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Control over the autonomous motion of artificial nano/
micromachines is essential for real biomedical and nano-
technological applications. Consequently, a complete nano-
machine should be able to be turned on and off at will.
Developments over the last few years on synthetic catalytic
nano/microengines and motors have enabled the harvesting
of chemical energy from local molecules and transforming it
into an effective autonomous motion.!! Several impressive
applications have recently reported the use of artificial
micromachines for the detection of biomolecules with
roving nanomotors,”! transport of animal cells in a fluid,”
and other microcargo delivery.l*”

Recently, the use of a light source has been implemented
to propel microparticle-based motors® generated by a self-
diffusiophoretic ~mechanism. Despite this interesting
approach, the motion of the particles is limited by the
dissolution of the materials and to the ultraviolet (UV)
spectrum.”’! Moreover, a reversible method to start and stop
the propulsion of micromotors by a visible-light source
remains a challenge.

Here we report the tuning of the propulsion power of Ti/
Cr/Pt catalytic microengines (p-engines) through illumination
of a solution by a white-light source. We show that light
suppresses the generation of microbubbles, stopping the
engines if they are fixed-to or self-propelled above a
platinum-patterned surface. The p-engines are reactivated
by dimming the light source that illuminates the fuel solution.
The illumination of the solution with visible light in the
presence of Pt diminishes the concentration of hydrogen
peroxide fuel and degrades the surfactant, consequently
reducing the motility of the microjets. Electrochemical
measurements and analysis of the surface tension support
our findings. We also study the influence of different wave-
lengths over the visible spectrum (500-750 nm) on the
formation of microbubbles.

Rolled-up Ti/Cr/Pt catalytic p-engines with diameters of
5-10 pm and a length of 50 um were prepared as described
previously elsewhere!!*'? and in the Experimental Section.
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Microengines were immersed into solutions of aqueous H,O,
(2.5% v/v) as fuel and benzalkonium chloride (ADBAC)
(0.5% v/v), as the surfactant, to determine the influence of
white light on the mobility of the p-engines. At lower
concentrations of both chemicals, the generation of micro-
bubbles is significantly reduced. Thus, the motility of the
catalytic p-engines is controlled by a small change in the fuel
(H,0O, and/or surfactant) concentration.

These conditions allow us to investigate a concentration
range close to the metastable state, that is, where the
probability of stopping the p-engines is high. Figure 1 A
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Figure 1. A) Optical image of a self-propelled Ti/Cr/Pt p-engine
moving above a platinum-patterned silicon surface. Inset: local illumi-
nation of the fuel solution containing the p-engines. B) Tracked
trajectory of a p-engine stopped after 12 s of illumination above a Pt-
patterned Si surface. The time interval between two spots in the plot is
0.5 s. Inset: optical image of the mobile p-engines self-propelled above
the patterned surface. See also Video S1 in Supporting Information.

shows an optical microscopy image of a self-propelled p-
engine on a Pt-patterned silicon substrate (1 nm-thick Pt
layer) placed in a Petri dish (& 53 mm in diameter) under the
illumination of a tungsten lamp (inset in Figure 1A). The
speed of the p-engines moving within the illuminated area is
rapidly reduced and is zero after a few seconds (Figure 1B).
In Figure 1B each point displays the position of the p-engine
after every 0.5s (see the corresponding Video S1 in the
Supporting Information). In a control experiment, we also
study the motion of p-engines above unpatterned silicon and
glass substrates. Their speed does not decrease over time,
despite an illumination of more than 1 min (see Figure S1 and
Video S2 in the Supporting Information), indicating that the
presence of a Pt substrate in proximity to the p-engines affects
the generation of microbubbles. To generate visible bubbles,
the oxygen product from the catalytic breakdown of H,O,
needs to be accumulated within a p-cavity. This is the case for
our rolled-up microtubular engines, where the diffusion rates
of the products are slower than on the planar substrates. It is
important to note that we do not observe bubbles from the
planar substrates when using the H,O, fuel solution (i.e. 2.5 %
H,0,).
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Figure 2. Switching the propulsion of individual p-engines off (A) and
on (B) using a white-light source. A) The p-engines decelerate and
stop after a 12 s exposure to the maximum power of the white-light
source. The insets show moving (left inset) and stopped (right inset)
p-engines. B) Starting of the self-propulsion of a p-engine by decreas-
ing the intensity of light.

