Recently, the implementation of single atoms as
dynamic catalysts has been reported in the field of nano/
microrobotics.20,21 Atomic-level precise engineering was
demonstrated to improve the control over propulsion
capabilities and provide nano/microrobots with catalytic
abilities for environmental remediation and medical applica-
tions.22,23

Nano/microrobots are autonomous, highly functional nano/
microdevices that are physically and chemically programmed
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to accomplish a specific task.24 The main advantage lies in
performing the accomplishment in a so-called “on-the-fly”
mode that is given by their propulsion abilities.25,26 The
propulsion abilities can be provided by chemically fueling the
nano/microrobots by using a specific chemical reaction to
generate nonhomogeneous gradients that lead to the
propulsion.27 Alternatively, nano/microrobots can be pro-

pelled in external fields, such as light irradiation, magnetic or
electric field, ultrasound, etc.28,29 Providing nano/microrobots
with propulsion abilities, “on-the-fly” action, navigation to
areas with limited access, or collection after finalizing the task
can be achieved.30 Because of all abilities, a promising
efficiency of nano/microrobots has been observed in the
field of catalysis and photocatalysis. Nano/microrobots can

Figure 1. A schematic illustration representing the nanoarchitectonics of microrobots for the HER. (A) Comparison of the use of static
photocatalysts and photocatalytic microrobots in the “on-the-fly” mode for the photocatalytic HER. (B) Approach to the fabrication of microrobots
for the HER.

Figure 2. Optical and structural characterization of bTiO2 microrods. (A) Absorption spectra of as-prepared TiO2 and bTiO2 materials with the
highlighted onset of absorption. (B) Powder XRD diffractograms of TiO2 and bTiO2 compared to the anatase diffractogram. (C) SEM micrograph
of a representative bTiO2 microrod with a detailed view of the surface morphology. (D) HAADF-STEM characterization of a bTiO2 microrod with
a labeled interlayer spacing. The original micrograph was processed using a high-pass filter. (E) Elemental mapping of the bTiO2 microrod that
shows the presence of oxygen and titanium.
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catalyze chemical conversion, photocatalytically degrade
pollutants, and convert analytes not only in medical
applications but also in environmental remediation, food
industry, etc.31−35 Lately, nano/microrobots have been
demonstrated to even aid in energy conversion applications.36

In a recent publication, Mallick et al.37 reported on ammonia
production from nitrates through photosynthesis using photo-
catalytic microrobots as “on-the-fly” photocatalysts.
Here, we fabricated photocatalytic microrobots derived from

black titanium oxide bTiO2 and optimized their propulsion
abilities toward the HER by decorating their surface with
magnetic nanoparticles (NPs) (microrobots are referred to as
mag-bTiO2 microrobots). To increase the overall photo-
catalytic efficiency in the HER, the2 microrobots were
decorated with Pt atomic-level species to fabricate mag-Pt-
bTiO2 microrobots. The schematic illustration of the nano-
architectonics of microrobots is presented in Figure 1. The
impact of different surface modifications on the photocatalytic
HER was systematically evaluated, as well as the contribution
of the dynamic character of the microrobots operating in the
“on-the-fly” mode. The results clearly demonstrate the
applicability of microrobots in energy conversion applications
and pave the way toward a next-generation nano/microrobots.

■ RESULTS AND DISCUSSION
The microrobots were derived from TiO2 anisotropically
grown microstructures that were synthesized by a hydro-
thermal method reported by Ullattil and Pumera.38 As a result
of the synthetic approach, rod-like microparticles of the
anatase phase were obtained (Figures S1 and 2A,B). Although
anatase already has significant photocatalytic properties, we
subsequently performed surface reduction in a H2 atmosphere

to implement surface defects to potentially increase photo-
catalytic efficiency by broadening the light absorption range.39

The resulting defect-rich TiO2 microrobots, referred to as
bTiO2 microrobots, were obtained. The absorption spectrum
(Figure 2A) of the bTiO2 microrobots shows the shift in the
onset of absorption from 394 to 520 nm after the reduction
procedure in the H2 atmosphere. The shift suggests a
broadening of the band gap, which implies that a wider light
spectrum can be employed for photocatalytic processes.40 It is
worth noting that no significant changes in the crystalline
structure were observed after the reduction process; the
diffractogram of the bTiO2 microrobots corresponded to the
diffractogram of a model anatase phase (Figure 2B).
The structural characterization of the bTiO2 microrobots

