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ABSTRACT: We describe catalytic micromotors powered
by remarkably low concentrations of chemical fuel, down
to the 0.0000001% level. These Janus micromotors rely on
an iridium hemispheric layer for the catalytic decom-
position of hydrazine in connection to SiO, spherical
particles. The micromotors are self-propelled at a very high
speed (of ~20 body lengths s™') in a 0.001% hydrazine
solution due to osmotic effects. Such a low fuel
concentration represents a 10 000-fold decrease in the
level required for common catalytic nanomotors. The
attractive propulsion performance, efficient catalytic
energy-harvesting, environmentally triggered swarming
behavior, and magnetic control of the new Janus
micromotors hold considerable promise for diverse
practical applications.

Achieving autonomous motion of nano/microscale objects in
the low Reynolds number regime is an exciting yet
challenging research area.' ' Particular attention has been
given over the past decade to chemically powered micromotors
that exhibit self-propulsion in the presence of hydrogen peroxide
fuel. These primarily include bimetallic catalytic nanowires,"' ™'
microtubular microengines,"*™"” and Janus microparticles.
These chemically powered micromotors commonly require high
concentrations of the chemical fuel. Despite extensive efforts to
lower the required fuel level, such catalytic micromotors still rely
on at least 02% (~60 mM) hydrogen peroxide for their
operation.'®”> The requirement of high fuel concentrations
greatly hinders the practical utility of catalytically powered
nanomotors. In addition, the repertoire of chemical reactions
that can impact momentum remains limited primarily to
hydrogen peroxide.

Here we introduce a catalytic Janus micromotor that displays
efficient propulsion in the presence of extremely low levels of
chemical fuel, 1077 to 1073%, i.e., over a 10 000-fold decrease
compared to common catalytic motors. Such low-fuel micro-
motors have been realized using iridium (Ir)-based Janus
microparticles (with an Ir layer on an oxide support surface) in
the presence of hydrazine as the sole fuel (Figure 1A). At the
macroscale, hydrazine (N,H,) is a well-known monopropellant,
commonly used in rocket motors.”®> On the other end of the
spectrum, a bimetallic catalytic microfluidic pumping system,
based on very high hydrazine fuel levels (2%), has been
reported.** We have previously shown that a hydrazine additive
within a high hydrogen peroxide fuel level results in dramatically
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Figure 1. (A) Schematic of catalytic Ir/SiO, Janus micromotors
powered by hydrazine. N,, H,, and NH; molecules are generated at the
Ir surface, creating a zone of high product concentrations. Fluid flows
from the SiO, side to the Ir side because of the product gradient. As a
result, the motor moves toward the SiO, side. (B) Scanning electron
microscope (SEM) image of an array of assembled spherical Ir/SiO,
micromotors. Scale bar, 2 uym. (C) Tracking lines (taken from
Supporting Information Video S1) illustrating the distances traveled
by three micromotors in a 0.001% hydrazine solution over 1 s. Scale bar,
S pm.

increased speed for both catalytic nanowire motors and tubular
microengines.n‘25

In the following sections, we will demonstrate that efficient
autonomous propulsion of Janus micromotors can be achieved
even at trace (ppb) levels of hydrazine alone. The influence of
fuel concentrations on the motor speed is investigated and
compared to common peroxide-based catalytic Janus micro-
motors, which diSPlaZ autonomous propulsion due to the oxygen
product gradient."®*' The propulsion mechanism of the new Ir-
based motors is discussed, and its dependence on the
composition of the particle support is evaluated. Collective
swarming and the resulting micropumping behaviors at low fuel
concentrations are also demonstrated.

The Janus micromotors consist of plain silica particles (1.2 ym
diameter) with one hemisphere coated with iridium metal.
Iridium metal catalyst beds are commonly utilized to decompose
hydrazine fuel in monopropellant rockets.”**” The Ir surface
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catalyzes the decomposition of hydrazine to form nitrogen gas
(N,), hydrogen gas (H,), and ammonia (NH;) as products
(Figure 1A) in accordance to reactions 1 and 2:20%7

3N,H, — N, + 4NH, (1)

)

As a result, a high local concentration of products is formed
around the Ir surface, leading to an osmotic gradient and a fluid
slip velocity. The diffusiophoretic mechanism causes water to
flow from regions of low to high solute concentrations. The
induced fluid flow is thus directed around the motor, from the
SiO, side to the Ir side, propelling the Janus micromotor toward
the SiO, side. The micromotors are easily fabricated by a
directional Ir sputter deposition onto a monolayer of silica
microparticles (Figure 1B). As illustrated from the track-lines of
Figure 1C and corresponding Supporting Information Video S1,
the resulting Ir-SiO, Janus motors move rapidly at an average
speed of 21 um/s in a 0.001% hydrazine solution.

