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ABSTRACT We report a simple yet highly efficient chemical motor that can be controlled with visible
light. The motor made from a noble metal and doped silicon acts as a pump, which is driven through a light-
activated catalytic reaction process. We show that the actuation is based on electro-osmosis with the electric
field generated by chemical reactions at the metal and silicon surfaces, whereas the contribution of diffusio-
osmosis to the actuation is negligible. Surprisingly, the pump can be operated using water as fuel. This is
possible because of the large C-potential of silicon, which makes the electro-osmotic fluid motion sizable even
though the electric field generated by the reaction is weak. The electro-hydrodynamic process is greatly
amplified with the addition of reactive spedies, such as hydrogen peroxide, which generates higher electric

fields. Another remarkable finding is the tunability of silicon-based pumps. That is, it is possible to control the

speed of the fluid with light. We take advantage of this property to manipulate the spatial distribution of colloidal microparticles in the liquid and to pattem

colloidal microparticle structures at specific locations on a wafer surface. Silicon-based pumps hold great promise for controlled mass transport in fluids.

KEYWORDS: catalytic motors - electro-hydrodynamic forces - chemomechanical actuation - photoactivation

evelopment of artificial and autono-

mous nanomachines is a topic of

great interest with significant im-
pact in numerous engineering applications,
such as nano- and micro-electromechanical
systems, fluid pumping, chemical sensing,
particle assembly, drug delivery, and nano-
photonics.' ' The use of light to control
motion is very attractive given its fast
switchable capabilities. Mechanically inter-
locked molecular architectures based on
rotaxanes and catenanes represent pioneer
systems on which UV-light-driven motion
has been probed.”>”"” These systems are
synthesized with precisely tailored struc-
tures and functions to act as rotors, gears,
switches, and shuttles. There has been con-
siderable effort to demonstrate that these
molecular motors can perform large-scale
and useful mechanical work based on the
cumulative nanoscale movement of mole-
cular machine assemblies. This includes
the macroscale transport of liquids onto
surfaces modified with UV-light-driven
molecular switches,'® shape changes of
elastomers embedded with molecular
switches,’® 2" and drug delivery particles
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modified with molecular motors acting as
nanovalves.'”

The emergence of catalytic motors has
opened a broad range of novel devices
which can be actuated chemically and pho-
tochemically with UV light. Photochemical-
driven motors have been developed either
in a pump configuration or as self-propelled
particles. Motors made of UV photoactive
materials, such as Ag, AgCl, AgsPO,, and
TiO,, can be actuated either in H,0O, solu-
tions or in water.?2~3' The chemical species
released during the photoreaction at the
motor surface generate ion concentration
gradients which power the motion by self-
diffusiophoresis. The use of UV light also
triggers attractive and repulsive interactions
among active particles, inducing collec-
tive behaviors. This phenomenon has been
rooted to the overlap of the ion concentra-
tion gradients of interacting active motors,
which promote their communication and
cooperation in a similar way as nature does
in the processes of chemotaxis and photo-
taxis. Photochemically induced motion of
particles has also been generated through
other mechanisms such as bubble recoil.
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For instance, liquid metal droplets coated with WO;
nanoparticles exhibit motion when placed in H,0, solu-
tion and under UV illumination.>* The photoreaction
generates oxygen bubbles that propel the metal droplet.

Many motors powered by UV light degrade with
time, which limits their lifetime.?>?*2?” For instance, the
actuation mechanism of Ag-based motors is based on
their own photocorrosion. Moreover, there are other
systems that can also suffer surface degradation by the
combined effect of the high-energy wavelengths and
the chemical fuel. An interesting alternative to UV
propulsion has been reported very recently, in which
hematite swimmers®>*3* were activated using blue
light. In this context, it would be promising to find a
robust strategy in order to activate the actuation of
catalytic motors with visible light. In addition, there has
been a report in which visible light was used not to
propel catalytic motion but instead to stop it.>®

We have developed a simple yet powerful and
robust silicon-based photocatalytic motor that can be
controlled with visible light. Moreover, this motor can
by fueled simply by water. Actuation with water is
possible because of the large ¢-potential of silicon,
which makes the electro-osmotic fluid motion sizable
even though the electric field generated by the reac-
tion is weak. The electro-hydrodynamic process is
greatly amplified if reactive fuels such as hydrogen
peroxide are employed. Equally fascinating is that light
can be used to control mass transport in liquid in an
unprecedented manner. The photo-chemomechanical
actuation can be harnessed to efficiently guide materi-
al to precise locations on a substrate.