revealed a rod-like morphology (Figure 2C) that was observed
already in the as-synthesized anatase TiO2 microparticles
(Figure S1). As the micrograph from scanning electron
microscopy (SEM) characterization shows in detail (Figure
2C), the mesocrystal morphology can be observed. Closer
structural characterization using high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
(Figures 2D, S2, and S3) revealed the mesocrystal morphology
in which the resulting microrods were formed by nanosized
crystals of a highly organized crystalline structure. The lattice
spacing was 0.35 nm, which corresponds to the (101) lattice
plane of anatase.41 Energy-dispersive X-ray (EDX) spectros-
copy characterization demonstrated the homogeneous pres-
ence of Ti and O within the structures of microrobots (Figures
2E and S4).
Before considering bTiO2 microparticles for the application

as microrobots in energy conversion, their photocatalytic
properties toward the HER were evaluated (Figure S5). The

Figure 3. Light-induced propulsion and schooling behavior of bTiO2 microrobots in the presence of 1 wt % H2O2. The microrobots were observed
for 60 s (0−10 s under dark conditions, 10−30 s under light irradiation, and 30−60 s under dark conditions). LED sources provided wavelengths of
(A) 360−370 nm, (B) 383−408 nm, (C) 460−500 nm, (D) 550−590 nm, and (E) 590−650 nm. The scale bar is 100 μm for all micrographs.
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HER was carried out in a 10 vol % methanol solution, where
methanol acted as a sacrificial reagent,42 under the exposure to
a Xe lamp light source in a gas-tight system. The reaction
mixture containing bTiO2 microparticles was magnetically
stirred using a magnetic bar, and H2 generation was monitored
by a gas chromatograph coupled with a thermal conductivity
detector (GC-TCD) for 5 h. As a result, the total H2 yield was
290 μmol after 5 h with a reaction rate that reached 60 μmol/
h. Confirming the photocatalytic ability to generate H2, bTiO2
microparticles were evaluated as suitable starting blocks for
nanoarchitecting microrobots for the HER.
In the nanoarchitectonics of microrobots, providing

propulsion abilities is the most crucial step. Propulsion abilities
differentiate nano/microrobots from their static counterparts
by enabling performance in a “on-the-fly” mode that improves
efficiency in a task accomplishment, such as catalysis,

degradation, capture, signaling, etc.21,43 Therefore, the
propulsion abilities of the bTiO2 microparticles were tested
in the next step to evaluate their applicability as microrobots.
Previously published work demonstrated that nano/micro-
robots derived from bTiO2 exhibit photocatalytic abilities that
allow their propulsion under light irradiation and eventually in
the presence of hydrogen peroxide (H2O2) that acts as a
chemical fuel.44

Taking this behavior into account, we tested the propulsion
abilities of bTiO2 microrobots under light irradiation in the
presence of H2O2. In particular, microrobots were observed in
their colloidal solutions of 1 wt % H2O2 under light
illumination of different wavelengths ranging from 360 to
650 nm (Figure 3A−E). To distinguish the difference between
dark and illuminated conditions, the microrobots were kept in
dark conditions for 10 s and then exposed to irradiation for 20

Figure 4. Fabrication of magnetic microrobots and their propulsion abilities. (A) A SEM micrograph of mag-bTiO2 microrobots. (B) Navigation of
magnetic microrobots in an external magnetic field induced by a permanent neodymium magnet that was operated below the Petri dish. The actual
position of the permanent magnet is indicated by its icon in the corresponding photographs. (C) Light-induced propulsion of microrobots in 10 vol
% methanol using light irradiation of different energies. The microrobots were observed for 60 s (0−10 s under dark conditions, 10−30 s under
light irradiation, and 30−60 s under dark conditions). The LED sources provided wavelengths of 360−370 nm, 383−408 nm, 460−500 nm, 550−
590 nm, and 590−650 nm. The scale bar is 100 μm for all micrographs.
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s. Subsequently, the light source was switched off, and the
colloidal solution was observed for another 30 s. The results
summarized in Figure 3 clearly demonstrate schooling
behavior, i.e., clustering of microrobots into aggregates and
their reversible expansion under light irradiation. Light-
induced schooling behavior of TiO2-based microrobots has
been reported in previous works.38 The clustering originates
from electrolyte diffusiophoresis generated among TiO2
microrobots that spontaneously generate a local electric field
in their immediate environment by undergoing acid−base
reactions over acidic surface OH groups. The presence of
H2O2 as a fuel supports acid−base reactions, and thus,
clustering is supported to a greater extent. Upon light
irradiation, H2O2 is photocatalytically decomposed over
bTiO2 microrobots, and the generated chemical gradients
induce a chemiosmotic slip that causes expansion of the
microrobot clusters. In dark conditions, the photocatalytic
decomposition of fuel does not occur anymore, and therefore,
the acid−base reactions leading to the clustering effects
dominate.45,46 As expected, there was a significant difference
in the degree of schooling behavior when different light
sources were used (Figure 3). UV light (360−370 nm) and
violet light (383−408 nm) supported the expansion abilities of
the clusters to individual microrobots. The expansion efficiency
decreased with increasing wavelength. This observation is in
correlation with the findings from optical spectroscopy
characterization (Figure 2A). Light absorption was the most
effective below 395 nm, meaning that the most efficient

