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ABSTRACT
Nano- and microscale motors have been studied intensively over the past decade and are
of much current interest because of their potential applications in the electronic and biomedical
fields. While research on molecular motors and artificial muscles has resulted in a number of
breakthroughs, one of the most promising recent directions has been the discovery of free-moving
catalytic motor systems. Catalytic motors have the potential to operate with a variety of possible
fuel-catalyst combinations. In this thesis we report mechanistic studies of catalytic motors that
use hydrogen peroxide and other fuels, as well as the observation of pairwise motor interactions
in fuel-containing solutions.

In the mechanistic study, we developed a mixed potential model for the hydrogen
peroxide bimetallic nanorod system. This analysis can correctly predict the relative speed and
direction of different metal pairings. We applied the same method to the hydrazine fuel system
and catalytic micropumps, and those experiments supported a similar electrokinetic mechanism
for those systems also. Control experiments with catalytic nanorods that had low electronic
conductivity also supported the electrokinetic mechanism.

To expand the application of catalytic nanomotor systems and to further understand
scaling effects we fabricated bimetallic catalytic motors by lithographic methods. These
experiments showed that catalytic motors still function in the 10µm size range and that
electrokinetic propulsion is still dominant over inertial mechanisms. Some differences in behavior
were observed that may be attributed to artifacts of the fabrication process, such as poor electrical
contact between components of the bimetallic motors and poisoning of catalytic surfaces.
Lithographically fabricated chiral bimetallic designs led to successful fabrication of rotary motors,
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which are interesting for the observation of pairwise motor interactions and collective
phenomena..

One of the interesting extensions of catalytic rotor research is the possible interactions
and dynamic assemblies brought about by microscale rotating objects, which should operate on
different principles compared to centimeter-scale rotary motor systems. We designed and
fabricated fast-spinning catalytic rotors based on bimetallic nanorod designs, and our
observations have shown various types of interactions between spinning rotors in close proximity,
which may be due to a number of different effect. We then constructed a magnetic rotational
system involving ferromagnetic nanorods and compared them with the catalytic micro-rotors.
Interactions between rotors were again observed, and the potential exists for the formation of
dynamic ordered matrices.
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Chapter 1

Introduction

1.1 Concept of nanomotors and their existence in nature

Nano- and sub-microscale autonomous moving systems have attracted substantial interest
because of potential applications in powered assembly, delivery vehicles, MEMS, robotics,
fluidics, and sensing. Nano- and micro-scale machines were originally envisioned by Feynman,
who suggested the possibility of nano-manipulators for device assembly. [1] At the same time,
biological systems have long demonstrated numerous examples of natural nano- and micro-scale
autonomous “motors”, many of which such as microtubule/kinsin motors have been studied
extensively in hopes of better understanding biological motility and using it for broader
applications [2-8]

1.2 Artificial nanomotors

Over the past decade, many attempts have been made to fabricate artificial nanomotor
systems [9,10]. These include “molecular motors” that are based on designed molecules [11-19]
such as rotaxane derivatives that functions as “nano-elevators” [20], fullerene – based nanocarts
that can be electrically or thermally activated, [21] and DNA pairing “nano scissors” [22]. Other
artificial motors are based on larger macromolecular building blocks such as conducting polymer
actuators [23-28] and nanotube – based artificial muscles [29-33]. One interesting common
feature of many of these nanomotor systems is that they are stationary motors designed to provide
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physical motion over a restricted range. Free-moving objects are a different class of motors that
offer the possibility of autonomous movement [34]. Such motors have the potential to travel over
long distances and even to shuttle cargo between different sites [35]. This feature makes
autonomous motors particularly attractive in the field of biomedical interdisciplinary research.

1.3 Challenges in the design of free-moving nanomotors

A significant obstacle to realizing such nanomachines has been the problem of powering
them. While systems utilizing externally applied forces, for example from electromagnetic fields,
can certainly be applied to microscale systems [36-38], as the sizes of interest become smaller
and smaller the transfer of power generated at macroscopic length scales to a single small motor
system becomes increasingly difficult. Often either a large number of motors is powered
simultaneously (so that their movement is not autonomous) or very sophisticated methods must
be applied to address individual motors, for example laser activation [39] or AFM electrocharging [40]. A fully autonomous system that generates its power at its own scale, on the other
hand, is free from such concerns and has the potential to move independently of other motors in
the system.
On the other hand, generating power at these small scales and translating them into
movement involves very different types of challenges [41]. One of the most important is that bulk
scale propulsion methods cannot be readily applied to the nanoscale systems due to the different
dominating laws of physics at work. Feynman had already forseen a number of these scaling
issues, such as the power of Van der Waals force at the nanoscale [1, 42]. In a viscous fluid
environment especially we have to consider the effects of low Reynolds number, i.e. the rapid
loss of inertia (proportional to the object’s mass, which in turn is proportional to the width to the
third power) compared to drag (proportional to the object’s width). In such cases the glide
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distance of an object achieved by recoil forces such as a rowing oar would be close to zero, and
the inertially-driven propulsion methods that are highly effective at bulk scales becomes nearly
useless here[43-46]. As such, new methods for converting energy to motion will have to be
designed specifically for motion at the nanoscale.

1.4 The catalytic nanomotor system

One method of energy transduction that has proven to be effective at such a scale is the
chemical reaction, especially when catalysis is involved. Nano- and microscale movement driven
by catalysis is as expanding area that follows from the recent discovery of autonomous
nanomotors that mimic biological motors by using catalytic reactions to generate forces derived
from chemical gradients [47,48]. Biology provides “living proof” that catalytic machines are
scalable to very small dimensions through enzymatic examples. In fact, biological enzymatic
motors existing in nature such as ATP synthase have been known to exhibit 50~80% energy
conversion efficiency [49,50]. Recently, several groups have demonstrated that catalytic reactions
can be used to drive the movement of particles on the micron- and sub-micron length scales [5157]. Sen group and Mallouk group at Penn State first showed that template-grown bimetallic AuPt nanorods can move at speeds of up to 30µm/s by catalyzing the decomposition of hydrogen
peroxide [51,58]. In very similar experiments, Ozin group observed the rotation of Ni-Au
nanorods. These catalytic nanomotor experiments were inspired by the earlier work of Ismagilov
et al, who showed that asymmetric millimeter scale objects containing Pt catalysts at one end
moved autonomously at the air/H2O2 solution interface[67]. Several different mechanisms have
been proposed so far for the bimetallic nanorod moving system, although the most promising is
the electrokinetic mechanism [58,66]. Several subsequent studies by other groups have expanded
on this idea to demonstrate different moving systems. Mano and Heller have expanded this idea
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to enzymatically catalyzed motors by showing that redox enzyme catalyzed carbon fibers could
be propelled by the bipolar oxidation and glucose and the reduction of oxygen [54]. And the
Velegol group has expanded this to colloidal nanomotors by showing the directional movement
of Au-Ag colloidal doublets in H2O2 solution and the immediate ceasation of the movement when
the doublet broke into two separate singlets. [59]. While these systems have much lower energy
efficiencies than biological systems, the fact that there are many catalytic fuels that have the
potential of releasing large amounts of energy suggests this is a promising avenue, and through
further understanding of the mechanism we should be able to eventually select optimal fuel –
catalyst pairings that will improve nanomotors overall.

1.5 Investigation of catalytic nanomotor mechanisms

In Chapter 2, we discuss the details of the electrokinetic mechanism, and we propose
various ways to test the mechanism and further understand the system. The first part involves the
“mixed potential” electrochemical principle, which we successfully developed to predict the
direction and speed of bimetallic nanomotors. We were also able to apply this principle to the
immobilized pumping system [60] and predict their flow directions as well. The second test we
performed was to introduce high electrical resistance into an otherwise high-performance
catalytic system, which we achieved by applying the Au-Ppy-catalase system developed earlier
by Hernandez et al. [61]. Finally, we propose new fuel systems that can be used based on our
observations.
In Chapter 3 we expand on this concept and report the design of micro-motors that can be
fabricated using lithographic methods. If the electrokinetic mechanism is operative on the length
scale of lithographically fabricated catalytic motors (> 10 microns) then it should be possible to
control the direction of motion and to engineering on/off switching of the motors by introducing
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appropriate designs, and photolithography is one of the more flexible fabrication methods
available. In addition, the issue of scaling in motor systems can be addressed by designing rotors
of different sizes. In this chapter we report micro-rafts that are analogous to the nanorod system
and compared their performance under different conditions. We also report microrotors that
exhibit rotational movement, which we think have the potential for studying rotor-rotor pairwise
and collective interactions on the length scale of tens of microns.

1.6 Interactions by rotating motor systems

Catalytic motors influence their local environment by generating chemical concentration
gradients and fluid flows. These effects have been exploited by Sen, Mallouk, Velegol and their
coworkers at Penn State University with stationary catalyst patterns on surfaces to make catalytic
pumps [60], and indeed some of the behavior of catalytic motors – for example chemotaxis[62]
and predator-prey behavior[63] – is biomimetic. The observation of emergent collective behavior
suggests that it may be possible to design systems in which synthetic nano- or micromotors could
work cooperatively, provided that their interactions are well understood.
Autonomous motors that rotate without translating represent another interesting class of
objects with which to study these effects, because of the possible emergence of cooperative
behavior. While several groups have now made rotary catalytic motors [52,57,64] their
movement has been too slow to possibly observe cooperative movement.
We describe in Chapter 4 catalytic microrotors that rotate an order of magnitude faster
than those described before based on the results of the previous chapters and similar results
[64,65], and we analyze the interactions between pairs of rotors that occur over distances of
microns. Following that in Chapter 5 we describe a non-catalytic magnetic rotor system and
compared its properties with those of catalytic rotors of the same size. Finally, we summarize the
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above results into a conclusion in Chapter 6, where we also look at the future possibilities of this
field.
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Chapter 2

Bipolar Electrochemical Mechanism for the Propulsion of Catalytic
Nanomotors and Pumps
2.1 Introduction
Catalyic molecular and nanoscale motors are of interest as “engines” for micrometerand submicrometer-scale devices such as actuators, sensors, pumps, and autonomous vehicles. So
far, the most efficient micro/nanoscale motors are derived from biological systems[1].A common
principle of biological nanomotors is the use of catalysis to convert the stored chemical energy of
fuels, such as ATP, into mechanical energy. In contrast, most nonbiological schemes for making
micro/nanoscale machines involve externally applied magnetic [2] or electrical forces.[3]
Although motors of this type can be relatively efficient, the delivery of power from a macroscopic
external source limits their utility.

We recently found that bimetallic Au-Pt nanorods exhibit directional movement at speeds up
to 20 µm/s in aqueous H2O2 solutions.[4] In very similar experiments, Ozin and co-workers
observed the rotation of Ni-Au nanorods.[5] These catalytic nanomotor experiments were
inspired by the earlier work of Ismagilov et al., who showed that asymmetric millimeter-scale
objects with Pt catalysts at one end moved autonomously at the air/H2O2 solution interface.[6] In
that case, and in a subsequent macroscopic catalytic motor system studied by Feringa et al.,[7] the
objects moved in the direction opposite to the Pt catalyst, suggesting that motion was driven by
recoil from oxygen bubbles made in the reaction. Interestingly, in the bimetallic nanorod
systems[4,5] and with bimetallic Au-Pt microgears,[8] the direction of motion was always the
opposite (i.e., with the Pt or Ni end forward). Furthermore, the nucleation of gas bubbles was not
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observed on the nanorods themselves but rather on the surrounding glass surfaces, suggesting that
the mechanism of energy transduction was not the same as in the macroscopic recoil driven
systems. In a related case, we have also developed catalytic pumping systems, for which similar
results have been observed in the sense of induced fluid flows [9].