RESULTS AND DISCUSSION

Catalytic pumps consist of 30—50 um diameter
platinum disks and with a Pt thickness of 50 nm
patterned on top of doped silicon wafers. The fabrica-
tion was achieved using electron beam lithography
and electron beam evaporation, followed by an oxy-
gen plasma treatment in order to clean the surface. 3%’
The flow of the liquid driven by the pumps was
characterized by monitoring the motion of particle
tracers using an optical microscope. Particles with
different charges were used in order to be able to
quantify the electric field generated by the pumps.
Amidine-modified polystyrene particles, plain polystyr-
ene particles, and silica particles were used as positive,
quasi-neutral, and negative tracers.

We first present measurements of pumps immersed
just in water. The particle motion in the region in the
vicinity of the pump was triggered by illuminating this
region with the white light of the optical microscope.
Positive particles (P") move toward the platinum disk.
Once arrived at the disk, they stick to the surface, as
observed in Figure 1a. The radial velocity increases as
the particles come closer to the disk. In the vicinity
of the platinum—silicon border, the average velocity
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reaches its maximum value, 12.0 + 2.5 um-s~'. Quasi-
neutral (P°) particles also move toward the disk, but
after having crossed the platinum—silicon border, they
turn by 90° and flow upward in the direction opposite
to the surface. The particles reach a maximum radial
velocity of 85 & 1.3 um-s~' close to the border
(Figure 1b). Negative particles (P™) are repelled from
the Pt disk. Movies of the motion of the different
charged particles are incorporated in the Supporting
Information. Importantly, no motion of particles is
observed if an insulating layer of aluminum oxide
(20 nm thickness) or silicon oxide (450 nm thickness)
is placed between the metal and the doped silicon
surface. This finding proves that transfer of electrons
between the semiconductor and the metal is manda-
tory to make this pump operative. This experimental
finding also suggests that the actuation of these
metal—semiconductor pumps is based on electro-
osmosis, as in previous studies on pumps based on
metal disks patterned onto metal surfaces3®3% In
such an electro-osmosis actuation, the electric field is
generated by the gradient of charged species in the
liquid, which results from the different chemical reac-
tions occurring at the silicon—water interface and the
platinum—water interface. This is a remarkable finding
since it proves that water could have chemical fuel
capabilities for catalytic pumps.

In order to get more insight into the electro-osmosis
actuation, we used confocal fluorescence microscopy
with a proton indicator dye. Protons are the typical
species involved in electrochemical reactions. The
measurements were performed using pyranine as the
fluorescent probe and under ratiometric conditions
(see Supporting Information).>® Figure 1c shows the
existence of a proton gradient near the disk. High
proton concentration is produced on the silicon side,
whereas the proton concentration is decreased on the
metal side. Although the exact nature of the photo-
catalytic reactions is not known, the production of
protons could be related to some oxidation reactions
mediated by water at the silicon interface, whereas the
proton decrease on the metal side could possibly be
related to the reduction of oxygen, a process that
consumes protons. By contrast, no proton gradient is
generated when an insulating layer is placed between
the metal and the semiconductor, as depicted in
Figure 1d. According to these fluorescence measure-
ments and the behavior of the differently charged
particles, the electric field points from the silicon
(anode) to the metal (cathode) and the fluid flows in
the same direction (Figure 1c). We confirmed the
existence of such electric field by adding salt. A de-
crease of the speed of the particles is observed, which
indicates the screening of the electric field by the salt
(see Figure S2 in the Supporting Information).

