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We report the first experimental observation of tracer spinning in
place alongside chemically powered individual nano/micromotors.
The torques are primarily generated by the electroosmotic flow on
the motor surface. Such spinning is observed in various combi-
nations of nano/micromotors and tracers of different shapes, sizes
and chemical compositions.

Nano/micromotors are a unique class of colloidal particles
that self-propel by converting energy stored in their environ-
ments into autonomous motion." They interact with their
environments through chemical gradients, electrostatics, and
fluid flows.>* For example, a passive colloidal particle (i.e., a
tracer) could move toward or away from a nano/micromotor by
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electrophoresis and/or diffusiophoresis.”> A tracer can also be
advected by the flows around a nano/micromotor or by the
electro-/diffusio-osmotic flows on a substrate.® As a result, a
nano/micromotor attracts or repels nearby tracers and forms
exclusion zones,*” colloidal crystals,®° or colloidal gels.'®"!

Beyond attraction and repulsion, torques are another
primary interaction mechanism, and play a critical role in
inducing collective behaviors among rod-shaped natural
microswimmers.'? Yet, torques by synthetic nano/micromotors
are rarely reported. Two studies have shown circular advection
of tracers along the x(y)-z plane at the edge of a cluster of
chemical micromotors'® and near a moving ion exchange
resin particle,'”” respectively. In both cases, the torque is
induced by a coupling between the gradient generated by the
cluster/resin particle and a substrate. Whether an individual
motor can generate torques that spin its neighbors and how
they spin remain to be observed. Note that we are focusing on
the torques exerted by a moving nano/micromotor on its
neighbors, rather than on itself, which makes it a rotor that is
beyond the scope of this work."*"*

We report in this communication that a chemically
powered nano/micromotor spins nearby tracers, so that a
tracer moves along with the nanomotor and spins in place (in
the co-moving frame), unlike the tracers in ref. 16 and 17 that
orbit in large convective loops. The nanomotors used in this
study are bi-segmented gold-rhodium (Au-Rh) nanorods
~3-7 pm long and ~300 nm in diameter (Fig. 1a), made by
template-assisted electrodeposition (see the ESIf for details).
When placed in hydrogen peroxide (H,O,) aqueous solutions
of typically 5 or 10 wt%, Au-Rh rods move toward their Rh
ends at speeds on the order of 10 um s™.'® In addition, the
leading end (Rh) of the nanomotor readily collected tracer
microspheres (negatively charged SiO, microspheres, Fig. 1b),
which is consistent with an earlier study.'® Once close to the
rod, the tracer sphere tended to be collected at the junction
where two metals met (Fig. 1c).

The collected tracers moved with the nanomotor and spon-
taneously spun. Specifically, they typically spun about a tilted
axis vertical to the long axis of the rod motor (see Fig. 1d for
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Fig. 1 Au-Rh nanorod motors collect and spin tracer microspheres. (a) Backscattered SEM image of an Au—Rh nanorod and its cartoon diagram. (b
and c) Two SiO, microspheres 2 pm in diameter and zeta potential of —46 mV are attracted by a moving Au—Rh nanorod (b) and collected to the
metal junction of the rod (c), in 5 wt% H,O,. (d) Schematic of the tracer microspheres on either side of a Au—Rh nanorod. Tracers spin about a tilted
axis (dashed black lines) vertical to the long axis of the rod motor. The 3D spinning (black arrows) can be considered as a combination of spinning
on the xy plane (e, red arrows) and spinning on the yz plane (f, green arrows). The exposure of optical micrographs in (b) and (c) has been greatly
increased (to the point of overexposure) to improve the contrast without losing the microscopic detail or distorting the image. The same modifi-

cation was applied to other optical micrographs in this article.

schematics). Such 3D spinning can be approximated as a com-
bination of spinning on the xy plane (i.e., the bottom substrate
where both the rod and the tracers are located, Fig. 1e) and
spinning on the yz plane (Fig. 1f). Footages of such 3D spin-
ning are given in Fig. S7 and Video S1,f along with cartoon
renderings. For simplicity, we will focus below only on the
spinning of tracers on the xy plane because it is easier to visu-
alize under a microscope with a fixed focus.