photocatalytic abilities are induced under light irradiation
within the UV region. However, a certain degree of the cluster
expansion was observed even when applying an orange LED
source (550−590 nm), suggesting efficient light absorption in
the visible range, which is consistent with the optical properties
of black titanium oxide materials.44

Traditional approaches of nanoarchitectonics in the field of
nano/microrobotics aim to propel the nano/microrobots in
multiple modes.47 In photocatalytic applications, fuel- and/or
light-induced propulsion is often designed in conjunction with
magnetic abilities.48 While fuel- and/or light-induced propul-
sion supports “on-the-fly” action, magnetic field-driven nano/
microrobots can be efficiently navigated, concentrated in a
desired location, and collected to enable regeneration
processes and potential reusability.49,50 Moreover, the
propulsion capabilities induced by the magnetic field are
independent of the environments of different ionic strengths
and solvent mixtures.51 Taking into account the advantages of
multimodal propulsion abilities, we decorated the microrobots
with magnetic nanoparticles to fabricate magnetic bTiO2
microrobots, referred to as mag-bTiO2 microrobots, as
illustrated in Figure 1. The magnetic nanoparticles of Fe2O3
described in previous publications were used.51,52 The
decoration was carried out by incubating the bTiO2 micro-
robots in a 50 vol % ethanol solution containing 10 wt %
magnetic NPs with respect to the amount of bTiO2
microrobots following a procedure reported in a previous
work.51 Figure 4A shows an SEM micrograph of a mag-bTiO2

Figure 5. Mag-bTiO2 microrobots as “on-the-fly” photocatalysts for the HER. (A) Illustration of the HER using mag-bTiO2 microrobots. (B)
Photographs of the reaction mixture before and after the HER. (C,D) H2 yields and the reaction rate of the HER, respectively, over time by using
mag-bTiO2 microrobots as photocatalysts and a comparison of propelled and static systems. The values and the standard deviation were
determined from 3 independent experiments. (E,F) Recyclability experiments demonstrating yields of H2 and the reaction rate of the HER,
respectively, over time by using recovered mag-bTiO2 microrobots as photocatalysts in the “on-the-fly” mode.
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microrobot. Successful decoration of the microrobots with
magnetic NPs was demonstrated by performing EDX
elemental mapping. Figure S6 confirms the nonhomogeneous
distribution of the iron signal in the form of clusters over the
body of a representative mag-bTiO2 microrobot. The resulting
magnetic field-driven propulsion abilities were verified by
exposing mag-bTiO2 microrobots to a magnetic field induced
by a permanent neodymium magnet. The corresponding
micrographs that capture the magnetic navigation are
presented in Figure 4B.
To evaluate the influence of surface modifications on light-

induced propulsion abilities, mag-bTiO2 microrobots were
tracked under light irradiation. This time, the conditions of the
reaction mixture were simulated to evaluate the propulsion
abilities during HER. Following the HER procedure, the
colloidal solution was prepared in a 10 vol % methanol
solution, and no fuel was added to increase the propulsion of
the microrobots. It should be noted that the use of methanol as
a sacrificial agent in the HER is crucial to support the charge
separation by removing the generated holes, thus leaving the
electrons available to produce hydrogen.55 As a result, the
modifications of the material and the environment significantly
suppressed schooling behavior. Figure 4C captures schooling
behavior when irradiating mag-bTiO2 microrobots with UV
(360−370 nm), violet (383−408 nm), and green (460−500
nm) LEDs. Although schooling behavior was not as significant
as in the tracking experiments with bTiO2 microrobots (Figure
3), the propulsion abilities were still observed. Interestingly,
the expansion of the clusters of the microrobots under light
irradiation was not reversible this time; i.e., no contraction of
the clusters was observed when light irradiation was turned off.
This phenomenon is attributed to the presence of methanol
that acts as a sacrificial agent in the HER. In particular,
methanol captures the generated holes that are responsible for
the generation of electrical and chemical gradients, which
induce the phoretic forces.56 This fact could also explain the
observation that no schooling behavior was observed when
applying light of wavelengths above 550 nm. As demonstrated
in Figure 2A, the onset of absorption of the bTiO2 material
occurs around 520 nm; at this edge, the light absorption and
charge generation might not be sufficient to induce propulsion
of microrobots, especially in the absence of chemical fuel and
in the presence of methanol that captures the generated holes
carrying a positive charge. Considering the overall findings, the
mag-bTiO2 microrobots were applied for the HER in the
following steps while using both light and magnetic field-
induced propulsion abilities to achieve H2 photocatalytic
generation in the “on-the-fly” mode.
Photocatalytic HER experiments were carried out by