In designing new catalytic nanomotors and devices derived from them, it is important to
understand the principles that govern their motion in the micrometer and nanometer regimes.
Thus far, there is no general agreement on the mechanism of energy transduction for catalytic
nanomotors. On the basis of an analysis of reaction rates, drag forces, and interfacial energies, we
initially proposed an interfacial tension mechanism for the axial motion of Pt-Au nanorods in
aqueous H2O2.[4] The basic idea of this model is that oxygen made in the reaction disrupts
hydrogen bonding locally, lowering the interfacial tension between the aqueous solution and the
gas-coated nanorod. Because the oxygen concentration in solution decreases toward the Au end
of the rod, a net axial force develops that propels the rod in the direction of the Pt end. FournierBidoz et al. suggested a bubble-driven mechanism for their nanorotors,[5] whereas Dhar et al.
proposed a Brownian ratchet mechanism in which the O2 evolved at one end of the rod locally
decreases the viscosity, allowing thermal motion to drive it that way preferentially.[10] We also
considered an electrokinetic mechanism[11] in which the disproportionation of H2O2 occurs
asymmetrically at the two metal surfaces:
anode: H2O2(aq)  O2(g) + 2H+(aq) + 2e- (1)
cathode: H2O2(aq) + 2H+(aq) + 2e-  2H2O(l) (2)
overall: 2H2O2(aq)  O2(g) + 2H2O(l) (3)

If the cathode and anode reactions occur preferentially at the Au and Pt ends of the nanorod,
respectively, then protons must move from Pt to Au for charge balance (Scheme 2.1). In solutions
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of low ionic strength, the movement of protons would occur primarily in the electrical double
layer at the metal-solution interface, resulting in the electroosmotic flow of water molecules from
Pt to Au. By Galilean invariance, the displacement of water toward the Au end of the nanorod is
equivalent to nanorod movement through the fluid in the opposite (observed) direction. We
estimated that the 10-20µm/s axial velocity of the rod could be accounted for if only a few
percent of the observed oxygen evolution rate was due to the bipolar electrochemical
mechanism.[11]

Scheme 2.1. Bipolar Electrochemical Decomposition of H2O2 at a Pt-Au Nanorod: In the
electrokinetic mechanism, H+ moves from the anode end to the cathode end of the rod, resulting
in nanorod motion in the opposite direction. We find that whereas the electrokinetic mechanism is
essentially correct the dominant cathode half reaction is actually oxygen reduction rather than
H2O2 reduction.

Two subsequent studies provided corroborating evidence for this electrokinetic mechanism.
First, we found that fluid and tracer particle pumping on Ag-patterned Au surfaces occurred in
H2O2 solutions [38]. The direction of motion of negatively and positively charged tracer particles
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and the strong salt dependence of tracer particle speed were consistent with anodic and cathodic
half reactions occurring on Au and Ag surfaces, respectively. Second, Mano and Heller showed
that carbon fibers derivatized at two ends with “wired” redox enzymes could be propelled by the
bipolar oxidation of glucose and the reduction of oxygen.[13] When an insulating layer was
added to disconnect the redox enzymes from each other, no fiber movement was observed.

In the case of bimetallic nanorods, it has been difficult to determine which of the plausible
mechanisms is the dominant one. At least two mechanisms (interfacial tension and
selfelectrophoresis) appear capable of generating axial forces in the 0.01-0.03 pN range observed,
and others (diffusiophoresis, recoil, viscous Brownian ratchet) could contribute significantly
under certain conditions. Direct measurements of electrocatalytic reaction rates as currents, which
are possible on the 20-100 µm length scale of catalytic micropumps,[13] are difficult on the 12µm scale of bimetallic nanorods. However, it is relatively straightforward to determine the
potential at which the rates of reactions 1 and 2 and any other half cell reactions that are operative
in the system are exactly balanced for a given catalytic metal surface. This is the mixed potential
at which the net current is zero. If these mixed potential values are known for both of the metals
that make up a bimetallic nanorod, then the direction of current flow, and therefore the direction
of motion, can be predicted. Aside from Pt and Au, a number of relatively noble metals are
catalytically active in H2O2 reduction and oxidation.[14 ]

In this chapter, we correlate measurements of the mixed potentials of individual catalytic
metals (Pt, Pd, Ni, Au, Ru, and Rh) with the direction of motion of bimetallic nanorods in
aqueous H2O2. The strong correlation between the predicted and observed direction of motion for
combinations of these metals provides good evidence that bipolar electrochemistry is the
dominant factor in generating the axial force experienced by bimetallic nanorods in H2O2
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solutions. In this electrokinetic propulsion mechanism, internal electron flow from one end of the
nanorod to the other is required for movement. In the other possible mechanisms, oxygen
evolution but not current is required. Therefore, another test of the electrokinetic mechanism is to
fabricate nanorods that catalyze the overall reaction (3) at a comparable rate but in an insulating
nanorod. This principle was then applied to immobilized catalytic pumping systems, where we
show that the same mechanism can also explain the observations of direction of motion. We also
report here the fabrication of poly(pyrrole)-Au nanorods (Ppy-Au) in which the polymer
segments contain catalase, an enzyme that performs reaction 3 without exchanging electrons with
its surroundings. Although the rate of oxygen evolution is similar to that of Au-Pt nanorods of the
same dimensions, these nanorods exhibit only Brownian movement in H2O2 solutions. This is
further evidence that the axial forces generated by other mechanisms are small compared to selfelectrophoretic forces. Finally, we discuss various redox-active compounds that have the
potential to perform as possible new fuels for electrokinetically driven motors, either by
themselves or as mixtures of oxidizing and reducing agents.

2.2 Experimental Section
2.2.1 Preparation, Characterization, and Tracking of Bimetallic Nanorods.
Bimetallic nanorods were made by an electroplating method as described elsewhere in
detail.[15] Anodic alumina membranes (Whatman Inc., NJ, 2 cm diameter) containing cylindrical
pores (nominally 200nm in diameter) were employed as the templates for nanowire growth. The
diameter of the nanowires made from this membrane was 370 nm. A thin sacrificial layer (300
nm) of Ag was evaporated onto the branched side of the membranes to serve as the working
electrode contact. A Pt wire (0.3 mm diameter) was used as the counter electrode, and a 3-mmdiameter Ag/AgCl (3M NaCl) electrode (BAS) was used as the reference electrode. Deionized
water (18 MΩcm) purified by a Barnstead Nanopure system was used in all experiments.
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Approximately 8-10 µm of additional sacrificial Ag was electroplated into the membrane at a
current density of 1.6 mA/cm2 to fill the branched section of the pore. The electrodeposition was
done in galvanostatic mode using a Pine Instruments bipotentiostat, model AFCBP1. Pt, Pd, Ni,
Ag, Au, Ru, and Rh nanowire segments were grown using commercially available plating
solutions obtained from Technic Inc. The Co plating condition was 7.15 g of cobalt(II)
sulfate/8.54 g sodium citrate tribasic dihydrate in 100 mL of H2O. To achieve 1-µm-long
nanowire segments, Co was plated at -1.15 V for 30 min; Ag was electroplated at -1.6 mA/cm2
for 5 min; Pt was plated at -1.6 mA/cm2 for 40 min; Au was plated at -1.1 mA/cm2 for10 min; Ni
was plated at -1.1 mA/cm2 for 25 min; Pd was plated at -1.6 mA/cm2 for 25 min; Rh was plated at
-2 mA/cm2 for 80 min; and Ru was plated at -0.63 V for 30 min. After electroplating, the
nanorod-filled membranes were immersed in 5M HNO3 to dissolve the Ag sacrificial layer and
then immersed in 5 M NaOH to dissolve the alumina membrane. Then the nanorods were
centrifuged and rinsed in deionized water four to six times to remove the remaining NaOH.
Metals that dissolve in HNO3 (Pd, Ag, and Co) were plated last and were therefore protected by a
layer of the other metal in the step in which the Ag sacrificial layer was dissolved. In this case, 5
M HNO3 was added to one side of the membrane only. After removal of the template, the rods
were suspended and stored in deionized water.

FE-SEM images were obtained from a JEOL 6700F FE-SEM at 5 kV, 20 µA. TEM
images were obtained with a JEOL 1200EXII at a 80 kV accelerating voltage. The motion of the
nanorods in H2O2 solutions was observed and recorded using an Olympus BX60M reflected-light
optical microscope equipped with an Olympus U-CMAN-2 digital video camera connected to a
PC. The digital camera took the video at a rate of 10 frames/s. A suspension of the nanorods in
aqueous 5 wt % hydrogen peroxide was placed on a capillary microslide that had a capillary
thickness of 0.2 mm and width of 2 mm (VitroCom Inc). The speed and directionality of the
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nanorods were measured by first capturing videos of moving nanorods and then analyzing them
using a MATLAB-based motion analysis program. This program tracked the difference in
position of each rod in each frame and calculated the average speed and directionality of each
nanorod. Typically, for each batch of nanorods, we tracked the movement of approximately 100
nanorods for 10 s each and compared the average movement in each batch with that of other
samples.

2.2.2 Electrochemical Potential Measurements.
We used two methods to measure the mixed potential at which the anode and cathode
reactions proceeded at the same rate for a given metal. The first method is to measure the
potential difference of the appropriate metal ultramicroelectrode and a Ag/AgCl (3 M NaCl)
reference electrode at zero current, that is, the open circuit voltage. The second method is to
perform cyclic voltammetry in the potential range of oxidation and reduction of H2O2 and then
extrapolate plots of log lil versus potential from the linear Tafel regions to the potential at which
the cathodic and anodic currents are equal.[16] A BAS100B (Bioanalytical Systems, Inc)
potentiostat was used for these measurements. Because of the small size (25 µm diameter) of the
working ultramicroelectrodes, we used a two-electrode system (in which the 3-mm-diameter
Ag/AgCl reference electrode also served as the counter electrode) instead of a three-electrode
system. The solution was 5 wt % H2O2 without added supporting electrolyte, which is the same as
the fuel solution used in observations of rod motion. The sweep rate was 10 mV/s.

Pt and Au ultramicroelectrodes were obtained from CHI Instrument Company. Both
were circular disk electrodes with a 25-µm-diameter Pt or Au wire sealed in glass. For other
metals, working electrodes were made by electroplating the appropriate metal onto the Au
ultramicroelectrode disk. The plating solution and plating conditions were the same as those used

18
to grow the bimetallic nanorods. Surface treatment procedures were kept consistent to ensure
comparable results between electrodes as follows: Before each electrochemical experiment, we
polished the ultramicroelectrode with 5 µm and then with 0.05 µm alumina on microcloth
(Buehler Inc). After rinsing the polished electrodes with DI water, we sonicated the electrode to
remove the alumina particles. Finally, we checked the surface of the electrode under the
microscope to make sure that the surface was clean and smooth before each experiment.

2.2.3 Catalase-Loaded Ppy-Au Nanorods.
A previous group member, Rose Hernandez, developed the fabrication procedure for
enzyme-loaded polymer nanorods. [17,18] I synthesized catalase-loaded polypyrrole (Ppy)- Au
nanorods by the same technique. Au-polypyrrole nanorods (without catalase) were grown by a
similar method. Au was electroplated first into the membrane, which was then soaked in pyrrole
solution for 10 min prior to Ppy polymerization. Ppy nanowire segments were grown onto the Au
segments from 0.02 M pyrrole solutions in 150 mM phosphate buffer saline (PBS) at pH 6.8 at a
constant potential of 0.9 V.[17,18] The composition of the PBS solution was 0.1 M KBr (99.99%,
Aldrich), 0.05 M boric acid (>99.5%,Sigma), 0.05 M sodium dihydrogen phosphate (>99.0%,
Sigma), and 0.1Msodium acetate (>99.5%, Fluka), and the pH was adjusted by the addition of
aqueous NaOH. The Ppy-Au nanorods were freed from the membrane in the same way as the
bimetallic rods described above, except with 20% HNO3 and 0.5M NaOH. Catalase-modified
Ppy segments were grown from solutions containing 0.2 M pyrrole and 5-10 mg/mL bovine liver
catalase (VWR/CALBIOCHEM) in PBS (pH 7.4) at a constant potential of 0.9 V versus Ag/AgCl
(3 M NaCl). O2 evolution rates were measured by gas chromatography (Buck Scientific 910) on
argon-purged 500 µL samples using a thermal conductivity detector and an ambient temperature
column. Because of the instability of the encapsulated enzyme, the GC measurements were
usually made within 3 days after a new batch of nanorods was made.
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2.3 Results and Discussion
2.3.1 Bimetallic Nanorods.
Because the driving force for hydrogen peroxide disproportionation according to reaction
3 is large (1.1 V or 212 kJ/mol O2), many different metals can catalyze the reaction.[14] However,
most metals, including those that do not corrode spontaneously in water, are not oxidatively
stable in H2O2 solutions. We therefore selected a group of metals (Pt, Pd, Ni, Au, Ru, and Rh)
that gave stable and reproducible cyclic voltammetry as well as stable open circuit potentials in
H2O2 solutions (see below). This group provides 15 unique combinations, which were fabricated
as bimetallic nanorods.