The electric field and the fluid flow can be esti-
mated from the radial velocities of the positive and
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Figure 1. (a) Tracking of positive particles using a p-Si/Pt pump in pure water. The P particles move toward the platinum disk
center and settle on it. The figure is the superposition of 80 images recorded with the optical microscope every 0.2 s.
(b) Average radial velocity (V,) of P and P° particles as a function of the radial component in water. The yellow area represents
the area of the platinum disk. The origin point is the center of the Pt disk. The diameter of the disk is 50 um. The curve for P*
particles represents the averaged data of four devices and 20 particles. The curve for P° particles represents the averaged data
of three devices and 17 particles. (c) Image of the pH gradient obtained from fluorescence ratiometric measurements using
pyranine as the pH indicator together with a schematic showing the pump with the proton gradient and the direction of
electric field and fluid flow. (d) Map of the pH distribution when 20 nm of an insulating layer (Al,O5) is placed between the
semiconductor and the metal, as illustrated in the scheme below the figure.

quasi-neutral particles (V(r)) using eq 1, which con-
siders the electrophoretic contribution of the particle
and the fluid flow (Vj).

Vir) = ETC'OEr(r) + Vi(r) M

where E/(r) is the radial electric field strength, Z, is the
C-potential of the particles, and ¢ and # are the fluid
dielectric constant and viscosity, respectively.3%3” The
maximum values of V¢ and E, obtained at the Pt border
are 89 um-s~' and 80 V-m™", respectively. This elec-
tric field is much smaller than the one we measured
on metal—metal pumps,3®*7 typically on the order of
300 V-m™". In the semiconducting metal pumps stu-
died here, the particle motion is made possible be-
cause of the comparatively large liquid flow term in
eq 1. This is rooted to the high negative {-potential of
the silicon surface (Cpsurface < —40 mV), which is
involved in the fluid flow term

Vi) = — Ebsurtace (1) @)
n

Adding hydrogen peroxide to the water greatly
amplifies the actuation of silicon-based pumps. Figure
2 shows the characterization of the device in the
presence of 1 wt % hydrogen peroxide with positive,
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quasi-neutral, and negative particles. The charged
particles follow the same trends as those obtained
previously in the presence of water. Positive particles
move toward the Pt disk and stick on it (Figure 2a);
quasi-neutral particles move toward the Pt disk and
then upward following the fluid flow (Figure 2b), and
negative particles are repelled from the Pt disk
(Figure 2c), forming a large repulsive region. Movies
of the motion of the different particles in H,O, have
been added in the Supporting Information. Positively
charged particles acquire high velocities even at far
distances from the platinum disk, as depicted in
Figure 2d. A maximum average velocity of 65.4 +
85 um-s' is achieved near the platinum—silicon
boundary. Maximum values of 43 um-+s~ ' and 680V-m "
were estimated for V; and E,, respectively, at the Pt
edge using eq 1, which highlights the amplifica-
tion effect of H,O, in the photochemical actuation.
Figure 3a shows the decrease of the positive particle
velocity when adding different concentrations of KCl,
indicating that salt screens the electric field.

We could not observe the motion of particles when
an insulating layer was placed between the semicon-
ductor and the metal. This indicates that the contribu-
tion of diffusio-osmosis to the actuation is negligible.
Indeed, the diffusio-osmosis process could lead to the
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Figure 2. Motion of (a) positive, (b) quasi-neutral, and (c) negative particles using a p-doped Si/Pt pump in 1% H,0,. Positive
particles stick on the Pt disk. The black color of the disk is due to the accumulation of particles. The quasi-neutral P° particles
move toward the platinum disk. After having crossed the Si—Pt border, they are pushed upward. The figures are the
superposition of 45 images recorded with the optical microscope every 0.2 s. (d) Average radial velocity (V,) of P* and P°
particles as a function of the radial component in H,0,. The yellow area represents the area of the platinum disk. The diameter
of the disk is 50 um. The velocity plot for P particles is based on the averaged data of eight devices and 28 particles. The plot
for P° tracers has been obtained by processing three devices and 19 particles.
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Figure 3. (a) Effect of potassium chloride concentration on the average radial velocity of positive particles in 1 wt % hydrogen
peroxide. (b) Map of the proton gradient in the presence of H,0,. (c) Effect of light intensity on the average radial velocity of

positive particles in 1 wt % hydrogen peroxide solution.