dispersing mag-bTiO2 microrobots in a 10 vol % methanol
solution and exposing the reaction mixture to light irradiation,
following the procedure of the preliminary experiment with
bTiO2 microparticles. To assess the efficiency of the
photocatalytic “on-the-fly” mode, the mag-bTiO2 microrobots
were propelled in dual modes. First, the Xe light source was
applied not only as a source for the photocatalytic generation
of hydrogen but also as a source to propel the microrobots
(Figure 5A). Furthermore, the reaction mixture was placed on
a magnetic stirrer to be stirred externally at 500 rpm by using
the propulsion abilities of microrobots without using any
magnetic bar. The photographs in Figure 5B show the reaction
mixture before and after completing the HER after 5 h. Clearly,
a certain degree of sedimentation occurred, indicating a

nonhomogeneous distribution of microrobots as photo-
catalysts in the reaction mixture during the reaction. However,
a vortex pattern is observed at the bottom of the reaction
container, demonstrating that the magnetic propulsion of mag-
bTiO2 microrobots had been efficient during the reaction. As a
result, the total H2 yield was 1.3 ± 0.7 μmol in 5 h (Figure
5C); the H2 production rate increased in 4 h and then reached
its maximum of 0.36 μmol/h (Figure 5D). Interestingly, the
extended time led to a drop in the H2 production rate. The
morphology of mag-bTiO2 microrobots was assessed using
SEM and EDX techniques after completing the HER to
evaluate possible surface changes and eventually washing out
magnetic nanoparticles that could contribute to the elimination
of propulsion abilities, explaining the drop in the efficiency.
However, the structural characterization did not reveal any
significant changes in the morphology or elemental composi-
tion of mag-bTiO2 microrobots (Figure S7). The reason for
the drop in the H2 production rate could originate from the
formation of byproducts or other changes in the reaction
mixture or oversaturation of the reaction sites and H2 bubble
accumulation on the surface of the photocatalyst.53,54 To
evaluate the contribution of the “on-the-fly” mode to the
overall photocatalytic efficiency in the next step, a control
experiment without any external magnetic stirring was
conducted. In the control experiment, the magnetic stirrer
was left under the reaction mixture to provide permanent
magnetic forces that enhanced the sedimentation of the
magnetic microrobots and supported their static character. In
static conditions, the total H2 yield was 0.45 ± 0.07 μmol in 5
h, suggesting a 65% drop in the yield compared to the
efficiency of microrobots in the propelled mode (Figure 5C).
The profile of the reaction rate with time was comparable; the
maximum reaction rate of 0.14 μmol/h was observed after 4 h,
and then a drop was observed (Figure 5D). These results
suggest the successful photocatalytic production of H2 using
microrobots and a positive contribution of their “on-the-fly”
regime.
In general, the “on-the-fly” regime supports the dynamics in

the reaction mixture by generating its flow in the immediate
environment of the microrobots that act as photocatalysts.
From this point of view, it could be assumed that supporting
the dynamic character of microrobots by overcoming the
inhibition of the light-induced propulsion of the microrobots
in the reaction mixture could even enhance the efficiency of
the HER. The application of light irradiation pulses might even
improve the efficiency of the HER in future settings as it could
eventually support reversible cluster formation and expansion
that would induce a flow of the reaction mixture.
Considering the possible reusability of the microrobots as