Figure 2.1. Field emission scanning electron micrographs of bimetallic nanorods. Clockwise
from upper left: Ni-Au, Pd-Au, Pt-Rh, and Ru-Au nanorods.
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The structures and aspect ratios of a few examples of these bimetallic rods are shown as
SEM images in Figure 2.1. In the SEM images, the heavier element appears to be lighter in color
because of more efficient backscattering of electrons. Typically, the nanorods have smooth
sidewalls reflecting the smooth nature of the template pores. One end of the nanorod is often
concave, a consequence of the fact that the growing metal nanowire wets the polar pore walls. For
the purposes of this study, we prepared nanorods with an average length of 2 µm and a segment
length ratio of ~1:1, which typically gives the fastest axial motion for a given pair of metals.
Although not explored in great detail, our preliminarily observations show that with shorter rods
the movement tends to be more random. This may be attributed to the lower catalytic surface area
of the nanorods and the lower drag force that favors Brownian motion over axial propulsion.
However, rods longer than about 4 µm move more slowly because of increased fluid drag and
sliding friction along the glass surface of the capillary slide. Although it may be possible to
optimize the relative segment lengths of 2 µm rods for motility based on the Tafel analysis of
cathodic and anodic current densities, no attempt was made to do so in this study.

Of these 15 combinations, the 5 containing Ni were problematic because of their
tendency to aggregate through magnetic interactions. Using very dilute Au-Ni nanorod
suspensions, we confirmed catalytic axial movement with Ni ends forward, as reported earlier by
Fournier-Bidoz et al.[5] Two other bimetallic combinations, Rh-Ru and Pd-Ru, resulted in either
highly porous rod surfaces or weakly joined rods that disintegrated at the bimetal interface during
removal from the template. This left nine combinations for which the direction of motion and
axial velocity could be determined. We additionally examined several combinations that
contained metals (Co and Ag) that are unstable in H2O2 solutions. Although the direction of
motion could be observed in these cases, the mixed potential values changed substantially with
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time of exposure to the solution.

Table 2.1. Tracking Data for Bimetallic Nanorods in 5 wt % Aqueous H2O2 Solutiona : a
Combinations that were not measured: Rh-Ru, Pd-Ru, Ni-Pt, Ni-Pd, Ni-Rh, and Ni-Ru. b
Determination based on the three-segment rods: Pt(1.5 µm)-Au(0.5 µm)-Pd(1 µm) and Pt(1 µm)Au(0.5 µm)- Pd(1.5 µm).

The catalyzed movement of bimetallic nanorods in 5 wt % (approximately 1.7 M)
aqueous H2O2 solutions was observed by optical microscopy. The average speed of each type of
nanorod and the average directionality, which is defined as the cosine of the angle between the
rod axis and the direction that it moves in a given time step,[4] are summarized in Table 2.1. With
the exception of Pt-Pd, all metal combinations that we report here have sufficient optical contrast
in white light that we can differentiate the two segments and therefore determine the direction of
motion. Pt-Pd was the one combination in which the color and contrast of the two metals were too
similar for an unambiguous determination of the direction of motion. In this case, to determine
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the direction of movement, we also made three-segment rods with a longer Pt end and repeated
the experiment. The results with Pt(1.5 µm)-Au(0.5µm)-Pd(1 µm) and Pt(1µm)-Au(0.5 µm)Pd(1.5 µm) rods support the prediction (see below) that two-segment Pt-Pd rods should move
with the Pt end forward. Representative optical images of the bimetallic rods are shown in Figure
2.2

Figure 2.2. Optical images of (left to right) NiAu, AuPd, AuRu, and RhPt nanorods. The
direction of motion is indicated by the arrow in each case.

Although both translational and rotational movement of rods were observed with all
metal pairs, as reported elsewhere,[5] rotational movement was more frequently observed with
rods that were either (1) very short, (2) had somewhat obvious asymmetry with respect to the
shape of the rod, or (3) were clearly held down to the surface of the capillary slide at one end.

2.3.2 Tafel Plots and Mixed Potential Measurements.
Figure 2.3 shows a comparison of Tafel plots for Pt and Ru ultramicroelectrodes. Similar
results were obtained with the other noble metals studied (Rh, Ni, Pd, and Au). In each case, there
was an approximately linear Tafel regime in the range of log lil is -8.0 to -7.0. The mass-transferlimited current at a 25-µm-diameter disk is given by eq 4, where n = 2 for reaction 1. Taking D
1 x 10-5 cm2/s, C = 1.7 x 10-3 mol/cm3, and r = 1.3 x 10-3 cm, we obtain il
which is much larger than the currents measured.

2 x 10-5 A,
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il = 4nFDCr (4)

The curvature in the plots beyond lil

10-7 A is therefore most likely due to uncompensated

solution resistance in the absence of supporting electrolyte. The solution resistivity was 2 x 105 Ω
cm, consistent with this hypothesis. By extrapolating the linear Tafel regions of the anodic and
cathodic branches to their point of intersection, a mixed potential was obtained for each metal, as
shown in Figure 3. Very similar values were obtained by simply measuring the open circuit
voltage between each ultramicroelectrode and the Ag/AgCl reference electrode. In either case, we
find a difference of approximately 170 mV between the mixed potentials of Pt and Ru in 5%
H2O2. Because Ru is positive with respect to Pt, we expect Ru to act as the cathode in the bipolar
electrochemical reaction. This means that electrons, protons, and water molecules (by
electroosmotic drag) should move from Pt to Ru and therefore the rod should move with its Pt
end forward. We would also expect relatively fast motion because of the large potential
difference. This is in fact observed, as Pt-Ru rods move with their Pt end forward at an average
speed of ~30 µm/s.
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Figure 2.3. Tafel plots for Pt and Ru ultramicroelectrodes in 5 wt % H2O2 solutions. The
intersections of red and blue dotted lines represent mixed potential values for Ru and Pt,
respectively, as indicated by circles on the potential axis. The potential of a bimetallic nanorod in
this medium is given approximately by the intersection of the cathodic red and anodic blue dotted
lines.

Table 2.2 shows that the sequence of the mixed potentials is Rh < Pt < Ni < Pd < Au < Ru.
There is generally good agreement with values obtained from Tafel analysis and from direct
measurement of open circuit potentials. The experimental results of the direction of motion for
the nine measured combinations of Rh, Pt, Pd, Au, and Ru agree well with predictions based on
the mixed potential data (Table 2.1). Ag and Co do not have stable mixed potentials because of
their instability in H2O2 solutions. Their Tafel plots showed significant hysteresis, and open
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circuit potentials measured with these metals varied with time. Because the range of measured
mixed potentials was very large for Ag and Co, we cannot draw any definitive conclusions from
their observed direction of movement in bimetallic nanorods.

The mixed potentials in Table 2.2 ranged from +0.20 to +0.41 V versus Ag/AgCl (3 M
NaCl). Considering that the standard potentials of reactions 1 and 2 are 0.15 and 1.21 V versus
Ag/ AgCl (3 M NaCl), respectively, at pH 5.6, the mixed potentials in Table 2.2 are much closer
to the potential of the peroxide oxidation reaction than to that of the peroxide reduction reaction.
This suggests that at least one other cathodic reaction is involved in the overall electrochemistry.
A number of studies on the electrochemistry of H2O2 at various metals have shown that in
addition to reaction 2 the four-electron reduction of O2 to H2O (reaction) occurs:[19-23]

Table 2.2. Mixed Potential Data for Electroplated Metals in 5 wt % Aqueous H2O2

O2(g) + 4H+(aq) + 4e-  2H2O(l) (5)
The standard potential of reaction 5 is 0.68V versus Ag/AgCl (3MNaCl), which is much closer to
the measured mixed potential than that of reaction 2. We can thus write the predominant pair of
half-cell reactions driving the self-electrophoretic movement of the nanorods as
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anode: 2H2O2(aq)  2O2(g) + 4H+(aq) + 4e- (6)
cathode: O2(g) + 4H+(aq) + 4e-  2H2O(l) (5)
overall: 2H2O2(aq)  O2(g) + 2H2O(l) (3)
where eq 6 is simply anode reaction 1 multiplied by 2. As expected from this analysis, metals that
have the lowest overpotential for reaction 5, namely, Pt and Rh, have the most negative mixed
potentials in Table 2.2 and tend to make the fastest-moving bimetallic combinations.
Figure 2.4 shows the trend in average rod speed versus mixed potential difference obtained by
combining the data from Tables 2.1 and 2.2. There is a clear trend toward faster movement with
larger difference in mixed potentials. Although effects such as local pH and the surface areas of
the two segments are factors in determining the potential and current density of a bimetallic
nanorod in hydrogen peroxide solution, information on trends may be obtained from Tafel plots
such as those shown in Figure 2.3. The intersection of the cathodic and anodic branches of i-V
curves of the more positive and more negative metals, respectively, indicates the potential and
current that would result if ultramicroelectrodes of the two metals were connected electrically.
Referring to Figure 2.3, this is the central intersection point of the blue and red dotted lines. This
intersection occurs at higher current when the difference in mixed potentials of the two metals is
larger, consistent with the trend observed in Figure 2.4
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Figure 2.4 Plot of average rod speed vs mixed potential difference for bimetallic nanorods in 5
wt % H2O2 solution.

2.3.3 Application of the mixed potential principle to catalytic micropumps
Another system to which we can apply this mixed potential principle is the static
electroosmotic micropump [9]. As in the case of nanorod motors, the redox reaction between the
two connected metals drives the fluid from one component to another, but instead of the
bimetallic motor being propelled by the reaction, the fluids are driven around to form a
continuous loop at a fixed position, driving tracer particles toward or away from the center of the
pump in the process. If the mixed potential values are known for both metals comprising the
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micropump, then the direction of current flow, and thus the direction of electroosmosis, can be
predicted.
The pump system investigated is illustrated in Fig 2.5, and was developed by Mike Ibele
and Tim Kline in Professor Ayusman Sen’s group in the Penn State Chemistry Department. It
consists of spatially defined palladium (Pd) features (90 µm diameter) on a gold (Au) surface and
can incorporate two different fuels, hydrazine (N2H4) or asym-N,N-dimethylhydrazine (N2Me2H2).
This system induces a fluid flow which was observed via the movement of silica or amindinefunctionalized polystyrene tracer particles (2.34 µm and 2.1 µm diameters, respectively).
Depending on the colloid zeta potential and the fuel used, colloids were induced to flow towards
or away from the palladium features along the gold surface (Figure 2.5).

Again in this example we analyze the two metals in question, Pd and Au, by testing their
ultramicroelectrodes as working electrodes against an Ag/AgCl reference electrode to obtain the
mixed potential. The Au ultramicroelectrodes were circular disk electrodes made by polishing a
25 µm-diameter Au wire sealed in glass. The results obtained by directly measuring the open
circuit potential and by voltammetric sweeps are shown in Table 2.3. The mixed potentials
obtained by extrapolating plots of log|i| vs. potential from the linear Tafel regions to their
intersection are illustrated in Fig. 2.6. In aqueous N2H4 solution, the mixed potential of Pd was
more negative than that of Au, indicating that Au should act as the cathode. In N2Me2H2 solution,
the mixed potential of Au was more negative than that of Pd, indicating that Pd should be the
cathode. In both cases, the direction of fluid flow and tracer particle motion were consistent with
the sign of the mixed potential difference.
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Figure 2.5 Illustration of the electroomosis micropump system [9]: Direction of movement of
silica colloids (blue), amidine-functionalized colloids (red), and electrons (black) over a Au
surface relative to a Pd feature in a solution containing (a) N2H4 or (b) N2Me2H2
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Table 2.3. Mixed Potential Data (mV, vs Ag/AgCl, 3M NaCl) for Pd and Au
ultramicroelectrodes (both 25µm in dia.)”. in aqueous 611mM N2H4 and 50 mM N2Me2H2

Mixed Potential
in 611mM N2H4

Pd

Au

-651(15)

-310(15)

From

-630(25)

-345(28)

From

-70(20)

-283(16)

-58(15)

-265(14)

From
Tafel plot

OCP
Mixed Potential
in 50mM N2Me2H2

Tafel plot
From
OCP
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Potential (mV), vs Ag/AgCl, NaCl (3M)
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Figure 2.6. Tafel plots of Pd and Au ultramicroelectrodes in aqueous 611 mM N2H4. The
intersection of the blue dotted lines corresponds to the mixed potential, indicated by circles on the
potential axis.