motion of particles even in the presence of an electrical
insulator placed between the metal and the silicon due
to the non-electrochemical decomposition of hydro-
gen peroxide on Pt (2H,0, — 2H,0 + 0,);* the
asymmetrical distribution of the concentration of neu-
tral chemical species produced by such reactions could
actuate the fluid flow.*® Since this is not the case, we
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can consider that the actuation is solely based on
electro-osmosis. This result is important regarding
the growing debate on the nature of the propulsion
of Janus particles. Neutral self-diffusiophoresis was first
proposed to be the main mechanism behind the
propulsion of Janus particles made of insulator and
platinum structures due to the non-electrochemical
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decomposition of H,0,.3° However, it was later argued
that the particles are propelled by an electrokinetic
process.*’ This has opened an intense discussion on
the nature of the chemomechanical actuation of in-
sulator/metal motors in the presence of H,0,.4'42

In order to confirm that proton generation and
consumption are taking place during the photo-
electrochemical decomposition of hydrogen peroxide,
we have also imaged the proton concentration using
the pyranine fluorescent dye, as illustrated in Figure 3b.
A proton gradient is observed with higher proton con-
centration at the silicon surface. The figure only shows
a qualitative trend of the proton gradient since the
photobleaching of the dye increased in the presence of
hydrogen peroxide under illumination.

To characterize the effect of light on the actuation,
we performed experiments at different light intensities
and frequencies. Figure 3c shows the motion of posi-
tively charged particles for two different illumination
intensities. A neutral density (ND) filter with the capa-
bility to reduce the intensity by 75% over the whole
visible spectrum was used. The velocity of the particles
drops as the light intensity is decreased. We also
checked the response of p-doped Si/Pt pumps for
different excitation wavelengths, 405, 488, 561, and
633 nm. The variation of the velocity of positive
particles does not change much upon varying the
wavelength (Figure S4 in Supporting Information).
We also found that the silicon substrate has to be
doped in order to activate the photoactuation with
light in the visible range. Pumps made of n-doped
silicon/Pt or doped silicon/Au showed performance
similar to that of p-Si/Pt devices (see movie and
Figure S3 in the Supporting Information).

We now discuss the microscopic nature of the
observed photodriven chemomechanical mechanism.
A possible scenario is that light increases the chemical
reaction rate by enhancing the formation of electron/
hole pairs. This is the typical phenomenon occurring in
photocatalysis mediated by semiconductors.**** More
specifically, photons excite electrons from the valence
band to the conduction band, leaving holes in the
valence band. These holes can be strong oxidizing
agents for the species in the fluid producing protons
(Figure 4), as demonstrated in refs 43 and 44. The
excited electrons decay nonradiatively and diffuse
toward the metal surface through the doped silicon
substrate. These electrons then participate in the
reduction reaction occurring at the metal surface
(Figure 4). As a result, a gradient of proton concentra-
tion is formed in the fluid, so that the associated
electric field drives the motion of the fluid through
electro-osmosis.>® Such a scenario is consistent with
the observed increase of the fluid velocity upon en-
hancing the light intensity. In addition, the light could
increase the temperature at the interface, which would
also enhance the reaction kinetics.
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Figure 4. Schematics illustrating the possible mechanism of
the photoactivated catalytic reactions of doped silicon/
metal pumps. The light absorption generates electron and
hole pairs. The holes oxidize species of the fluid, and the
electrons are transferred to the metal, where the reduction
of the fluid takes place.
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Figure 5. (a) Effect of light exposure on patterning the
platinum disk with positive particles on p-Si/Pt devices in
1 wt % hydrogen peroxide. The disk on the left side was
extensively exposed to the microscope light so that it was
completely covered with positive particles. Only few parti-
cles settled on the right disk, which was not much exposed
to the microscope light. The left disk was exposed with a
light intensity that is 8.4 larger than that used to expose the
right disk; the ratio in the exposure dose between the left
disk and the right disk was 84. (b) Radius of the repulsion
band as a function of light intensity when the pump was
immersed in a solution of hydrogen peroxide with nega-
tively charged particles.

We now show how silicon pumps can be used to
manipulate the spatial distribution of particles in the
liquid and to pattern particle structures at specific
locations on the surface. The image in Figure 5a shows
a sample with two platinum disks patterned on the
substrate and immersed in a 1% H,0, solution with
positive particles. The platinum disk on the left side was
intensively exposed to the microscope light (by zoom-
ing the field of view) and was completely covered with
P* particles. Only a few particles settled on the other
disk, which was exposed with a much lower dose. This
shows that a selective control of particle patterning on
specific disks can be achieved by illuminating different
locations of the sample.