In general, diffusiophoretic movement of a particle is caused by
a gradient of uncharged (nonelectrolyte) solutes, such as N,, H,,
and NHj in the present system, across the particle surface. This
interaction is determined by the absorption strength (Gibbs’
absorption length, K), and the length of the solute—surface
interaction, L. The velocity of the garticle (U) resulting from the

3N,H, — 2N, + 3H, + 2NH,

solute gradient is described by*®?
U= k—TKLVC
n ©)

where k is the Boltzmann constant, T is the solution temperature,
n is the fluid viscosity, and VC is the solute concentration
gradient. However, in the case of hydrazine, the products contain
not only neutral (N,, H,, NH;) molecules but also a cationic
(NH,") species, resulting from the protonation of NH; in water.
As a result, there are two possible diffusiophoretic mechanisms
for the directional propulsion, chemophoretic and osmophoretic,
corresponding to electrolyte and nonelectrolyte products,
respectively. These mechanisms are opposing, with chemo-
phoretic movement toward higher concentrations and osmo-
phoretic movement directed to lower concentrations.>® For the
present Ir Janus motors, the directional locomotion toward the
SiO, side confirms the dominating role of the osmotic effects. As
the motors continue to move, more hydrazine is reacted and
additional cations are produced, resulting in a stronger
chemophoretic influence, responsible for the gradual decrease
in motor speed over time.

The propulsion of the new Ir-SiO, micromotors involves a
similar mechanism as that of Pt-based Janus motors, which utilize
the O, gradient resulting from Pt-catalyzed decomposition of
hydrogen peroxide. The track lines of Figure 2A illustrate the
motion of common Pt-SiO, micromotors in the presence of a
high concentration of hydrogen peroxide fuel (10%) with an
average speed of 12 um/s. Using 1% hydrogen peroxide, these
Pt-SiO, micromotors display no apparent displacement (inset of
Figure 2A), analogous to the behavior of common Au—Pt
bimetallic nanowire motors."*™® In contrast, and as indicated
from Figure 2B, the new Ir-SiO, Janus motors move with greatly
increased speeds of over 20 ym/s in just 0.001% hydrazine fuel.
The 10 000-fold excess of fuel required to propel the Pt-Janus
motors vs Ir-based Janus motors (Figure 2A vs 2B) highlights the
significant advantage of using remarkably low levels of the
hydrazine fuel. It should be pointed out that while Pt-SiO, Janus
motors also displayed directional propulsion at low hydrazine
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Figure 2. Tracking lines (taken from Supporting Information Video S2)
illustrating a typical motion and moving distances of Pt/SiO, Janus
micromotors (a) in the presence of 10 and 1% (inset) hydrogen
peroxide fuel, and of Ir/SiO, (b) and Ir/PS (c) micromotors in the
presence of 0.001% hydrazine fuel over a 1 s period.

concentrations, other metal catalytic layers (e.g., Pd, Ag) resulted
in a greatly diminished movement.

Interestingly, Ir-coated polystyrene (PS) Janus microparticles
hardly move under the same conditions, and instead display
extremely low movement speeds and short lifetimes (Figure 2C).
It is well established that high surface-area oxide surfaces enhance
the reactivity of Ir catalysts toward the hydrazine decomposition
reaction.”* Iridium-based Janus micromotors made with PS
particles coated with a layer of alumina or titania show improved
movement behavior (with a directional speed of 12 um/s)
compared to plain Ir-PS motors (Supporting Information Video
$3). Such strong dependence of the movement upon the surface
conditions suggests the critical role of the oxide surface
supporting the Ir catalytic layer.