2.3.4 Test of the electrokinetic mechanism through increased resistance between catalytic
sites: Catalase-Loaded Au-Poly(pyrrole) Nanorods

While the potential difference between the two catalytic sites are important, the current
flow (and thus the rod speed) also depends on the impedance of the current electron-proton
current loop. If the series resistance of the rod is high, the overall “productive” reaction rate that
generates fluid flow will decrease and lead to a slower speed of the fluid pumping and motor
translational movement. For the extreme case where the two catalytic segments are separated by
an insulator, electroosmosis should not contribute to movement even if decomposition of
hydrogen peroxide is happening at one or both ends. One of the earlier studies in our group by
Rose Hernandez involved the fabrication of bio-catalytic nanorods containing catalase-Ppy
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segments [17, 18]. These nanorods have a very high hydrogen peroxide decomposition rate but
low electronic conductivity at both the catalase-Ppy interface and along the Ppy-metal structure.
Since this design still allows the same general fabrication methods and nanorod dimensions as the
bimetallic system, a comparison between the different nanorod motor systems allows one to
contrast rod motion with and without electroosmotic pumping.

Figure 2.7 shows an optical micrograph of the catalase-Ppy-Au nanorods and a TEM image
of the Au-Ppy nanorods with 1 µm segments of both gold and Ppy. The TEM image was taken by
Rose Hernandez. The purpose of this structure was to reproduce the geometric features that
determine the drag forces, concentration profiles, and so forth of bimetallic nanorods. The nonelectroactive enzyme catalase was chosen to impart high catalytic activity for overall reaction 3 to
the polymer segment without allowing a direct electrochemical connection between the active site
of the enzyme and the gold segment of the nanorod.
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Figure 2.7. Optical micrograph of a catalase-Ppy-Au nanorod (left) and TEM image of a Ppy-Au
nanorod (right).

Catalase has one of the highest turnover rates of all known enzymes: 1 molecule of
catalase can decompose approximately 105 molecules of H2O2 per second.[24] Bovine liver
catalase was immobilized into the Ppy segments of the nanorods by physical entrapment during
polymer electrodeposition, as demonstrated earlier for avidin and streptavidin.[16] Although the
amount of catalase incorporated is not known quantitatively, we found that the rate of oxygen
evolution from the most active batches of these nanorods was comparable to that observed with
Pt-Au nanowires. Figure 2.8 shows a plot of oxygen evolved versus time for Au-Pt nanorods and
catalase-Ppy-Au rods in unbuffered 5% H2O2 solution. The oxygen evolution rate at Au-Pt is 7.3
x10-16 mol(O2)/s per nanorod and is relatively constant over 1 h. The catalase-Ppy-Au nanorods
initially evolve oxygen at a slightly higher rate than the Au-Pt nanorods, but the reaction rate

34
decreases over the course of 30-60 min, presumably due to enzyme denaturation in this medium.
Because all of our observations of the movement of the nanorods were made within the first 20
min, the Au-Pt and catalase-Ppy-Au nanorods effectively have very similar oxygen evolution
rates. Nevertheless, only Brownian motion was found with catalase-loaded Ppy-Au nanorods in
aqueous H2O2.

Figure 2.8. Oxygen evolved as a function of time for stirred suspensions of Au-Pt nanorods and
catalase-Ppy-Au nanorods in 5 wt % aqueous H2O2 solution.

These results support the electrokinetic mechanism for nanorod motors and the
importance of efficient electron flow between two half-reaction sites. A possible improvement
from this outcome would be the “on-off” switchable motor system, in which the activation and
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deactivation of the motor can be controlled by connecting and disconnecting the two parts of the
nanomotor. The challenge here will be the design of new motors that can enable such switching.

2.4 Possible “new fuel” systems based on electrokinetic principles
In the catalytic nanomotor project, we have so far used simple fuels (hydrogen peroxide,
hydrazine, and derivatives) that decompose via energetically favorable electrochemical
disproportionation reactions [25]. The power of the motors and pumps is limited by the rate at
which this reaction can be carried out asymmetrically at the anode and cathode sites. By using
two-component fuel mixtures (i.e., oxidizing and reducing agents), we will have more latitude in
designing systems that perform the anode and cathode reactions more efficiently. Indeed, this
principle has been demonstrated by Heller[12], again by Feringa[26] in their studies of
enzymatically catalyzed glucose-oxygen nanomotors, and recently by Wang in their studies of
Au/Pt and Au/Pt-CNT nanorods in peroxide-hydrazine mixed fuels[27]. The ability to catalyze
the anode and cathode reactions separately may also offer greater latitude in designing
chemotactic systems.

The design of such electrocatalytic motors will involve multi-electron oxidizing and
reducing agents that do not react with each other in the absence of a catalyst. This implies that at
least one redox partner should not undergo fast outer-sphere electron transfer reactions but should
have inner-sphere reactivity at a catalyzed surface. Good examples of such molecules are
ascorbate, glucose, and methanol. These will be coupled with oxidants that can accept two
electrons and two protons, and therefore remain neutral in both redox forms. Table 2.4 and
Scheme 2.2 list some candidate molecules along with possible electrocatalysts. While some of
these are only sparingly soluble in water, they are more soluble in water-acetonitrile solvent
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mixtures. Our preliminary experiments show that bimetallic rods retain their mobility in these
solvent systems.

Table 2.4. Candidate multi-electron oxidizing and reducing agents for bipolar electrokinetic
nanomotors and pumps with known redox potential, water solubility, and potential catalysts

.

Compound

Eo(V)

o-Dianisidine (a)
N, N’- Diphenylbenzidine (b)
Hydroquinone (c)

0.85
0.76
0.70

Water
Solubility
Slight
Slight
70g/l

Toluylene red (d)
2,6-dichlorophenolindophenol
(e)
Ascorbic acid (f)

0.24
0.22

5.6% w/V
1.65g/l

0.06

330g/l

Methanol
Glucose

0.02
0.02

Very high
Very high

Likely Catalysts

Ref

Pt, Cr, Fe, Rh, Co
Pt, Cr, Fe, Rh, Co
Pd, Pt, Ru, PtRu, Ir,
Rh, Cu
Pt, Cr, Fe, Rh, Co
Pt, Cr, Fe, Rh, Co

28-32
28-32
28,33

Pd, Pt, Ru, PtRu, Ir,
Rh, Cu
PtRu
PtPb, glucose
oxidase

28,34,35

28-32
28,29

36
12,37
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Scheme 2.2: Possible redox reactions and structures of the compounds considered as potential
candidates.

Based on bipolar catalysis principles, all the above can be good candidates for new
bimetallic motors and pumps. However, to construct actual nanomotors and confirm their redox
effects through mixed potential measurements, we would need to find catalyst pairs that are
robust enough to form a rod / surface pattern structure while at the same time selective and
conductive enough to promote bipolar reactions.

2.5 Conclusions
Taken together, these observations provide very strong support for a bipolar
electrochemical propulsion mechanism in the case of bimetallic nanorods. This mechanism
faithfully predicts the direction of motion for all electrochemically stable combinations of metals
that were measured, as well as the fluid flow direction in pumping systems. The mixed potentials
measured for individual catalytic metals further suggest that the dominant cathode reaction is the
four-electron reduction of oxygen to water and not hydrogen peroxide reduction as we had
previously postulated. Although other factors (such as surface roughness, metal zeta potential,
and exchange current densities of specific metals) contribute to the magnitude of the axial force,
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there is nevetheless a correlation between the mixed potential difference and the speed of the
bimetallic nanorods. The negative result obtained with catalase-loaded Ppy-Au nanorods shows
that the non-electrochemical decomposition of H2O2 (which should generate sufficient force to
drive movement in the bubble recoil, viscous Brownian ratchet, and interfacial tension
mechanisms) does not contribute significantly to propulsion.

With the knowledge that the same electrokinetic mechanism drives both the catalytic
nanomotors and micropumps that we have studied to date, it may be possible to design better or
more versatile motor systems. For example, nanomotors and pumps that are more energy efficient
might be developed by selecting redox partners that have high electrochemical rates (i.e., large
differences in mixed potentials) but low individual catalytic turnover rates for the decomposition
of H2O2 or similar fuels. Other combinations of oxidizing and reducing agents should be possible,
and the glucose-oxygen system studied by Mano and Heller already provides one very interesting
example of this.[12] Finally, it is important to note that non-electrochemical catalytic nanomotors,
especially those that utilize hydrolysis or polymerization reactions, are ubiquitous in biology.
These biomotors provide an existence proof that argues for the future design of synthetic
nanomotors based on similar principles.
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Chapter 3

Lithographically fabricated 10µm-scale Catalytic Motors
3.1 Introduction
We describe the lithographic fabrication of catalytic propulsion systems in various new
designs that control/tailor movement patterns, such as from translational to rotational, at the
10µm scale. A signficant restriction in nanomotor research is that they generally rod - shaped,
although some interesting efforts have been made to modify the nanorod geometry [1,2] to
achieve more complex movement such as rotation. The template growth of nanorods thus
significantly limits the possible applications for this system. One way to address this problem is
to use contact lithography, which provides the freedom to design and fabricate microscale object
that have arbitrary planar geometries [3].
One concern in designing new nano- and micromotor shapes is the issue of scaling.
Catalytic nanomotors work in the low Reynolds number regime, and at larger length scales,
inertial propulsion mechanisms can become dominant. Catchmark et al have demonstrated
lithographically fabricated 150 µm diameter microgears that rotate in hydrogen peroxide with an
activation pretreatment that changes the hydrophobicity of the metal surface [4]. At larger length
scales, Ismagilov and Whitesides observed catalytic movement driven by bubble recoil [5]. Based
on simple scaling arguments as well as these empirical observations, one can anticipate changes
in the propulsion mechanism over length scales of tens to hundreds of µm.
To investigate this question and gain insight to the parameters that are important in
catalytic motor design, we have studied the fabrication of 10 µm scale motors based on Au-Pt
lithographic patterning. We designed both a translational and a rotary motor in order to study
their behavior as a function of geometrical parameters and to determine whether the dominant

44
forces at this length scale are electrokinetic, as they are on the 1-2 micron scale. The development
of nanomotor fabrication at this scale can eventually lead to designs that have the potential for
motor interactions and assembly, interfacially driven movement, directional control, and remote
on/off switching of chemically powered movement.

3.2 Experimental Section

3.2.1 Fabrication of micro-rafts
Conventional contact microlithography was used to build raft structures. The lithographic
fabrication was done at the Nanofabrication facility at Penn State. The design was based on a
three-layer alignment process. A 100nm Ni metal layer was evaporated onto 3-inch Si wafers as
the sacrificial layer. Three photomasks were designed using LEDIT mask writing software: Au
was designed as the first layer(GDSII#1); Pt as the second layer (GDSII#2); SU8 as the third
layer (GDSII#3). The three masks were written on a Heideberg Laser writer on a soda lime 4inch mask. The masks were used in conventional photolithography to transfer patterns onto
photoresist/lift-off resist.
The procedure for patterning of the first layer (Au) was as follows: First we followed the
standard 7-step photoresist patterning procedure, with the conditions of each step being 1)Spin
lift-off resist: LOR2A, 2000rpm, 100R/S acceleration speed, for 60sec; 2) Bake at 180oC, 6min;
3)Spin positive photoresist: Shipley 1805, 4000rpm, 1000R/S, for 40sec; 4) Bake at 115oC for
1min; 5) Pattern first layer under Mask I (mask made for Au layer) using a Karl Suss MA-6
optical contact aligner, which is a mercury-lamp ultraviolet source calibrated to an exposure
output of 12mW/cm2. Conditions: 1.5sec exposure; 6) Develop in CD-26 developer (0.26 N
tetramethylammonium hydroxide) for 1min, wash with water, gently blow dry with N2; 7) “De-
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scum” the photoresist patterned wafer immediately before the evaporation (an O2 plasma etching
process using the M4L etching machine) with power setting at 300 watt, O2 flow at 100sccm and
regulated at 400mTorr, at ambient temperature for 3min. After this, a 100nm thick layer of Au
was evaporated onto the patterned surface and then lifted off by submerging the wafer into
acetone for 10 h, followed by rinsing in isopropanol and DI water. The liftoff resist (LOR) was
stripped by submerging the wafer into tetramethlyammonium hydroxide for 30min and then in DI
water.
The second layer was Pt, patterned and treated in the same way as Au, the only difference
being that there was a tedious alignment process when patterning under the MA-6 optical contact
aligner. We needed to use MASK II (the mask for Pt features) in this step and tried carefully to
align the MASKII with the already patterned Au features.
The third layer was the SU8 polymer layer. SU8 is a negative photoresist with a density
of 1.12g/ml. The procedure is as follows: 1) spin coat SU8 2: first at 500rpm, 100R/S, 5sec, then
2000rpm, 300R/S, 30sec; 2) soft bake: prebake at 65oC for 1min, softbake at 95oC for 3min, post
bake at 65oC for 1min; 3) Alignment and exposure under MA-6: align MASK III (MASK for
SU8 features) with the patterned Pt layer, then expose for 10sec; 4) post exposure bake: 65oC for
1min, 95oC for 1min, and 65oC for 1min; 5) develop: immerse in SU8 developer for 4 min,
agitate a little, then rinse with water and IPA, gently blow dry with N2.
Before releasing the raft from the wafer, in order to make the SU8 hydrophilic, I exposed
the surface of the wafer under a UV-ozone light for 10min, then left the wafer inside the ozone
chamber with no power on for 30min. After this step, the motors were released from the wafer
into solution by removing the Ni sacrificial layer in Ni etchant solution, which is mainly 20%
HNO3, for 1 hour. The solution was centrifuged 5 times and replaced with DI water.
The catalytic movement of the resulting structures was tested by mixing DI water with
H2O2 solution and was observed under microscope. The motion was tracked using PhysVis public
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domain software developed by Kenyon College.