The light can also be employed to modify the spatial
distribution of particles diffusing in the liquid upon
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varying the light intensity. Figure 5b shows that nega-
tively charged particles are repelled away from the
disk, forming a so-called repulsion band without any
particles. Upon varying the light intensity, the radius of
the band can be changed. This motion of negatively
charged particles is reversible at will. Here, the radial
distance is taken from the center of the Pt disk to the
particle front. The response of the band radius to
changes in the light intensity is rapid, on the order of
1 s (Figure S5 in Supporting Information).

CONCLUSIONS

The combination of doped silicon and metal repre-
sents an exciting strategy for the design of chemical
motors triggered by visible light. The pumps that we
fabricated can be simply actuated in water. The electro-
hydrodynamic forces are greatly amplified when using

MATERIALS AND METHODS

The fabricated pumps consist of 30—50 um diameter Pt or Au
disks patterned on doped silicon wafers (with a resistivity of
1—20 Q-cm) using standard electron beam lithography and
electron beam evaporation. An adhesion layer of chromium was
deposited between the metal disk and the silicon. The devices
were subjected to 1 min of plasma cleaning (360 W) to remove
organic contamination. An 8 mm diameter and 0.12 mm thick
gasket-like spacer (Invitrogen) was placed on top of the wafer
patterned with pumps. Either water or 1% hydrogen peroxide
solution containing differently charged microparticles was
added to the vacant space created by the gasket. The wafer
was immediately capped with a thin glass cover. We used
positively charged particles made from polystyrene spheres
functionalized with amidine groups (Invitrogen, {p: = 46 mV),
negatively charged particles from pristine silica (Kisker Biotech
GmbH & Co., {p- = —83 mV), and quasi-neutral particles from
pristine polystyrene spheres (Kisker Biotech GmbH & Co.,
Cpo = —12 mV). The diameter of all the particles is 2 um. The
C-potential of the particles was measured with a Zetaseizer
Nano-ZS (Malvern Instruments) based on electrophoretic light
scattering. The -potential of the doped silicon surface was
estimated using doped silicon rods immersed in water. Values
around —45 mV were obtained in this case. The particle motion
was optically recorded with a rate of 5 frames per second
and analyzed with the Diatrack software to determine the radial
velocity of tracers. Confocal microscopy (Leica TCS SP5
equipped with an AOBS system) was used to study pumps with
photons at different wavelengths (405, 488, 561, and 633 nm)
and different powers (5, 25, 50, and 100%). The same confocal
microscope was employed for acquiring the fluorescence maps
of the concentration of protons with ratiometric measurements.
The ratiometric technique minimizes fluorescent artifacts such
as the inhomogeneous distribution of the dye.>® More details on
the measurements are reported in the Supporting Information.

Conflict of Interest: The authors declare no competing
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Supporting Information Available: Eight videos showing the
motion of differently charged particles in water and 1% H,0,. A
pdf file containing the . The Supporting Information is available
free of charge on the ACS Publications website at DOI: 10.1021/
acsnano.5b04830.

Video captions, details on the ratiometric fluorescent
measurements, effect of salt concentration on the pump
actuation in water, catalytic performance of p-doped Si/Au
pumps, and effect of light wavelength on the actuation
mechanism (PDF)

chemically reactive fuels, such as hydrogen peroxide.
The highly efficient chemomechanical actuation is the
result of the highly negative {-potential of the doped
silicon surface. Our experimental findings indicate
that the process relies on the photoactivated chemical
reactions at the silicon and the metal surfaces, with
silicon acting as the anode and the metal as the
cathode. The physical nature of the photoactivation
mechanism is not fully understood, but it could share
similarities with the processes of photocatalysis on
semiconducting surfaces. Our findings prove that light
is a promising tool to modulate and guide motion of
colloid particles in a controllable and fast way. These
results constitute the proof-of-concept of a novel con-
trol of matter in liquid, which can open new and
promising research activities in the field of catalytic
actuators and nanomotors.
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