The Ir Janus motors are able to retain directional propulsion
over a wide range of fuel concentrations and during long periods
of more than 10 min. Figure 3 (and corresponding Supporting
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Figure 3. Dependence of the speed of Ir/SiO, Janus micromotors upon
the hydrazine concentration over the 0.0000001—10% range (1 > 50).
Inset (a), tracking lines (taken from Supporting Information Video S4)
illustrating the travel distances of the Janus micromotors over a 1 s
period in the presence of 0.001% (1), 0.0005% (2), 0.0001% (3),
0.00001% (4) hydrazine, as well as without hydrazine (0). Scale bar, 5
um. Inset (b), histogram of the diffusion coefficients of the Ir-based
Janus micromotors, compared to Brownian motion, in the presence of
extremely low levels of hydrazine.

Information Video S4) shows the influence of fuel concentration
on the micromotor speed. The motors exhibit a high average
speed of 21 um/s in 0.001% fuel. As expected, the speed
decreases upon lowering the fuel level; yet, it remains higher than
Brownian motion even at concentrations as low as 0.0000001%.
Inset (a) of Figure 3 displays the actual tracked paths of the
motors, demonstrating their significant net displacement at
extremely low fuel concentrations compared to randomly
moving Brownian particles (1—4 vs 0). Enhanced diffusion and

dx.doi.org/10.1021/ja413002e | J. Am. Chem. Soc. 2014, 136, 2276—2279



Journal of the American Chemical Society

Communication

increased directional mobility are observed even at ppb fuel
levels. To clearly indicate the directional movement of the Janus
motors at extremely low fuel concentrations, we experimentally
estimated the enhanced diffusion coefficients of the motors. The
motors (n > 40) were tracked over 10 s, and the mean squared
displacement was calculated at different fuel levels and plotted
against time using MATLAB to obtain the diffusion coefhicient
from the slope. The mean squared displacement, AL? of the
Janus motors has contributions from both directional propulsion
and Brownian diffusion. The rotational diffusion coefficient, g,
of a particle with radius R can be found from the Stokes—Einstein
relation:

-1 kT
871'11R3

23
4)
The mean squared displacement can be approximated by two
characteristic equations for time scales far from T:'®

4DAL + VAL, At < 74
AL* =

(4D + Vi) At, At > 1, )
where D is the diffusion coefficient for a plain particle, At is the
time, and V is the velocity. For At < 7y, the propulsion of the
particle dominates and AL?® increases quadratically with time,
while when At > 73, the rotational diffusion of the particle
randomizes the 2-dimensional directional movement of the
particle, resulting in a random walk with AL? increasing linearly
with time. For these Janus motors with a diameter of 1.2 yum, 7y is
found to be 1.38 s, and the plot of the mean squared distance over
10 s is easily linearly fitted. Inset (b) of Figure 3 shows the
increase in diffusion coefficient from 0.24 to 0.48 and to 0.67
um*/s upon increasing the hydrazine level from 0 to 0.0000001
to 0.00001%, respectively, illustrating the high mobility of the
motors (relative to Brownian motion) even in extremely low fuel
levels. It should be pointed out that these ppb—ppm hydrazine
fuel levels have been shown to exert negligible toxicity on
different animals.>"** Similar to other chemical fuels, the level of
hydrazine may change during practical applications due to
reactions with coexisting species.

As illustrated in Figure 3, the speed of Janus micromotors
decreases upon increasing the fuel concentrations above 0.001%.
This is contrary to the common behavior of catalytic micro-
motors and is likely due to the inhibiting effects of the ionic
species associated with the hydrazine decomposition reaction,
namely, partial protonation of the NH; to form NH,* (pK, =
9.25). Solutions containing high hydrazine concentrations also
have high pH values (11.58, 10.64, and 10.13 for 10, 1, and 0.1%
hydrazine, respectively) because of the formation of N,H" and
OH" ions:

N,H, + H,0 — [N,H,]" + OH"~ (6)
As a result, the speed and diftusion coefficient of the motors in
10% (0.15 um?/s) hydrazine is even lower than the diffusion
coefficient observed without the fuel (0.24 pm?/s), ie., for
Brownian motion. Additional experiments indicated reduced
speed with increasing salt concentrations. Such ionic-strength
effect is consistent with the behavior of H,O,-powered Pt-based
micromotors.” Note that no apparent bubble generation was
observed throughout these experiments.