“on-the-fly” photocatalysts for the HER, they were collected
after the reaction was completed and reused without any
additional regeneration steps. As presented in Figure 5E and F,
the total yield of H2 was 0.46 μmol in 5 h, which was lower
compared to the efficiency of freshly prepared microrobots.
The maximum reaction rate was 0.18 μmol/h after 5 h of
reaction. The decrease in the efficiency is most likely caused by
a lower concentration of the photocatalyst that was collected
magnetically using an external permanent magnet. This
method of collection was straightforward as it exploited the
propulsion abilities of the microrobots; however, it might not
have been a fully quantitative approach.
One of the current trends in the field of photocatalysis is the

employment of catalysts in the form of single atoms and
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atomic-level species. This approach of nanoarchitectonics
increases the efficiency of catalytic processes by utilizing active
sites with great control and by reducing the amount of costly
metallic catalysts.57 This trend has also been applied in the
field of photocatalytic HER processes by employing Pt single
atoms as photocatalysts.58,59 Motivated by the great efficiency
of single Pt atoms as photocatalysts, we decorated bTiO2
microrobots with single-atomic-level Pt species via a solution
impregnation technique (Figure 1). The resulting Pt-bTiO2
microrobots had a rod-like shape with a mesocrystal
morphology as in the case of bTiO2 microrobots (Figure 6
A−C). HAADF-STEM characterization also confirmed the
presence of atomic-level Pt species on the surface of the Pt-
bTiO2 microrobots. It is worth noting that Pt was dispersed in
the form of single atoms and atomic clusters homogeneously,
as demonstrated by an elemental mapping; the corresponding
EDX spectra are provided in Figure S8. To further support the
statement that Pt was present in the form of atomic-level
species, XPS characterization was performed (Figures 6D and
S9). In addition to Ti and O, a signal of Pt was detected in the
high-resolution (HR) spectra. Peaks of Pt 4f5/2 and Pt 4f 7/2
exhibited their maxima at 76.3 and 73.1 eV, respectively,
suggesting the existence of Pt in the form of Ptδ+, where 0<δ <
2.22

To verify the photocatalytic efficiency of the Pt-bTiO2
microparticles without considering them as microrobots, the
HER was performed in the same setting as when applying
bTiO2 microparticles as photocatalysts (Figure S5). Briefly, Pt-
bTiO2 microparticles were dispersed in a 10 vol % methanol
solution and exposed to a Xe light source while being
magnetically stirred using a magnetic bar. The photocatalytic
efficiency increased significantly compared to the bTiO2
microparticles: the total yield of H2 was 1890 μmol in 5 h
(Figure S10A), which is 6.5 times higher than when the
unmodified bTiO2 microparticles were used as photocatalysts
(Figure S5). Surprisingly, the rate of H2 generation tended to

decrease with time (Figure S10B); the rate of 450 μmol/h
decreased to the rate of 310 μmol/h from 1 to 5 h of reaction
time. To explain this observation, the photocatalyst was
collected after completing the reaction and characterized using
HAADF-STEM and XPS analysis. Figure S11 shows HAADF-
STEM micrographs of Pt-bTiO2 microparticles with formed Pt
clusters. Clearly, atomic-level Pt species aggregated into
nanosized clusters during the HER. The dynamic character
of single Pt atoms and atomic-level species, especially under
harsh conditions, has already been discussed in previously
published works.60,61 The formation of Pt clusters was also
assessed by XPS characterization (Figure S12). The HR Pt
4f 7/2 peak was deconvoluted into two peaks centered at 71.5
and 72.4 eV, pointing out the coexistence of metallic Pt0 and
Ptδ+ species, respectively.22 The photocatalytic HER catalyzed
by metallic Pt in the form of nanoparticles has already been
reported to have a lower efficiency when compared to the
reaction catalyzed by atomic-level Pt species.62 Therefore, it
was concluded that the significant drop in the reaction rate
(Figure S10B) most likely originated from the aggregation of
Pt atomic-level species.
As a result, the HER efficiency increased when using the Pt-

bTiO2 material instead of bTiO2 microparticles in the
traditional setting of the photocatalytic HER when a magnetic
stirring bar was used. Motivated by the improved efficiency, we
transformed Pt-bTiO2 microparticles into mag-Pt-bTiO2
microrobots by a consecutive decoration with magnetic NPs
and compared the photocatalytic HER efficiency with that of
their mag-bTiO2 counterparts (Figure 1). Initially, the
successful attachment of magnetic NPs was verified by
performing SEM and EDX analysis (Figure S13). In the next
step, propulsion abilities were studied since the presence of
atomic-level species can significantly affect the resulting
propulsion abilities of microrobots.22,63 Light-induced propul-
sion abilities were tested in a simulated reaction mixture to
reveal any possible effect of surface modifications prior to the