3.2.2 Fabrication of micro-rotors
Contact microlithography was also used to build the rotor structure. A 100 nm Cu metal
layer was evaporated onto 3-inch Si wafers as the sacrificial layer. Because precise alignment
between the Au and Pt layers is required in this case, the conventional optical aligner was
insufficient. Therefore, I used a more precise alignment method, which is direct alignment
through a laser writer. In this method, we still designed the masks as two layers using LEDIT
mask design software. However, the size and shape of the alignment markers were designed as
required by the rules of the Heidelberg laser writer manual. After this, the L-edit file was directly
converted into the operating system of the Heidelberg laser writer. The fabrication of the masks
and conventional optical alignment were thus no long needed. The features of the two layers
were directly written and aligned on the photoresist (LOR2A+ 1805) coated wafers. Another
difference compared with the fabrication of the micro-raft was: I used tetrahydrofuran (THF) to
strip the metal-covered photoresist (LOR2A + 1805) layer immediately after evaporation. I
developed this method, which was experimentally found to be a more efficient way to strip the
photoresist layer. The conventional method involves immersing the wafer in acetone overnight.
It takes less than 30min for THF to strip all of the photoresist without harming any of the metal
patterns. The other parts of the procedure are the same as those described above for fabrication of
micro-rafts.
The rotors were released from the wafer into solution by removing the Cu sacrificial layer
in 30% ammonia solution for 1 hour. The solution was centrifuged 5 times and replaced with DI
water. The catalytic movement of the resulting structures was tested by mixing with H2O2
solution and observing under the microscope. The motion was tracked using PhysVis public
domain software developed by Kenyon College.

47

3.3 Results and Discussion

3.3.1 16-Micron polymer supported autonomous “rafts”: design and fabrication of microrafts
While lithographic methods are very useful for fabricating features on a planar substrate,
it is more difficult to construct a robust, free-standing structure. The main challenge in making
bimetallic motors from photolithography-patterned metallic segments directly is the thickness
restriction of the evaporation procedure: Most lithographically patterned metals have thicknesses
of about 100 nm because of the high cost. This thickness is much less than the usual 2µm x 4µm
minimal feature size available with our contact lithography instrumentation. This small area of
connection combined with the large amount of stress due to the long lever arm results in a high
possibility of deformation, especially considering that the interfacial strength between two layers
joined by evaporation could be weaker than that of structures made by sequential metal
electrodeposition.
As such, our basic design of the micro-rafts consists of a polymeric “backing” on top of
the Au-Pt pattern, in order to confer structural integrity (Figure 3.1). This is achieved through
patterning of an additional layer of SU8 photoresist after the metal segments are in place
(Figure3.2). The resulting micro-rafts were then freed from the substrate by dissolving the
sacrificial Ni layer beneath (Figure 3.3).
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Figure 3.1: Schematic of the micro-raft structure prior to release from the substrate
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Figure 3.2: Optical microscope image of micro-rafts prior to release from the Si wafer substrate.
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Figure 3.3. Optical microscope image of a micro-raft after release from the Si subsrate.

3.3.2 Control of the hydrophobicity of the SU8 polymer layer
The application of an SU8 layer proved to provide a good mechanical support that
preserved the structural integrity of our micro-raft system. However, in aqueous media the
hydrophobic nature of the SU8 material proved to be a challenge. The SU8 polymer is an epoxynovolac resin (Figure 3.4) that is known as a well-established and efficient negative photoresist,
and it is currently the most suitable material we have available. On the other hand, the water
contact angle of the material is 75o+/-3o, demonstrating its hydrophobic nature that results from
its molecular structure.
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Figure 3.4. Structure and crosslinking reaction of SU8 photoresist.

We found that for the micro-raft to function, its overall structure had to be hydrophilic for
the following reasons: First, hydrophobic materials showed a high tendency to form aggregates in
the aqueous phase compared to the hydrophilic metallic nanorods, which is not surprising
considering the “like-attracts-like” principle. Second, we found that the rafts that did not
aggregate tended to remain near the surface of the liquid phase, as opposed to the metallic
nanorods, which generally stayed at the bottom of the solution. This caused difficulty in the
observation, as we have found that there is a large amount of vibration at the hydrogen peroxide
solution surface, likely due to either thermal motion and evaporation or release of hydrogen
peroxide. As such, the development of a hydrophilic micro-raft was essential.
A number of methods have been proposed to alter the hydrophobicity of SU8[6,7], but the
most effective treatment to date is oxygen plasma treatment: When the polymer photoresist
surface was treated by this procedure, the water contact angle was lowered to ~16o. The microrafts treated by this method were successfully removed from the liquid surface, moving to the
bottom instead. The effectiveness of this treatment is time-limited however: The micro-rafts
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generally appeared stable for a few hours to a few days, but after that the rafts eventually floated
back to the surface. This is most likely due to the thermal rearrangement of polymer chains over
time, and we will have to eventually switch to inherently hydrophilic materials or surface
coatings in the future.

3.3.3 Translational and rotational movement of the micro-rafts in H2O2 solutions
When the micro-rafts were placed in hydrogen peroxide solutions, we observed
axial translational movement similar to that of bimetallic nanorods, with SU8 above the
bimetallic segments. However, from optical microscope observation this movement was
relatively slow (3µm/sec), and the rafts moved with their gold ends forward, which is the opposite
direction of the Pt-Au nanorod system (Figure 3.5). Since the lithographic post-treatment
involves an acid wash instead of a base wash, we suspected that the surface conditions was the
cause of the change in behavior. Thus we treated the rafts with a wash of KOH solution
(immersed in 1M KOH for 30min, then centrifuged 4 times and rewashed in Nanopure water),
and it instead caused the rafts to rotate in place at a speed of 3rpm with no distinguishable leading
end (Figure 3.6). Although the translational movement is slow, it is still apparent that the rafts are
moving autonomously, rather than being moved by outside forces such as the convective flow of
the solution. When there is only water and no H2O2, there is no apparent movement such as the
large Brownain movement we observed before in the case nanorods. Instead, the raft is relatively
stationary,showing non-directional movement at a maxiumum speed of ~1µm/s with no
associated leading end. On the other hand, the movement of the rafts in H2O2 solution is
directional and persistent. In fact, whenever there was a non-motor object of similar size in the
hydrogen peroxide solution with the rafts, such as Au-SU8, it is obvious that only the raft was
moving .
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Figure 3.5. Translational movement of a micro-raft in 5% H2O2 solution, with a speed of around
3µm/s, Au end moving forward
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Figure 3.6. After KOH treatment, a micro-raft rotated counter-clockwise in 5%H2O2 solution at a
speed of around 3rpm

This behavior suggests multiple interesting possibilities. The fact that the translational
movement of a micro-raft is in the opposite direction compared to the nanorod motors suggests
that there are possible differences at the 20um scale. For example, the change from translational
to rotary movement after base treatment suggests that the surface conditions have an effect on the
propulsion mechanism. Likewise, the fact that most of the exposed reactive metal surface is in
contact with the container walls rather than the solution may also affect the movement.
The very slow speed of the rafts is not consistent with the fast translation and rotation
observed previously for Au-Pt nanorods and microgears in H2O2 solutions. One of the biggest
differences may be the surface conditions of the vapor-evaporated metals as opposed to those
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formed by electrodeposition: The metal-metal interface may have signficant series resistance, and
the surface catalytic sites may be poisoned by residual material from lithographic processing,
although no direct evidence so far has been found. The use of the polymeric layer may also be a
concern: The thick SU8 layer not only changes the hydrophobicity of the raft, but also decreases
the effective catalytic surface area while increasing the drag of the motor. At this point the
technology available to us leads to a polymer layer that can be no less then 2 µm, although it may
be possible to research other backing materials that have better performance.

3.3.4 Design and fabrication of micro-rotors
The slow rotation of the micro-rafts suggests that with proper conditions, a catalytic
system can be constructed to induce rotational rather than translational movement. One of the
ways to induce such rotational movement is to design force-imbalance into the system so that a
net torque can be exerted on the nanomotor. An alternative design may be necessary in order to
reduce the drag caused by the additional polymer layer. One possibility is to introduce strips of
metal that stack vertically so they have large overlap areas. While this can cause some of the
catalytic forces generated to be in the vertical direction, in a symmetric rotor system it should not
cause an overall vertical flipping as might happen in a raft design. At the same time, an
overlapping metal structure should increase the mechanical strength of the assembly without
introducing polymeric materials.
A rotary motor, shown in Figure 3.7, was fabricated lithographically, with the Pt strips
patterned onto a rectangular piece of Au. The idea behind this design is that a motor arranged in a
chiral fashion will spin. Fig. 3.7 shows a C2-symmetry design that should generate a net torque
around the center of drag and promote rotation. A long Pt bar with a “leading edge” outside the
Au area was included in the design in an attempt to direct the driving force in the plane of the
rotor rather than in the vertical direction.
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Figure 3.7: Left: the design and force scheme of an 8µm x 10µm Au square with chiral Pt corner
elements; Right: optical image of lithographically fabricated Pt-Au micro-rotors while they are
still on the Si wafer.