Magnetic control of the directionality of the new Janus
micromotor can be achieved through the deposition of a
paramagnetic Ni layer. Coating the entire particle with a TiO,
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layer (through atomic layer deposition, ALD) after the Ni
deposition results in a uniform oxide support, which can facilitate
the Ir-based catalytic reaction. Figure 4A illustrates the layered

Figure 4. (A) Schematic of the magnetic control of multilayer Ir-TiO,-
Ni-Ti-SiO, Janus micromotors. (B) Time-lapse images (taken from
Supporting Information Video SS) showing the magnetically guided
propulsion of an Ir-TiO,-Ni-Ti-SiO, micromotor in the presence of
0.001% hydrazine. Scale bar, S pm.

coatings on the microparticle used for achieving magnetic
guidance of the Janus micromotors. These Janus motors can be
precisely navigated using an external magnetic field to follow
predetermined trajectories (Figure 4B and Supporting Informa-
tion Video S5). Such magnetic guidance thus offers high spatial
and temporal resolution essential for a variety of practical
applications. The resulting motors display a high speed of over 30
um/s, which is higher than that of Ir-SiO, micromotors, and can
be attributed to the increased surface area of the ALD-fabricated
TiO, layer.

We also observed that the new hydrazine-driven Janus
micromotors display a collective swarming behavior in response
to their environment (Figure S). While a limited aggregation of

Figure 5. The swarming behavior of the Ir-based micromotors
(diameter: 4.74 um). (a—c) Microscopic images (taken from
Supporting Information Video S6) illustrating the time-dependent
schooling of the Janus micromotors in presence of 0.001% hydrazine
fuel at 0, 2, 4 min, respectively. Scale bar, S0 um.

the 1.2 ym micromotors was observed in the 0.001% hydrazine
solution, increasing the motor size to 4.74 ym resulted in a rapid
formation of densely ordered swarms. The gradient-induced
swarming of gold microparticles in the presence of high levels of
H,0, coupled with N,H, has been reported previously.** The
new Janus motors autonomously swarm with the sole presence of
extremely low levels of hydrazine fuel. The time-lapse images in
Figure S (corresponding to Supporting Information Video S6)
illustrate the spatially organized schooling of the Janus motors at
0,2, and 4 min after the addition of 0.001% hydrazine (a, b, and c,
respectively). This behavior is attributed to the diffusioosmotic
and diffusiophoretic effects resulting from the accumulation of
nonelectrolyte reaction products. The larger schools of Ir motors
remained aggregated for up to 1 h and then began to disperse
because of the diminished fuel level and product gradient.
However, new school formation can be triggered by readding the
hydrazine fuel, indicating a reversible swarming behavior.
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Journal of the American Chemical Society

Communication

Because of the product concentration gradient and limited
propulsion speed of 4.74 ym motors, an inward fluid flux is
generated, facilitating the formation of motor swarms. As a result,
the smaller schools can continuously attract and draw in
neighboring motors, resulting in larger and more tightly packed
schools (c). The fluid flows generated around these motor
swarms has been visualized (in Supporting Information Video
S7) using smaller passive tracer microparticles (1.2 ym in
diameter), illustrating the capability of using these motor swarms
as efficient micropumps.3 These micropumps retain their
pumping ability over the entire schooling period, indicating
considerable promise for nanoscale delivery applications.*®

In conclusion, we have demonstrated that catalytic micro-
motors can be powered by extremely low concentrations of
chemical fuels. Such hydrazine-propelled iridium-based micro-
motors display efficient propulsion of over 20 ym/s and require
substantially (10 000-fold) lower fuel levels compared to
commonly used peroxide-based Pt-based micromotors. This
study also represents the first example of the use of hydrazine as
the sole fuel for catalytic micromotors. As these Janus
micromotors can operate in such low fuel levels, additional
studies to further understand their propulsion behavior and
efficiency could be extremely useful for designing more efficient
micro/nanomachines.>” Further studies are desired for elucidat-
ing the fundamental principles of the propulsion mechanism of
such hydrazine-driven Janus micromotors involving both
electrolyte and nonelectrolyte products. Future efforts will also
aim at exploiting the defined dependence on the hydrazine
concentration for sensing applications and for following
concentration gradients via chemotaxis. The attractive propul-
sion and near fuel-free requirements of the new catalytic Janus
micromotors hold considerable promise for the design of
practical chemically powered nanomachines toward a wide
range of important future applications ranging from targeted
drug4§1elivery38 and bioisolation® to environmental remedia-
tion.
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Janus micromotors preparation protocols, instrumentation,
reagents, and videos. This material is available free of charge
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