Figure 6. Structural characterization of Pt-bTiO2 microrobots. (A) A HAADF-STEM micrograph of a representative Pt-bTiO2 microrobot. (B)
High-resolution micrograph of the Pt-bTiO2 microrobot demonstrating the presence of atomic-level Pt species distributed over the surface. The
micrograph was processed by applying a high-pass filter. (C) Elemental mapping of a Pt-bTiO2 microrobot revealing the presence of Ti, O, and Pt.
(D) XPS characterization and HR spectra of Ti 2p, O 1s, and Pt 4f.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c05661
J. Am. Chem. Soc. 2025, 147, 22003−22014

22009

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05661/suppl_file/ja5c05661_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05661/suppl_file/ja5c05661_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05661/suppl_file/ja5c05661_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05661/suppl_file/ja5c05661_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05661/suppl_file/ja5c05661_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05661/suppl_file/ja5c05661_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05661/suppl_file/ja5c05661_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05661/suppl_file/ja5c05661_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05661/suppl_file/ja5c05661_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05661/suppl_file/ja5c05661_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05661?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05661?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05661?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05661?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c05661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


use of mag-Pt-bTiO2 microrobots as “on-the-fly” photo-
catalysts. Briefly, mag-Pt-bTiO2 microrobots were dispersed
in a 10 vol % methanol solution without the use of a chemical
fuel and exposed to light irradiation of different wavelengths
(Figure 7). In agreement with previous experiments with mag-
bTiO2 microrobots (Figure 4C), the schooling behavior of
microrobots was suppressed under light irradiation; i.e., the
expanded clusters did not cover a significant area as in the case
of fueled bTiO2 microrobots studied in a fully aqueous
environment (Figure 3). However, the propulsion abilities
were still observed up to a certain point. In the case of mag-Pt-
bTiO2 microrobots, schooling behavior was induced by using
the light sources up to 590 nm (Figure 7D). The extended
wavelength range for the propulsion of Pt-bTiO2 microrobots
when compared with their bTiO2 counterparts could originate
from the synergistic contributions of the bTiO2 material and Pt
decoration. Black titanium oxide can absorb visible light due to
the presence of oxygen vacancies and defect states, while Pt
nanoparticles can enhance photocatalytic activity either via
electron trapping or through plasmonic effects.64−67 Finally, it
should be noted that the expansion ofmicrorobots under light
irradiation was irreversible.
Finally, mag-Pt-bTiO2 microrobots were tested as “on-the-

fly” photocatalysts for the HER following the procedure as
when using mag-bTiO2 microrobots. As a result, the total yield
of H2 was 13 ± 7 μmol in 5 h when mag-Pt-bTiO2 microrobots
were applied as “on-the-fly” photocatalysts (Figure 8). It is
worth noting that the modification with atomic-level Pt species
increased the HER efficiency about 10 times when compared
with the reaction performed by mag-bTiO2 microrobots

(Figure 5C). Interestingly, the reaction rate profile (Figure
8D) was different from that when mag-bTiO2 microrobots
were applied. While the use of mag-bTiO2 microrobots caused
an increase in the reaction rate until it reached a plateau after
2−3 h, the use of mag-Pt-bTiO2 microrobots showed a
decreasing trend in reaction rate over time. The maximum
reaction rate for H2 generation was observed at 0.5 h, reaching
8 ± 2 μmol/h, and then it dropped to 2 μmol/h after 2 h.
These results correspond to the preliminary observation of the
efficiency of the Pt-bTiO2 microparticles (Figure S10). In that
case, aggregation of atomic-level Pt species occurred, and it is
reasonable to assume the same kind of degradation in the case
of using mag-Pt-bTiO2 microrobots as photocatalysts. It is
worth noting that no additional changes in the morphology
were observed as verified by SEM and EDX analysis (Figure
S14).
In addition, the possible reusability of mag-Pt-bTiO2

microrobots was studied to evaluate the sustainability of the
targeted photocatalyst. Figure 8E,F demonstrates that the HER
efficiency dropped significantly compared to the use of freshly
prepared mag-Pt-bTiO2 microrobots. It is worth pointing out
that the reaction rate profile was similar to that of the previous
observations, which means that the reaction rate dropped over
time, starting from 2.1 μmol/h at 0.5 h and stagnating around
1 μmol/h after 2 h. However, the decoration with Pt caused a
significant increase in the efficiency of the HER, and the total
yield of H2 was still higher when reusing the mag-Pt-bTiO2
photocatalysts than when applying unmodified mag-bTiO2
microrobots.