To quantitatively study the spinning of tracers on the xy
plane, a SiO,-Au Janus microsphere was chosen whose spin-
ning was incidentally limited to the xy plane, presumably
because of a weak attachment to the substrate (Fig. 2a and
Video S27). Under transmission optical microscope, such a
Janus microsphere appears dark on the Au side and transpar-
ent on the SiO, side, thus providing the optical contrast to
diffentiate its spinning. A close look reveals that such a Janus
microsphere always spun clockwise/counterclockwise when
collected at the left/right side of a nanorod motor moving
toward its Rh end (Fig. 2b and c). Its spinning speed was on
the order of 1 revolution per second (rps), and the spinning
speed was largely constant in a cycle (Fig. 2d), suggesting that
the Janus nature of the microsphere did not significantly affect
its spinning. We therefore surmise that such spinning occurs
generically for all tracer microspheres, Janus or not, but this is
experimentally challenging to test because the spinning of iso-
tropic spheres is difficult to tell. Note that one could test the
spinning of a SiO,-Au Janus microsphere that is further coated
with a thin layer of SiO, on its Au hemisphere, so that the par-
ticles’ surface chemistry is isotropic but its spinning is opti-
cally resolvable. However, we do not currently have access to
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these particles. In addition, the spinning speed increased
monotonically with the fuel (H,O,) concentrations (Fig. 2e),
suggesting that the rotation was related to the motor’s motility.
Finally, a moving nanorod motor can sequentially spin mul-
tiple spheres as it moves through them (Fig. 2f and Video S37),
suggesting that such spinning is not limited to particular
spheres or specific positions of a motor or a sphere.

To understand the spinning of tracers near a moving
nanorod motor, it is helpful to revisit its propulsion mecha-
nism, popularly believed to be self-electrophoresis (Fig. 3a).”°
According to this mechanism, a bimetallic nanorod catalyzes
the electrochemical decomposition of H,0, so that H,0, oxi-
dizes on the anode (Rh) and reduces on the cathode (Au) end
of the rod, respectively. This reaction produces H' and con-
sumes it at Rh and Au, respectively, thus establishing an elec-
tric field that points from Rh to Au through the surrounding
aqueous medium. This electric field pumps the charged fluid
in the electrical double layer of the negatively charged nanorod
toward the cathode (Au) so the rod moves toward the anode
(Rh). Fig. 3b shows the results from numerical simulation of
the distributions of the electrical potential and flows near
such a bimetallic nanorod motor.

Besides enabling propulsion, the self-generated electric
field of an Au-Rh motor also attracts negatively charged
tracers to the Rh end and repels them away from the Au end
(Fig. 3c), which is essentially electrophoresis."® More subtly,
because the electric field is spatially nonuniform and strongest
at the rod junction where two metals meet, positively polariz-
able tracers (as they are in our experiments) that are already
electrically attracted to the vicinity of a nanomotor are further

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 A closer examination of the spinning of SiO,—Au Janus microspheres near an Au—Rh nanorod motor. (a and b) A SiO,—Au Janus microsphere
spinning on the xy plane (a), taken from Video S2.1 The orientations of the SiO,—Au Janus microsphere over time are shown in (b) as optical micro-
graphs (top) and cartoons (bottom). (c) The microspheres collected to the right (left) side of a nanorod spun counterclockwise (clockwise). (d)
Change in the angle of a spinning SiO,—Au Janus microsphere over time. The spinning angle is defined as the angle between the x axis and the line
pointing from the center of the dark to the bright hemispheres of a Janus microsphere. Experiments were performed in 5 wt% H,O,. (e) The angular
speed of a spinning SiO,—Au Janus microsphere at different fuel (H,O,) concentrations. (f) An Au—Rh nanorod spun multiple SiO,—Au Janus micro-
spheres as it moved through them (motor trajectory shown as blue line), taken from Video S3.1
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Fig. 3 The mechanism of the collection and spinning of SiO,—Au Janus microspheres by an Au—Rh nanorod motor. (a and b) Schematic diagram (a)
and numerical simulation (b) of the electric potential (colors) and fluid flows (arrows) around an Au—Rh nanorod in the lab frame. The sizes of the
arrows are proportional to the flow magnitude. (c) Schematic of a negatively charged SiO,—Au Janus microsphere being collected to a nanorod
motor via the combined effect of electrophoresis and dielectrophoresis. (d) Schematic of a negatively charged a SiO,—Au Janus microsphere spin-
ning near a nanorod motor via torques produced by electrostatics (green arrows) and flows (blue arrows).

attracted to the rod junction via dielectrophoresis (Fig. S3b¥),
as recently argued by ref. 21. This dielectrophoretic force,
along with the electrophoretic force that attracts the tracer to
the nanorod ends, holds the tracer in place against the local
flows while it co-moves with a nanorod motor.

Furthermore, this self-generated electric field also spins a
tracer by electrostatics and flows (Fig. 3d). First, a negatively
charged tracer held to the side of a nanorod motor responds to

This journal is © The Royal Society of Chemistry 2024

this electric field electrostatically, so that its charged body is
electrically pulled and pushed by the Rh and Au end of the
rod, respectively. This leads to an electrostatic torque of 1.4 x
107>> N m for a 3 um SiO, microsphere near a 3 pm Au-Rh
nanorod motor in 5 wt% H,0,, as suggested by finite element
simulations (see the ESIt for simulation details).