Figure 2 shows the analyzed deceleration of a p-engine
which was switched “off” (Figure 2A and Video S1 in the
Supporting Information, p-engine #1) and switched on (Fig-
ure 2B and Video S3 in the Supporting Information). Both
studied p-engines are propelled above a Pt-patterned silicon
surface. First, the light intensity is turned to the maximum
(Figure 2 A) which leads to a full stop of the p-engine after a
time-lapse of 12 s (from 65 to 0 pms™"). This phenomenon is
also reversible, given that, by dimming the light source, a
static p-engine is activated and accelerates from 0 to 55 um s
as the light intensity is further decreased. In both studied
cases, that is, start and stop, the phenomenon is not immediate
and thus it requires a few seconds to either fully stop or to
acquire maximum speed.

The speed of the p-engines is directly related to the
concentration of available hydrogen peroxide. Furthermore,
the concentration of a surfactant in the fuel composition plays
a significant role in the motion of the p-engines because it
reduces the surface tension inside the microtubes, allowing
the fuel to wet the catalytic walls.”"" Thus, a small decrease in
its concentration will also lead to a reduction of speed, as well
as to the formation of larger bubbles. The degradation of
surfactants within peroxide solutions by illumination with
light has been well-studied for a photo-Fenton process'™® and
photocatalysts.!4

The insets in Figure 2 A show different bubble sizes before
and after illumination of the fuel solution, which indicates
that the surfactant and hydrogen peroxide concentration has
been modified by exposure to light (see also the study on
microbubbles at different peroxide and ADBAC concentra-
tions at low intensity of white light in Figure S2 in the
Supporting Information). In the case of the fast engines (inset
showing a p-engine switched on), the bubble expelled from
the tube is almost equal in size to the diameter of the
microtube. However, when the engine is off, larger bubbles
are generated which is a clear indicator for a diminished
surfactant concentration.!)

By electrochemical measurements, we investigate the
generation of oxidizing species from a H,O, solution after
illumination with white light. Figure S3 in the Supporting
Information depicts the cyclic voltammetry measurements,
showing an increase on the oxidation peak at 0.8 V (vs. Ag/
Ag(l) after illumination, indicating that oxygen is generated
in the solution during illumination. Recently, it was demon-
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strated that the electrochemical oxidation of H,O, into O,
affects the speed of catalytic nanomotors.'” H,0, can
decompose into O, which results in an increase in the
anodic current when the solution is illuminated in the
presence of a Pt catalyst. We performed control experiments
to demonstrate that the generation of oxygen has no influence
on the motion of the p-engines. We continuously bubble
oxygen into 1 mL of the fuel solution for 2 min. The analyzed
data from twenty on-chip p-engines shows that the frequency
is not significantly altered (data not shown). In addition,
Figure S2 A in the Supporting Information shows that reduc-
ing the concentration to less than 2 % H,O, abruptly halts the
engines, indicating that the oxidation of H,O,, rather than the
generation of O, in the solution, is the key parameter.

Two effects in the system occur after illumination of the
fuel solution in combination with thin Pt layers: 1) depletion
of hydrogen peroxide fuel which results in a direct reduction
of speed of the microjets and 2) decomposition of the
surfactant molecules in close vicinity to the Pt surface. Both
reasons are independently consistent, and both contribute to
the full switching off of the engines.

Measurements of the surface tension confirm that the
combination of light and Pt surfaces degrades the surfactant.
This increases the surface tension of the solution (Note S4 in
the Supporting Information) from 35 to 55mNm™' after
illuminating a 2% H,0O, solution, containing a Pt patterned
substrate, with a white-light source (Table S1 in the Support-
ing Information). In an additional experiment, we observe
that for a fuel solution with a lower concentration of
surfactant (i.e. higher surface tension), larger bubbles are
released from the tubes (see Figure S2B in the Supporting
Information).