Figure 7. Light-induced propulsion of mag-Pt-bTiO2 microrobots in 10 vol % methanol. The microrobots were observed for 60 s (0−10 s under
dark conditions, 10−30 s under light irradiation, and 30−60 s under dark conditions). LED sources provided wavelengths of (A) 360−370 nm, (B)
383−408 nm, (C) 460−500 nm, (D) 550−590 nm, and (E) 590−650 nm. The scale bar is 100 μm for all micrographs.
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Comparing the overall results with previously published
achievements, the application of microrobots toward the
photocatalytic HER does not exceed the conventional TiO2
photocatalysts in our design. To give an example, Hejazi et
al.62 decorated TiO2 anatase powder with Pt single atoms and
tested their photocatalytic activity for the HER. Depending on
the concentration of single atoms, the HER reached yields in
the range of 1 to 5 mmol/h·g. In our work, the mag-Pt-bTiO2
microrobots reached a yield of up to 0.2 mmol/h·g in the
HER, which is 1 order of magnitude lower in comparison with
the aforementioned study. However, it is worth noting that the
main advantage of using microrobots lies in their autonomous
propulsion abilities and “on-the-fly” operation mode as well as
wireless navigation and the possibility of retrieving and reusing
the dynamic photocatalysts in subsequent processes. It is also
worth noting that no systematic optimization of Pt loading was
performed in this work. It can be expected that by more in-
depth nanoarchitectonics of Pt decoration and by controlling
the formation of single atoms, atomic-level species, and
metallic nanoparticles, the efficiency could be further
increased. Previous works have demonstrated that the
concentration of Pt and the Pt2+/Pt0 ratio significantly
influence the efficiency of the HER.62,64,68

■ CONCLUSION
In conclusion, we designed magnetically navigated bTiO2-
based microrobots as photocatalysts for the HER by following

the principles of nanoarchitectonics. First, the propulsion
abilities of mag-bTiO2 microrobots were evaluated in the
magnetic field and under light irradiation to support the HER
in the “on-the-fly” operation mode. The application of mag-
bTiO2 microrobots as dynamic photocatalysts showed
enhanced efficiency in H2 generation compared to that of
their static counterparts. Moreover, the results demonstrate
enhanced navigation in the magnetic field that enabled
separation of microrobots from the reaction mixture and
subsequent reusability, suggesting a potentially sustainable
solution for microrobotics-assisted energy conversion. Further
optimization of the microrobots by their decoration with
atomic-level Pt species resulted in an increase of the yield of
the HER by about 10 times. By following advanced principles
of nanoarchitectonics and employing the latest findings in
nanotechnologies to the field of nano/microrobotics, this
proof-of-concept work presents a new avenue in the next-
generation sustainable solutions in energy conversion
applications beyond the photocatalytic HER.

■ EXPERIMENTAL PART
Fabrication of Microrobots. TiO2 microparticles were prepared

by the following procedure. An aqueous solution of 0.1 M
hexamethylenetetramine (HMTA) and 0.1 M titanium(IV) oxysulfate
(TiOSO4) was magnetically stirred for 1 h at room temperature. This
was followed by the addition of 0.8 wt % NaOH in the volume ratio of
2:1 (titanium precursor solution to NaOH). The suspension was
magnetically stirred for 1 h under ambient conditions and then

Figure 8. (A) Experimental setup of the HER using mag-Pt-bTiO2 microrobots as photocatalysts. (B) Photographs of the reaction mixture before
and after the HER. (C,D) Yields of H2 and the reaction rate of the HER, respectively, over time using mag-Pt-bTiO2 microrobots as photocatalysts.
The values and the standard deviation were determined from 3 independent experiments. (E,F) Recyclability experiments demonstrating H2 yields
and the reaction rate of the HER, respectively, over time using recovered mag-Pt-bTiO2 microrobots as photocatalysts in the “on-the-fly” mode.
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transferred to an autoclave to perform a hydrothermal reaction at 150
°C for 18 h. The solid material was collected, washed with ethanol
and distilled water three times, and dried at 60 °C overnight.
To introduce surface defects in the TiO2 structure, the TiO2

microparticles were reduced for 2 h at 500 °C in a hydrogen
atmosphere using a T-furnace (heating rate: 5 °C/min). The resulting
bTiO2 microparticles were collected and kept for further use.
The Pt atomic-level decoration was performed using a solution