On the other hand, the electroosmotic flow around a nano-
motor, arising from the coupling between the self-generated

Nanoscale, 2024, 16, 2847-2851 | 2849
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electric field and a negatively charged nanorod surface, is dis-
tributed so that fluid flows from the bulk toward the Rh end,
along the rod surface, then outward to the bulk from the Au
end, with a peak in flow magnitudes at the metal junction. As
a result, this flow (shown in Fig. 3b) advects a tracer held at
the junction into rotation, with a hydrodynamic torque that is
equal in sign but 4 orders of magnitude larger (2.6 x 107° N
m) than the electrostatic torque described above. Simulations
and experiments also showed that tracers of different surface
zeta potentials (Fig. S9t), or those with nonuniform surface
charge distributions (Fig. S10t), spun at similar speeds. These
results collectively suggest that hydrodynamic torques domi-
nate in causing a tracer sphere to spin near a nanorod motor.
Quantitatively, this hydrodynamic torque is predicted to spin a
tracer at 1.7 rps, calculated by Stokes’ law with a reasonable
surface proton flux of 7 x 107® mol (m* s)™*,>> which agrees
well with the experimental value of 1 rps.

We briefly discuss the role of a substrate in the observed
spinning of tracers. Up to this point, our simulations have
only considered the spinning of tracers on the xy plane, and
have assumed the absence of a substrate and that the nanorod
and the sphere are of the same height. A more complete
model considering 3D spinning and realistic positions of a
rod-sphere pair on a substrate is given in Fig. S6, and agrees
qualitatively with results presented above as well as experi-
mental observations (Fig. S7f). In these simulations, the key
factor for the spinning of a tracer on the xz or yz plane (rather

(a) tracer shape
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than the xy plane discussed above) is a difference in the
heights between a motor and a tracer, and in the heights
between them and the substrate. On the other hand, a sub-
strate is not necessary for the spinning of tracers on the xy
plane (confirmed by simulation in Fig. S111) because neither
the electrostatic nor the hydrodynamic torque described above
requires a substrate. Therefore, we expect qualitatively the
same spinning to occur even if experiments were performed in
the bulk fluid far from any boundary (experiments not per-
formed due to technical difficulty) but perhaps with different
spinning speeds.

The spinning of tracers is a common feature found for
motors and tracers of different shapes, sizes and compo-
sitions. For example, Fig. 4a shows that a gold nanorod (immo-
tile in H,0,, thus a tracer) swung its body when a bimetallic
nanorod motor passed by (Video S4f). Fig. 4b shows that
larger tracer spheres spin more slowly than smaller ones
(Video S5; see Fig. S8at for data). Conversely, Fig. S8bT shows
that larger micromotors spin tracers more slowly. Fig. 4c
shows the spinning of multiple SiO, tracers near SiO,-Pt>* or
Au-Pt spherical micromotors,>**> or near photochemical
TiO,-Pt spherical micromotors®® (Video S61). Finally, Fig. 4d
shows that oil droplets (dibutyl phthalate) also spin near SiO,-
Pt micromotors (Video S7t). In addition, we further speculate
that because shear flows are common for nano/micromotors,>’
tracers could also spin near motors powered by electromag-
netic waves, heat, light, or ultrasound. However, such spinning
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Fig. 4 Tracers spinning near a micro/nanomotor is a common feature. (@) An immotile gold nanorod swung during the passage of a nearby Au—Rh
nanorod motor in 5 wt% H,0,, taken from Video S4.t Inset: Time-elapsed optical micrographs of the gold nanorod. (b) Schematic showing that
larger tracers spin more slowly than smaller tracers. See Video S5t for actual footage and Fig. S8+ for data. (c) Multiple SiO,—Au Janus microspheres
spinning near (from left to right) SiO,—Pt, Au—Pt, and photocatalytic TiO,—Pt spherical micromotors, taken from Video S6.7 The motor in each case
is circled in yellow. (d) An oil droplet (dibutyl phthalate) spinning near a chemically powered SiO,—Pt micromotor, taken from Video S7.f

Experiments in (c) and (d) were in 10 wt% H,O,.
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can be difficult to visualize because the spinning of Janus
tracers could in one way or another be interfered by these
external fields.

In conclusion, although rotating tracers have been reported
before,'®'” we have reported the first observation of tracers
spinning in place near a single nano/micromotor. A tracer is
first collected and held to the side of a motor via electrophor-
esis and dielectrophoresis. It then spins by the torques from
both electrostatics and from the electroosmotic flows near the
motor surface, with the latter dominating. Such spinning of
tracers near nano/micromotors is a universal feature found in
different combinations of chemically powered nanomotors
and tracers of different shapes, sizes and chemical compo-
sitions. Beyond the typically considered attraction and repul-
sion, this study reveals the important role of torques in the
interactions between nano/micromotors and their surround-
ings, even at a single motor level. These findings could help
understand the collective behaviors among nano/micromotors,
and lead to new avenues of micro-assembly and microfabrica-
tion that is enabled by torques.
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