The actual sum of the generated torque will determine the rotation direction, which should
be greatly influenced by the dominant mechanism in such a system: If it is electrokinetic and the
metal surfaces are negatively charged, as is the case with Au-Pt nanorod motors, they should
rotate clockwise with their Pt end forward (as shown in figure); if bubble recoil dominates, the
rotors should rotate counter-clockwise as the force of the recoil will cause the gold end to move
forward. In the case of the surface tension driven model, the rotor should not move since our
experimental procedure does not promote the hydrophobicity of either metal: As shown in the
earlier 150 µm scale motor experiments, a surface tension driven motor requires difference in
hydrophobilcity of the two metal components, and in the case of Pt-Au bimetallic systems, an
acidic condition is required to change the surface contact angle of Au and activate the motor [4].
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3.3.5 Movement of lithographic micro-rotors in aqueous hydrogen peroxide

Figure 3.8: An 8µm x 10µm Au square with chiral Pt corner elements rotates at 0.5 rad/s in
15%H2O2

In aqueous hydrogen peroxide, the lithographically fabricated rotors rotate with a speed
of 10~15 rpm (Figure 3.8), with the Pt features as the leading end (clockwise). 80% of the motors
spin clockwise; and less than 20% of them spin counter-clockwise. The observed direction of
movement is consistent with a dominant bipolar electrochemical mechanism on this length scale.
In addition, the nucleation of gas bubbles was not observed on the motors themselves but rather
on the surrounding glass surfaces, further suggesting that the mechanism of energy transduction
was not the same as in macroscopic recoil driven systems. In addition, as an estimate of the
Reynold number of this system:
~10µm spinners (square shape) spin with ~10rpm in ~10% H2O2 aqueous solution,
room temperature (297K)
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a: radius of the sphere; ρ: uniform density of the solution; ω: the angular
velocity; Re: Reynolds number (Re = ωa2ρ/µ, µ is the viscosity of the solution) (ref:
Whitesides’ paper)

a = 5x10-6 (m) (We have a flat disk rather than a sphere, so this is a rough
estimate)
ω = 2Π10 rpm = 1.05 (rad s-1)
µ (water) = 1x10-3 NS/m2 = 1x10-3 (kg/(ms))
ρ (water) = 1x103 (kg/m3)
Re = ωa2ρ/µ = 2.5x10-5 <<1
We calculate Re<<1, which is consistent with the dominance of the electrokinetic mechanism
relative to the recoil mechanism. At the same time, the rotors showed no evidence of surface
tension driven motion, especially considering the surface wetting condition of the rotors – If a
significant amount of surface area is sufficiently hydrophobic, the surface tension of the water
should be able to destabilize the rotors or even cause the light rotors to float. Instead, the rotors
remained stable at the bottom of the solution. All these phenomena support a bipolar
electrochemical mechanism.
The rotational speed is lower than what would be expected from our experience with the
nanorod system, which may be due to several factors: First, the design did not result in a fully
horizontal motor assembly, so some of the force generated will still be directed in the vertical
direction and will not contribute to rotational movement. Second, the contact area with the floor
of the container is relatively large compared to the functional Pt component, so the effect of
surface friction would also be large compared to a rod system. The surface quality and thus the
catalytic activity of metal patterned through lithography may also be a concern. Finally, as the
length scale increases the edge area of the catalytic surface increases linearly, and the mass of the
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motor increases as the square of the length (assuming constant thickness). Numerical modeling of
the catalytic reaction and forces as a function of scale will be needed to understand the relative
contributions of these factors.
The relatively minor population of the counterclockwise rotors may also hint at the
reason for low rotational speed: While the design of our rotor should induce a net torque in the
clockwise direction, the force vector may not be perfectly aligned on the axis of the Pt segment as
in the nanorod case; Instead, the existence of additional gold segments indicates that there always
exists a counterclockwise torque due to the misalignment of force from the additional catalytic
surface (Figure 3.9), which can counteract the clockwise torque and cause slower rotational speed.
When there is a defect in the fabrication of the rotors, the force vector can shift accordingly and
induce a stronger counterclockwise torque instead, and the rotational direction is reversed for that
rotor.

Figure 3.9: the difference in rotation behavior caused by the alignment error in lithography
fabrication

Yet another interesting observation is the rotational ratio of the flipped-over rotors,
which have Pt segments facing the container walls rather than the fluid. For the these rotors, the

58
reverse of the above observation holds true: 65% of the rotors rotate with the gold end forward
and the Pt segment trailing behind. While it is possible that defects in this population of rotors
cause them to prefer the upside-down orientation, the size of defects we observed so far is small
and is not likely to be capable of inducing such a behavior. It should be noted that the nanorafts
described above also move with gold end forward under certain conditions, and further
experiments are needed to investigate whether the direction of motion is indeed tied to metalcontainer interactions.

3.4 Future Directions

The successful fabrication of lithographically patterned micro-rafts and micro-rotors at the
10-micron scale opens the door to a number of interesting designs for future research. By simply
adjusting the existing micro-rafts, we should be able to study the effects of size and geometry on
the motors. Inducing interactions between motors, on-off switching of devices and even motors
stable at interfaces are just a few of the possible ideas.
One interesting direction would be the investigation of motor-motor interactions, which
can potentially induce self-assembly behavior. The movement, pumping and chemical/ionic
reactions involved in a catalytic motor system provide multiple possibilities for interactions.
Changing the shape of motors may also induce different effects. Likewise, by introducing an
assembly-active component into the motors, such as surface-modified SU8, we may be able to
promote or inhibit certain interactive behaviors. For these studies the rotors may be a better
candidate than the translational motors, as the lack of translational movement brings about more
stable conditions for assembly as well as more precise observational environments (Figure 3.10).
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Figure 3.10. Possible interaction study using lithographic nanorotors.

Another interesting possibility is to build in on/off switch into a catalytic motor. As
discussed in Chapter 2, the electrokinetic nature of the bimetallic motor system requires both the
bipolar reaction and the electrical contact between the two sites; as such, controlling the current
flow by geometric design can potentially lead to control of nanomotor motion. Since in the microraft system a structure can exist without the metallic components touching each other, we can
potentially build a micro-gap within the motor system that can be later bridged with conducting
molecules or particles to “activate” the motor. Such a bridge can be controlled by chemical
reactions, but may also be controlled through electromagnetic forces or other physical forces
(Figure 3.11).
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Figure 3.11. Possible lithoghaphic on-off switch design.

3.5 Conclusions

First, we have successfully fabricated a type of 16µm nanoraft motor using lithographic
methods. The resulting Au-Pt-polymer structure underwent slow translational movement in the
presence of hydrogen peroxide. The direction of movement of these rafts is different from that of
fully metallic nanorods or microgears studied previously. Several mechanisms have been
discussed as possible explanations for this behavior as well as the difference in translational speed.
Second, rotors fabricated by lithographic methods are fully functional at the 10µm scale,
and their observed direction of movement supports the electrokinetic mechanism as the dominant
driving force. It should be possible to further increase the speed of the rotors, and by utilizing the
flexibility of lithographic fabrication we should be able to induce more complex movement, or
perhaps even promote cooperative behavior such as two-dimensional self-assembly or on-off
switching.
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Chapter 4

Dynamic Interactions between Fast Microscale Rotors
4.1 Introduction
Nano- and micro-scale machines were originally envisioned by Feynman, who suggested
the possibility of nano-manipulators for device assembly.[1] Originally suggested and carried out
as a top-down approach, as technology has developed more and more “bottom-up” approaches
have been successful in using small scale “building blocks” that can self-assemble into specific
patterns. Common interactions include static charge, hydrophobic/hydrophilic, steric repulsion,
and hydrogen bonding [2-4], and a wide variety of structures can be made through these methods.
On the other hand, most of the aforementioned self-assembly methods are restricted to
static assemblies, in which neither the parts nor the finished structures contain moving parts. This
severely limits the actual types of machines that can be built from these methods. Assemblies
involving moving parts are likewise mostly molecular motors aligned by static assembly, or are
actually miniaturizations of bulk-scale machines that cannot function below a certain length scale
due to the different physical restrictions of micro- and nano-scale environments. More
specifically, the lowering of Reynolds number (a low Reynolds number means the viscous force
is dominant and the inertia can be neglected) as the scale goes down leads to different concerns in
fluid behavior, while forces that are “ignorable” at bulk scales such as Van Der Waals forces and
Brownian forces become important players that restrict motor design at nanoscales. A good
example is the “mixing” problem often encountered in microfluidic systems: When two bulkscale fluid streams encounter each other they will mix rapidly due to the existence of turbulent
flows, while such mixing behavior cannot happen in microfluidic channels due to the low
Reynolds number and must be taken into consideration. [5-7]
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One way in which to overcome these technical obstacles is to learn from nature. Nature
is a remarkable collection of self-assembled structures, especially in living systems. Examples not
only exist of static structures, but also of “dynamic” assemblies where small mobile species that
are constantly in motion can influence each other. The combined effect of these motions can
create a mobile system where individual parts are in flux but the assembled structure is stable.
When mixed with static self-assembly structures, these “dynamic assemblies” can function as
powerful and efficient micromachines within structures such as living cells.
A good example of man-made dynamic assembly has been recently explored by
Whitesides et. al [16]. In this study, various types of rotors were designed to interact in a fluid
medium. Depending on the speed and shape of the rotors, they can generate attractive or repulsive
flows, which result in behaviors such as lattice formation or dimerizaion. The drawback of this
approach is that it is based on macroscale fluid principles, which may not be operative at smaller
scales.
Catalytic motors influence their local environment by generating chemical
concentration gradients and fluid flows. These effects have been exploited with stationary catalyst
patterns on surfaces to make catalytic pumps.[8] While these forces have been proven to function
at the micron length scale, related assemblies have mostly been static in nature such as the
assembly of living cell [1]. Nonetheless, the possibility of catalytic nanosystems that induce
dynamic assembly provides an interesting direction for research.
Autonomous motors that rotate without translating represent another interesting class of
objects with which to study these effects, because of the possible emergence of cooperative
behavior. While several groups have now made rotary catalytic motors including the ones we
described in the last chapter [9-12], their movement has been relatively slow compared to the
Whitesides system, and thus we would not expect cooperative movement other than that
generated by catalytic pumping. We describe here catalytic microrotors that rotate an order of
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magnitude faster than those described before, and we analyze the interactions between pairs of
rotors that occur over distances of microns.

4.2 Fast microrotors
4.2.1 Design and fabrication of fast microrotors

Catalytic microrotors (Fig. 1) were fabricated by electrochemical replication of anodic
alumina membranes [13, 14] . After the Au-Ru
Ru bimetallic rods were freed from the membrane,
additional Cr, SiO2, Cr, Au, and Pt layers
layers were sequentially vapor deposited on one side.

Figure 4.1: (top) FESEM image of an electrochemically grown Au
Au-Ru
Ru micro
micro-rod with
sequentially evaporated Cr/SiO2/Cr, Au, and Pt layers; (bottom) schematic drawing of the
structure showing forces induced by catalytic H2O2 decomposition and the resulting rotary motion
of the rod.
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Electrodeposition of bimetallic nanorods

The AuRu bimetallic nanorods were made by an electroplating method as described
elsewhere in detail. [15] Anodic alumina membranes (Whatman Inc., NJ, 2 cm diameter)
containing cylindrical pores (nominally 200 nm in diameter) were employed as the templates for
nanowire growth. Scanning electron micrographs showed that the diameter of the rods made from
these membranes was 370 nm. A thin sacrificial layer (300 nm) of Ag was evaporated onto one
side of the membranes to serve as the working electrode contact. A Pt wire (0.3 mm diameter)
was used as the counter electrode, and a 3-mm-diameter Ag/AgCl (3M NaCl) electrode (BAS)
was used as the reference electrode. Deionized water (18 MΩ cm) purified by a Barnstead
Nanopure system was used in all experiments. Approximately 8-10 µm of additional sacrificial
Ag was electroplated into the membrane at a current of -5 mA to fill the branched section of the
pore. The electrodeposition was done using a Pine Instruments bipotentiostat, model AFCBP1.
Ag, Au and Ru nanowire segments were grown using commercially available plating solutions
obtained from Technic Inc. Ag was electroplated at -5 mA for 50 min; Au was plated at -5mA
for 9 min 20sec; and Ru was plated at -0.65V for 40 min. After electroplating, the nanorod-filled
membranes were immersed in 5M HNO3 to dissolve the Ag sacrificial layer and then immersed in
5 M NaOH to dissolve the alumina membrane. Then the nanorods were centrifuged and rinsed in
deionized water four to six times to remove the remaining NaOH. Following that the rods were
centrifuged and rinsed in pure ethanol solution (ACS/USP Grade) twice to remove the DI water.
After removal of the template, the rods were suspended and stored in ethanol solution.

Multilayer Evaporation Coating
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The AuRu nanorod suspension in ethanol was spin coated onto a premium clean glass
slide by a spin coater at 270 rpm to form a dispersed layer of rods. The rod-coated microslide
was then inspected by optical microscopy to make sure that the rods were coated evenly onto the
glass slide to prevent formation of rod aggregates, as well as to confirm that there was no
contamination from the ethanol coating procedure (Figure 1). The coated glass slide was then
moved into the evaporator for side-coating. The first layer coated was Cr, with a thickness of
10nm. The second layer was SiO2, with a thickness of 50nm. The third layer was Cr again, with a
thickness of 10nm. The fourth layer was Au, with a thickness of 55nm. The final layer was Pt,
with a thickness of 30nm. After evaporation coating, the glass slides were carefully sonicated in a
DI water bath for 3 to 5 min to remove the rods from the glass slide without detaching any of the
Cr/Au/Pt/SiO2 film on the glass that was not attached to the nanorods. The rotors suspended in
DI water were then separated from the glass slides. The suspension was centrifuged in DI water
twice and rinsed with fresh DI water. The rotors were collected and stored as suspension in DI
water.

10 µm
Figure 4.2: Optical image of the AuRu rods spin-coated onto a clean glass slide.
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Characterization
FE-SEM images were obtained with a JEOL 6700F FE-SEM at 5kV, 20 µA.