impregnation technique described elsewhere.22 The platinum
precursor solution was prepared by dissolving 0.5 mM H2PtCl6 in a
50 vol % methanol solution, and bTiO2 microparticles were added to
reach a concentration of 0.1 wt %. The theoretical Pt loading was ∼3
atom % with respect to bTiO2 microparticles. The reaction mixture
was magnetically stirred for 24 h under dark conditions in a nitrogen
atmosphere. The yielded Pt-bTiO2 microparticles were collected,
washed in ethanol and distilled water three times, and dried at 60 °C
overnight.
Magnetic NPs were synthesized according to a previously reported

procedure.51 Decoration of the bTiO2 and Pt-bTiO2 microrobots was
achieved by incubating the bTiO2 and Pt-bTiO2 microparticles with
magnetic NPs in a 50 vol % ethanol solution for 5 h at room
temperature using a shaker (130 rpm). The loading of magnetic NPs
was set to 10 wt % with respect to the bTiO2 and Pt-bTiO2
microparticles; i.e., 10 mg of magnetic NPs was used to decorate
90 mg of bTiO2 or Pt-bTiO2 microrobots. The resulting microrobots
were collected using a permanent magnet, washed with water three
times, and dried at 60 °C overnight.

Characterization. UV−vis spectroscopy was performed by using
a UV/vis/NIR spectrophotometer (Jasco, V570) equipped with a PbS
NIR detector. The diffuse reflectance was measured from powder
samples by using an integrating sphere (ISN-470); the resulting
spectra were processed into absorption spectra using the Spectra
Manager software. Powder X-ray diffractograms were obtained with a
MiniFlex X-ray diffractometer (XRD) (Rigaku) equipped with a Cu
target and D/tex Ultra 2 detector. Morphology characterization was
performed using a Hitachi S4800 scanning electron microscope
(SEM). EDX mapping was performed using an EDS detector by
Oxford Instruments coupled with an SEM (Hitachi SU8330). The
samples for SEM characterization were prepared by drop-casting the
corresponding colloidal solution onto a silicon substrate. Trans-
mission electron microscopy (TEM) characterization was performed
using a Talos F200X S/TEM microscope (ThermoFisher). The
samples were prepared by dispersing them in an ethanol solution and
subsequently drop-casting them on a STEM Cu grid (Cu150P,
Okenshoji Co., Ltd.). XPS spectra of the samples deposited on a Si
wafer were detected by using Quantera SXM (ULVAC-PHI) with an
Al Kα X-ray source; the carbon correction was performed by setting
the C 1s peak at 284.6 eV.

Schooling Behavior. Schooling behavior and propulsion abilities
of microrobots were evaluated using an optical microscope (Nikon
Eclipse Ti2) equipped with a camera DSRi2. The light irradiation was
from the bottom using an LED light source (Nikon, D-LEDI and UV
source, pE-100, CoolLED) and filter cubes (UV: 360−370 nm, DAPI:
383−408 nm, FITC: 460−500 nm, mCherry: 550−590 nm,
cy5:590−650 nm); the intensity of LED sources was set to 100%.
The propulsion abilities were observed in an aqueous solution that
was dropped onto a microscope glass slide. The propulsion abilities
were monitored for 1 min under dark conditions (1−10 s), light
irradiation (10−30 s), and dark conditions (30−60 s) by recording
videos at 11 fps. The videos were subsequently processed by using Fiji
software.

Photocatalytic HER. Targeted microrobots were dispersed in a 10
vol % methanol solution at a concentration of 0.4 mg/mL using
ultrasonication. The prepared reaction mixture was placed in a top-
irradiation reaction cell equipped with a Pyrex window connected to a
gas-tight circulation system in an amount of 120 mL. The reaction
mixture was evacuated and filled with argon and subsequently
irradiated from the top with a 300 W Xe lamp source (PerkinElmer,
CERMAX PF300BF). The reaction mixture was externally stirred at
500 rpm without any stirring bar placed in the reaction mixture,

allowing only the microrobot propulsion to perform the HER in the
“on-the-fly” mode. For the control experiments that were performed
in the static mode, the reaction mixture was not magnetically stirred.
The progress of the HER was monitored using an online gas
chromatograph (Shimadzu, GC-8A, MS-5A column, Ar carrier)
coupled with a TCD detector (GC-TCD) for 5 h with sampling times
at 0, 0.5, 1, 2, 3, 4, and 5 h. The H2 yield was calculated according to
the calibration.
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