We investigate the influence of light on p-engines which
are attached to a Pt-patterned Si substrate because the
continuous motion of our self-propelled p-engines makes a
thorough study difficult. Figure 3 A shows the influence of the
H,O, concentration on the bubble generation at different
light intensities and a constant ADBAC concentration (5% v/
v). A transition from 2 to 3% v/v of H,0, changed the initial
bubble frequency from 1.5 to 7.25 Hz (light intensity 140 a.u.).
This jump in frequency is 4.2 times higher relative to a jump in
the peroxide concentration from 3 to 4%. Despite the
difference in the initial peroxide concentration, the bubble
frequency decreases in all cases when the intensity of light
reaches 190 a.u. Beyond this intensity, no more bubbles are
released from the p-tubes (yellow region on the plots).
Figure 3B shows data for p-engines pumping in solutions of
ADBAC concentrations ranging from 0.05-5% v/v, whereas
the concentration of hydrogen peroxide (4% v/v) remains
constant. Reducing the ADBAC concentration by one order
of magnitude from 5 to 0.5 % does not produce an enormous
change in the bubble frequency. However, decreasing it to
0.05%, reduces the frequency to half of that of the initial
frequency (from 8.2 Hz to 4.1 Hz). Consequently, it is clear
that the release of bubbles is sensitive to both components of
the fuel and to the intensity of light.

A reversible and rapid switching off or on is achieved with
an increase or decrease in the white-light intensity (see
Video S4 in the Supporting Information). This effect is local
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Figure 3. Bubble frequency of fixed p-engines at different intensities of
white light at varying A) H,0, and B) ADBAC concentrations. The
insets in Figure 3 B show the microbubble recoil from a p-engine
before (left) and after (right) being stopped by light. The error bars in
both figures show statistical data of microbubble generation from
individual p-engines over a period of 4 s. The yellow region shows
where the bubble frequency is zero and the blue region shows where
the p-engines are active.

and it takes place only within the illuminated region. For
instance, if the illuminated area is moved along a surface
containing fixed p-engines, the regions that are no longer
illuminated activate the p-engines immediately, whereas the
p-engines located in illuminated regions are stopped (see
Video S5 in the Supporting Information). We hypothesize
that the reactivation of the p-engines is due to a fast fluid
diffusion from the nonilluminated surroundings (i.e. replen-
ishment of nondegraded peroxide and surfactant, allowing for
a recovery of the initial propelling conditions). Videos S4, S5,
and S6 in the Supporting Information reveal the importance
of distance between the Pt-patterned surface and the p-
engines in the required time to stop the engines. Microengines
located at a certain distance above the Pt-substrate (from
approximately 0.1 to 1.2 mm) need at least 10s to be fully
activated or stopped. On the contrary, the engines integrated
on-chip start and stop within the first two seconds after
exposure to light (the distance to the Pt-pattern is approx-
imately 2 pm). This time delay strongly suggests that diffusion
processes are taking place in the activation process of the p-
engines.

Given that white light is composed of all wavelengths
ranging from blue (450 nm) to red (750 nm) light, a wave-
length-dependent investigation of the system can be obtained
by using a monochrometer. A supercontinuum white-light
laser source in conjunction with a monochrometer is used to
determine the wavelength and intensity influences of visible
light on the frequency of the microbubbles. For this purpose,
laser light, emitted from a fiber output of the monochromator,
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is irradiated on the sample surface. Figure S4 in the Support-
ing Information shows the experimental setup consisting of
the laser, monochrometer, and a 50:50 beam splitter for in situ
monitoring the predefined intensity of the irradiated light.
The full width at half maximum of the wavelength of
irradiated light (2 nm), is determined by the grating within
the monochrometer and was measured separately with a fiber
spectrometer. Figure 4 shows a quantitative analysis of the
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Figure 4. Dependence of the bubble frequency on the illuminating
wavelength. The straight lines display linear fit functions to experimen-
tal data, extrapolated to zero where the p-engines are no longer active.
The inset shows a plot of the extrapolated points corresponding to the
power required to switch off the p-engines versus the laser wavelength.
Below this curve, the p-engines are switched off and no microbubbles
are observed.