4.2.2 Observation of the movement of individual microrotors
The movement of the rods in H2O2 solution was observed using a Zeiss-Axiovet 200
inverted optical microscope. A digital camera linked with the microscope was used to record the
results in video format at a rate of 30 frames/s. In a typical experiment, a suspension of the rotors
in aqueous 15 wt % hydrogen peroxide was placed on a circular glass slide (VWR micro cover
glass, 25mm Circle) sealed with a home-made steel chamber (made in Electronic shop) as shown
in Figure 4.3. The trajectory and the rotational speed of the rods were measured by analyzing the
video captured through our microscope setup using PhysVis motion analysis software (Kenyon
College). For purpose of the trajectory tracing, the center of the rods in each frame was chosen as
the tracking point. For the rotational speed, the differences in the directionality of the two ends of
the rods in each frame were recorded and converted to angular difference over a set period of
time.

Chamber

Rods
suspension

glass
Figure 4.3: The experimental setup for observing rod movement (side view)
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To observe the Brownian movement of unpowered rotors, we used the same batch of
rotors, but we recorded their behavior in DI water. We then recorded the Brownian behavior and
compared them with H2O2-activated rotors of similar conditions.

4.2.3 Rotation speed and mechanism
These micro-rods rotated rapidly in aqueous 15% hydrogen peroxide solution. The
rotation rate averaged 180 rpm and the fastest rods rotated at about 400 rpm (Figure 2). This is
consistent with the speed expected for Au-Ru bimetallic rods, which have linear velocities of ~30
µm/s [14]. The velocity at the tip of a 3.5 µm long 180 rpm rotor is 33 µm/s. The direction of
rotation (clockwise or counter-clockwise) was random. Tracking the position of the center of a
rod shows slow Brownian movement (Figure 2c). The microrotor design thus induces fast rotary
movement with relatively little translation.
The design is similar to that of asymmetric bimetallic rods reported by Mirkin and
coworkers [12], except for the following differences: First, the second Au/Pt catalytic bilayer
adds a perpendicular force, which moves the rod towards the center of the orbit induced by the
asymmetric flow. This results in more pure rotary (as opposed to orbital) motion. Also, higher
fuel concentration (15% vs. 3% [12]) drives the rotors fast enough for rotor-rotor interactions to
become apparent. The Au/Ru system have also been shown to have a stronger propulsion power
due to a larger electrochemical potential difference between the two metals in hydrogen peroxide
solution[14]. Another important difference to consider is that the 3-section Au-Pt-Au rod Mirkin
used should actually induce two opposing forces that diminishes the overall rotation based on the
electrohydrodynamic theory. We also added an insulating SiO2 layer between the “side mass” and
the bimetallic rod that restricts both the position of catalytic surface available as well as the
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direction of the electron flow. In the Mirkin system, the “side mass” is a conductive layer of gold
that causes the electron flow
flow and thus the net proton flow to cross the rod at an angle rather than
traveling along the side of the rod as demonstrated in figure 4.1.
1. In other words, the catalytic
system in the Mirkin design is really composed of an L-shaped
L shaped gold segment with a Pt rod
r
embedded.. As noted in the previous chapter, this opposing direction of pumping force will cause
the energy to be “wasted
wasted” in propelling the center of mass and lead to a lower rotational speed.

Figure 4.4: a) Snapshots of a rotor in 15%H2O2. The width of each frame is 8.6 µm, and the rod
is 3.2 µm long; each successive frame corresponds to a time delay of 0.033 s. The rod moves in a
counter-clockwise
clockwise manner; b) Histogram of the speeds of rotors in 15%H2O2; c) rod center
trajectory over 10 sec.
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4.3 Individual rotors and tracer particles

4.3.1 Experimental details and observations
Au tracer particles [0.7µm long, 370nm diameter rods] were grown by electrodeposition
from an Au plating solution (Technic Inc Orotemp 24) at -3.5mA for 6 min,. The rods are freed
through immersing in 1M HNO3 for 20min, then immersing in 0.5M NaOH for 1 hour, followed
by centrifuging and washing in Nanopure water 5 times. The rods are stored in Nanopure water.
SiO2 (1µm and 2µm diameter) tracer particles (Bangs Laboratories, Inc) were centrifuged once
and washed with nanopure water before use. Tracer particles were added in a ratio of 100:1 vs
rotors.
The first thing we observed when we added tracer particles to the catalytic rotor systems
is that the rotational speed dropped significantly, usually down to below 100 rpm. The slow
rotation made the observation of interactions difficult; microscopic observations suggested an
exclusion zone around the rotors [Figure 4.5] but the evidence was not clear or conclusive. In the
case of Au particles, close proximity of rotor and tracer particles eventually led to the formation
of large aggregates. For SiO2 particles, while aggregation was not overwhelming we did notice
that the rotors often slipped under the tracer particles.
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5µm
Figure4.5: catalytic nanorods (4µm long, rotate at a speed of 50rpm) with Au tracer particle
(0.7µm long) in 15%H2O2. There is an estimated ~5 µm radius exclusion zone.

4.3.2 Discussion
The slowing of catalytic rotors and corresponding aggregation was the dominating
observation in the tracer particle experiments. As this is very similar to what we observed when
we had particle or ion contamination within a normal motor suspension, we suspect that similar
phenomena were occurring: the high concentration of additives inevitably resulted in a higher
population of ionic contaminants, even though the same pre-treatment procedure resulted in very
high rotational speeds in other experiments. The large amount of aggregation compared to the
other experiments also fits well with this hypothesis.
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On the other hand, the different behavior of gold tracer particles compared to the SiO2
spheres suggested a number of possibilities: while the “exclusion zone” effect of the rotors on
gold tracer particles is inconclusive, the fact that the particles are generally of a similar size and at
the same height means that we can still observe some degree of direct interaction. The larger SiO2
spheres, on the other hand, had a center of mass that was above the height of the rotors.
Combined with the spherical shape of these particles, this would have caused any forces exerted
by the rotor to induce a vertical upward motion rather than horizontal effects. As such, while
some hint of an exclusion zone also exists for the SiO2 particle system [Figure 4.6], more often
we find that the tracer particles pass over the rotors as the rotors sweep below them.

5µm

Figure4.6: Catalytic nanorotor (4µm long, rotating at 100rpm) with silica microspheres (1µm).

4. 4 Rotor-Rotor Interactions
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4.4.1 Observation of Co-Rotating
Co Rotating Rotor interactions and Compari
Comparison with Unpowered
Rods
To study the interactions of rotors, we chose pairs of rods that had the same length of
3.5+/-0.6µm, were inn close proximity, and had a starting center-to-center
center center distance of about two
body lengths. The speeds of the rotors in these experiments were selected in the 180+/
180+/-90 rpm
range for meaningful
ful comparisons between samples. The minimum distance data were obt
obtained
by tracking and comparing the distance between rods via frame-by-frame
frame
frame measurement. We
compared 30 pairs of samples each from the Brownian and rotor experiments and their minimum
distance data set was compared:
compared

center distance for powered rotors turning in the
Figure 4.7.. Histogram of the minimum center-to-center
same direction in 15% H2O2 (blue) and unpowered rotor (red) interactions. Dashed line represents
the average value for samples of the corresponding color-coded
color
type.
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Whitesides et al. have studied the interactions of macroscopic rotating objects in fluids
and have found that the flows they generate result in attractive and repulsive forces [16, 17]. It is
interesting to consider whether analogous forces might be operative in the low Reynolds number
regime of micromotors, and to ask over what distances they will be larger than Brownian forces.
Figure 4.6 shows tracking data for pairs of rotors that approach each other, along with snapshots
taken at their closest center-to-center distance. In the case of unpowered rods (i.e., catalytic rotors
in water with no fuel added), the particles can approach closely and orient side by side. For
powered, rapidly spinning rods, sideways contact is not possible and the closest possible
approach is at a center-to-center distance equal to the rod length, where the tips collide. Although
such collisions are frequently observed for rods spinning in opposite directions, those rotating in
the same direction approach to a minimum tip-to-tip distance of about 1 µm. A histogram of
many such co-rotating rod pairs (Figure 4.5) shows an average minimum tip-to-tip distance of 0.9
µm for 3.5 µm long rotors with an average speed of 180 rpm.
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Figure 4.8. Two-dimensional
dimensional trajectories of rod pairs and corresponding optical images at their
closest center-to-center
center distances: (a) unpowered rods in deionized water ; (b) rods rotating in the
same direction in 15% H2O2 ; (c) oppositely rotating rods in 15% H2O2. The z axis represents
time, and the x and y coordinates represent
esent the position of the center of each rod.

4.4.2 Observation of Counter-Rotating
Counter
Rotor interactions
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In the case of counter-rotating rotor pairs there were no statistically significant trends
regarding the center to center distance, other than the fact that collision is common. On the other
hand, the possibility of fluid flow or other interactions causing rotational synchronization or
phase-locking is an interesting direction to investigate.

We monitored the rotational speed of two counter rotating rods and the relationship of
speed with their relative distance. From our observations we were not able to say for sure whether
there is a direct relationship between the two: Even though a curve-fitting of the data hints at
increasing speed of the slower rotor as the center-to-center distance decreases, the variation in
absolute speed (likely due to Brownian forces or friction / drag effects) relative to our average
rotational speed produces too much background noise for this result to be statistically significant.
More experiments will be necessary for concrete evidence, and increase in rotor speed would
likely be helpful in studying these interactions.
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Figure 4.9 Relative distance between counter rotating rotors over a 3-second period (top) and the
rotational speed of the two rotors (shown in different colors) over the same period of time. Data
in this Figure was tracked by YoungMoo Byun (Physics department, PSU) through his self-made
software

At the same time, we also analyzed the relative angle of two rotors during this counter
rotating behavior and its relationship with distance: the angle θ of each rod was measured based
on how far a pre-determined end of the rod (chosen arbitrarily) rotated from the center-to-center
axis. To show the progression of the rotation, the “positive” of the measured angle was chosen so
that the angle increased with the rotation of each rod. The data were then analyzed by plotting sin
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θ against time to show an absolute value of the rod’s rotational angle away from the center-tocenter axis and eliminate the artifact of parallel motion when the tips should be too far apart to
affect each other. By doing such an analysis, we should be able to see any effects by comparing
the frequency of convergence around sinθ= 0. As the speed of the slower rotor increased, the
frequency wave pattern of the slower rotor seemed to be more “compressed”, corresponding to
the variation of rotational speed observed above. On the other hand, the overlap of sinθ= 0
points did not show a significant pattern that clearly supports phase-locking behavior. Again, the
window of observation is relatively small for such an observation and for now the results remain
inconclusive.
Scheme 2 illustrates the way that we tracked the relative angle of the two rotors. The
original videos were first loaded into the VirtualDub program (free software from Avery Lee),
exported into sequence of frames, and then manually tracked through ImageJ software (free
software from National Institutes of Health).
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Scheme 2: Method of tracking angular motion between two counter-rotating rods
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Figure 4.10 Relative center-to-center distance between counter rotating rotors over a 3-second
period (top) and the angular alignment of the two rotors (shown in different colors, represented as
sin[θ]) over the same period of time.

4.4.3 Discussion of the mechanism of rotor interactions
Both kinds of apparent interactions (Figure 4.6) between pairs of rotating rods are
interesting. Repulsive interactions between co-rotating rods might be used to form lattices [16],
and attractive interactions could lead to gear-like synchronization of counter-rotating rods.

Shear force argument
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The shear forces between pairs of co-rotating and counter-rotating rods are different and
should cause tip-tip interactions through the fluid. A possible related explanation is the flow –
induced sidestep model. This may be understood in terms of the laminar flow model shown in Fig.
4.11. In the case of co-rotating rods rotating in the same direction, the fluid velocity must be zero
at the midpoint between the rods due to the collision of the two flows. At the tips, the fluid
velocity must be equal to the tip velocity. In such a case, the relative velocity between the two
tips can create a tangential shear stress force whenever Brownian motion causes the two rotors to
come closer than a certain distance, which should push them apart by vertical movement with
respect to the line joining their centers. Since the direction of this Brownian motion is
independent of the change in the relative positions of the rotors, application of the tangential force
essentially allows the rotors to “sidestep” each other and reduce the amount of approach in
center – to – center distance.

Figure 4.11: Schematic drawing of the fluid velocity distribution between tips of microrotors.