frequency of bubbles released from the p-engines illuminated
by laser light of different wavelengths and intensities (here
1 a.u. corresponds approximately to 1 uW) immersed in a 2 %
v/v H,0, and 0.5% v/v ADBAC aqueous solution. The graph
in Figure 4 shows experimental points and linear fit functions,
showing the change in microbubble frequencies as a function
of the laser power and wavelength, with step intervals of
50 nm (see Video S6 in the Supporting Information). The
linear plots are extrapolated to a point of zero bubble
frequency to determine the conditions required, that is, the
light intensity and power, for stopping the p-engines. The inset
graph of Figure 4 shows a logarithmic fit to the extrapolated
points. The region below the curve shows an area where a p-
engine is switched off and the region above the curve shows
an area where a p-engine is switched on. This data clearly
indicates that the sensitivity of microbubble generation is
highest at shorter wavelengths. Nevertheless, it is possible to
fully stop the generation of microbubbles at longer wave-
lengths by increasing the intensity of light.

The energy of a photon depends on its wavelength (1) and
equals E=hc/A, where c is the speed of light and £ is the
Planck constant. Subsequently, light with higher energy,
corresponding to shorter wavelengths (i.e. for 1=3500 nm
E=2.48¢V, and A=750 nm E =1.65 eV) degrades the H,O,
more rapidly. Error bars here were calculated as the standard
deviation of 20 to 100 (depending on available data points)
independent measurements of microbubble generation.
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In conclusion, we demonstrated control over the propul-
sion of microbubble-driven Ti/Cr/Pt catalytic p-engines using
a light source which induces a local decrease of the hydrogen
peroxide fuel and surfactant concentration. This process was
mediated through illumination of the fuel solution above
platinum-patterned silicon surfaces. Although white light can
be used to switch off the propulsion of p-engines, shorter
wavelengths suppress the generation of microbubbles more
rapidly relative to longer wavelengths. We believe that our
results will open the door towards many practical applications
including full wireless control over the propulsion of micro/
nanomachines.

Experimental Section

Fabrication of rolled-up p-engines: Catalytic tubular Ti/Cr/Pt p-
engines were prepared by rolled-up nanomembranes from sacrificial
layers of a photoresist. Square patterns with a width of 50 pm were
prepared on 1.5 inch silicon wafers. The photoresist ARP 3510 was
spin-coated onto the silicon wafers at 3500 rpm for 35 s followed by a
soft bake using a hotplate at 90 °C for 1 min and exposure to UV light
with a Karl Suss MA56 Mask Aligner for 7 s. Patterns were developed
in AR30035:H,0O (1:1 v/v) solution. Using angular (75°) electron-
beam deposition,'” Ti/Cr (10/10 nm corresponding thickness) layers
were deposited on the photoresist patterns, followed by magnetron
sputtering of a 1 nm Pt layer. Microengines were rolled up by
immersing the samples in acetone and dissolving the sacrificial
photoresist layer. Samples were then rinsed with isopropanol and
kept in a fluid to avoid the collapse of the p-engines in air. Thereafter,
they were immersed in the fuel solution containing hydrogen
peroxide and ADBAC.

Preparation of the fuel solution: Solutions with different ADBAC
(from 5x 10 to 5 v/v %) and H,O, (from 2 to 4 v/v %) concentrations
were prepared. Aqueous solutions of hydrogen peroxide (30 v/v %,
VLSI Technic, France) and benzalkonium chloride (ADBAC, Alfa
Aesar GmbH, 50 v/v%) were freshly prepared before the experi-
ments.

Light setup to control the p-engines: An optical Zeiss Axio
microscope was used for controlling the propulsion of the p-engines
by a white-light source. A tungsten lamp 12 V, 100W (Philips) was
used for observing the motion of the p-engines and controlling their
motion by changing the intensity of the lamp. No additional light
source was applied. The laser setup used to study the generation of
microbubbles is described in the Supporting Information.

Recording videos and analysis: Videos were recorded using a
high-speed video camera, Photonic Science, generating 50 frames per
second. The camera is integrated into the Zeiss Axio Microscope and
videos were analyzed with VirtualDub and Image] free imaging
software.

The cyclic voltammograms were measured in a three-electrode
electrochemical cell by using a p-autolab typelll potentiostat/
galvanostat. Further details are given in the Supporting Information.

The surface tension was maesured by evaluating the drop profile
at each concentration of surfactant in a computer-controlled KSV
CAM101 optical contact angle and surface tension meter.
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