For co-rotating and counter-rotating rods, the force of tangential shear stress can be
estimated and compared with the Brownian force. The shear stress on the fluid between the rod
tips is proportional to the gradient of the velocity, as shown in Eqn. 1:

Shear stress = F/A = µ dv/dx

(1)
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Here µ is the viscosity, F is the force, and A is the area of interaction of the two surfaces. For
rods rotating in the same direction, the velocity gradient and the force increase as the rods
approach more closely. In contrast, for oppositely rotating rods the shear stress decreases as the
rotors approach more closely.

It is possible to estimate the magnitude of the force between rotors by considering an
interaction area about 0.4 µm long and 0.4 µm wide, these dimensions being the approximate
diameter of the rods. At a tip-to-tip distance of 1 µm, we obtain a force of ~0.01 pN. For
cylindrical bimetallic nanomotors, this is roughly the propulsion force at which axial propulsion
becomes dominant over random Brownian motion [13].

It is interesting to note the above argument is not affected by the low Reynolds number
environment that often causes challenges in microscale fluidic interactions, mainly because it
conforms to time reversal symmetry. Whitesides et al proposed in their research that to counter
the attraction force their magnetic system induces, a counteracting repulsion force must exist.
And due to the time reversal symmetry argument, the rotating disk system will not provide net
hydrodynamic force against the attraction in a zero-Reynolds-number environment [18]. The
biggest difference between our system and that proposed by Whitesides et al. is that in their
system the collision between objects is mainly due to the constant magnetic force that always
aligns with the center-to-center axis of two rotors, which does not exist in our system. In such a
case, the movement will agree with time-reversal since it involves an up-down motion rather than
an inward or outward motion. That is, if two co-rotating motors approach each other within a tipto-tip distance of 1 µm along the x-axis, they will experience a shear force along y in the range of
0.01 pN. That moves one in the +y and the other in the -y direction, so that their center-to-center
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distance increases. If one reverses the sense of rotation, up becomes down and vice-versa but the
result is the same. Also, since in our case this whole process of the simplified model is fully time
reversible, each segment of the process – the actual Brownian environment induced motion - are
also fully time reversible and thus not restricted by Reynolds number.

Chiral rotor theory
The second intriguing “out” for our system is that catalytic rotors spinning on the surface
of a microscope slide are actually chiral objects when chemical gradients are taken into account.
The time reversal symmetry argument may not apply in such a case, due to the fact that the rotors
are chiral when chemical conditions such as ion concentration and flow differential are taken into
account – i.e. a significant difference between the time-reversed and mirror-reflected rotor exists.
The structure of the equilibrium and non-equilibrium ionic clouds around the rotors is important
to their function, and its asymmetry does make a difference between the time-reversed and
mirror-reflected rotor. The flow produced by one rotor will deform the cloud around the other
and thereby modify the electrokinetic forces. The proton concentration difference at the two tips
induced by the side-selective electrokinetic force, for example, can be significant enough based
on the observed ion pumping in earlier research [8, 14 ,19]. Likewise, a Coulombic (charge)
effect that doesn't reverse under time reversal is an equally valid possibility. Such charging could
introduce chirality into the rotor environment or could create like charge repulsion between the
rods. The second mechanism seems unlikely however as it does not explain in any obvious way
the observed difference between co-rotating and counter-rotating pairs.

Soft collision theory
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Another possibility is the “soft collision” or fluid collision effect, which can also be applied to
our system, where nearby rotors may actually be undergoing intermittent, gentle collisions
governed by non-hydrodynamic forces.. While a fluid flow in a perfectly symmetric, lowReynolds number system cannot repel through “collision” of the circulating fluids due to the low
inertia, the relative velocity between the two tips can create sufficient force and frequency of
collision between the fluid “films” that are held in place on rod surfaces through double-layer
effects and Van der Waals forces that the rotors cannot come closer to each other than a certain
distance. The proximate ends of two co-rotating rotors have a much larger relative velocity than
the proximate ends of two counter-rotating rotors. Also, the typical diffusion distance of the rotor
center across one rotational period is smaller than the rotor length. Hence, the proximate ends of
two co-rotating rotors that happen to diffuse towards each other will engage in multiple weak
non-hydrodynamic near-collisions per unit time which act to keep the rotors apart, whereas the
proximate ends of two nearby counter-rotating rotors will tend to approach more closely before
non-hydrodynamic collision, since the small relative velocity of the proximate tips reduces the
effective collision rate sufficiently to enable them to diffuse a significant fraction of their length
before collision – i.e. for oppositely rotating rods the relative velocity between the tips is much
lower and will not generate as much repulsion force in the fluid, plus the lower fluid collision
frequency allows time for the rods to drift closer together. One thing that must be kept in mind
though, as Prof. Vincent Crespi (Physics department, PSU) has pointed out, is that such an effect
might be viturally indistingishable from very gentle “real” collisions that we may not be able to
see should there be optical distortions that shrink the apprarent size below the physical size. In
this argument, if the optical images of rotor motion underestimate somewhat the actual physical
dimensions of the rotors due to diffraction effects, then the collisions of actual rotors may not be
distingishable from near-collision replusions. However, so far a comparison of still images from
the microscope used to track co- and counter-rotating rods does not suggest any convincing
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source of such optical distortion. Even if the tips of rotating rods are not considered to be welldefined due to loss of microscopic focus, the apparent size of the rods should be larger than their
real size, and the tip-to-tip distance will be underestimated rather than overestimated, making
non-collisions look like collisions rather than the opposite. Therefore, we regard this hypothesis
as unlikely.

Other possibilities
Other possible contributors to the force between rotors are the chemical gradient
generated by the catalytic reaction, chemically generated electric fields, and osmotic pressure[20].
Such effects contribute substantially to the movement of tracer particles in bimetallic pump
systems, as well as diffusiophoresis systems [8]. Along these lines, experiments can be designed
to build a chiral rotor intentionally to purposely separate time-symmetric effects from non-timesymmetric ones. And detailed examination of non-catalytic rotors, such as magnetic systems that
we will describe in the next chapter, can be attempted to differentiate chemical and non-chemical
effects. It should be stressed that a re-design of the rotors is crucial for the in-depth examination
of the system. Finally, as suggested in Whiteside’s experiments, we may be able to induce
different interactions by designing different rotor structures.

4.5 Conclusions

In conclusion, we have designed a new kind of fast catalytic nanorotor, which is about 10
times faster than previous designs. In these trimetallic rotors, force is generated along two axes
that do not intersect at the center of drag. Tracking data of pairs of rotors show that they do
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indeed interact on the length scale of microns, which is consistent with our simple estimate of the
forces on the fluid between tips. The precise mechanism of the interaction is not understood, and
it is not yet clear if chemical gradients also contribute to the forces between catalytic rotors.
Finally, we note by analogy to previous experiments on macroscopic rotors [16,17] that it should
be interesting to design chiral microrotors, which would have a preferred handedness of rotation.
This would allow one to study the cooperative behavior of larger collections of microrotors with
finer control over their interactions.
.
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Chapter 5

Magnetic Nanorotors
5.1 Introduction
In Chapter 4 we discussed the interactions between catalytic rotors and their possible
mechanisms, which involved a number of possible forces affecting each other. The challenge in
such a system is in fact directly related to this interaction of various forces. One of the most
confusing aspects among these influences are those due to the electrokinetic catalytic reactions,
including diffusiophoresis, ionic pumping, and columbic interactions. This group of catalytically
induced forces competes directly with the pure fluid-dynamic forces, which may either induce a
direct repulsion or a tangential force.

A promising alternative system that may provide a clue to this complex system is that of
magnetically-driven microrotors, which have recently been studied as low Reynolds number
“swimmers,”[1, 2] in order to separate pure hydrodynamic effects from the various catalytic
effects described above. The large-scale model of a magnetic microrotor system has already been
attempted by Whitesides as mentioned in Chapter 4 [3, 4] and thus on the macroscopic length
scale the principles are relatively well established. Although it is difficult to compare the effects
of counter-rotators in this case, there are no electrokinetic phenomena and fluid inertial effects are
dominant. [5] Such a system is also less shape dependent, and the speed of the rotors is far easier
to control due to the fact that the rotational force is applied from the outside as opposed to being
generated locally by each rotor. As such, a number of different flow-inducing designs can be
introduced, opening us to possibilities of exploring many different phenomena [6. 7]. The effects
of high rotation speeds can also be investigated by introducing higher angular frequencies.
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On the other hand, with ferromagnetic rods there will be a center-to-center magnetic
attraction between the rotors as in the Whitesides system and balancing it will require a definite
and stronger fluid repulsion force [8, 9]. In such a case, the very weak fluid inertial forces may
not be sufficient to prevent tip collisions [9], and new designs involving chiral rotors or
superparamagnetic segments may be necessary for an observable dynamic assembly behavior.
Despite these restrictions, it is possible to explore the forces involved through magnetic –
nonmagnetic interactions such as tracer particles.

In this chapter, we describe preliminary experimental results obtained with nanorod-type
ferromagnetic rotors. The fabrication and experimental setup are described here, as well as our
results on the behavior of rotors in a SiO2 nanosphere system, large-small rotor interactions,
same-sized rotor interactions, and the formation of multirotor lattices.

5.2 Experimental Section
Magnetic AuNiAu rods were made as follows: the first Au segment (plated from Technic
Inc, Orotemp 24 plating solution) was plated at -3.5mA for 30min; then a Ni segment (from
Technic Inc, (Ready to Use) Nickel Sulfamate Solution was plated at -1.75mA for 3min; the final
Au segment was then plated at -1.75mA for 5min. The rods were freed in 1M HNO3 for 30min,
followed by 0.5M NaOH for 1hour, then centrifuged and rewashed in DI water. The length of the
nanorods was measured from Darkfield optical microscope images at 50X lens using SPOT
advanced software. The rods were stored in DI water. The total length of the AuNiAu nanorods
are 6+/-1µm, with a ~5µm long first segment of Au, ~100nm long Ni segment [10], and a
~300nm long Au cap layer.
The experimental setup for magnetic rotor experiments is shown in Figure 5.1. The
magnetic nanorod suspension was injected into a plastic chamber (PCI-A-1.0: 25cmx25cmx1mm)
that was attached to a blank glass microslide. Then glass microslide was placed on the top of a
magnetic stir-plate. By adjusting the stir rate we could adjust the rotation speed of the magnetic
nanorods. The plastic chamber used for observing the magnetic particles was purchased from
Grace Bio-Labs, CoverWell Adhesive Imaging Chambers PCI-A-1.0. The magnetic stir-plate
used in the setup is Multistirrer MC.301, SCINICS CO., LTD Tokyo, Japan. The magnetic field
strength was 457 Gauss. The frequency range was: maximum: 34Hz, 3/4: 28.3Hz; 1/2: 18.8Hz;
1/4: 8.3Hz; 0: 1.7Hz.
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Figure5.1: the experimental setup for the observation of the magnetic nanorotors.

5.3 Observations and Discussions
5.3.1 Single rotor observations
AuNiAu rods had a length of 5 to 7 µm. Individual Au-Ni-Au rods in DI water behaved
as Brownian rods until the application of a rotating magnetic field, upon which they spun in phase
with the magnetic field. The rods gathered towards the common center of the magnetic field, due
to the fact that the stirring plate is based on a bipolar permanent magnet and the magnetic lines
converge on the two poles; Rotation of such a magnet results in an average magnetic vector
pointing toward the center of magnetic rotation. The average center is not perfect however;
Observations show that near the center, the direction of rotor lateral movement continues to
change.

A challenge in the stirring-plate based design is the high-speed rotation of the nanorods.
While vibration caused by the mechanical rotation in the stirring plate is not apparent at the
macroscale, at the microscale, the vibration causes large lateral movements. This caused
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difficulties in observations of rod behavior and also induced an extra force into the magnetic rotor
system. But in general, the rotational speed of the magnetic nanorods can be much higher than in
catalytic systems: The stable speed range is usually 100 to 600rpm, compared to catalytic rotors
that have an average speed of 180rpm. Above the rotation speed of 1800 rpm however our
observations are not only hindered by vibrations but also by the speed limitation of the camera in
tracking the microscopic movements: The higher rotational speeds in such a case cannot be
effectively be tracked by the slow scanning rate of our CCD camera (the recording limit of the
camera, which captures images at 30 frames/sec). As such, all observations reported below are
based on this speed range unless otherwise noted.

5.3.2 Imaging the movement of fluid around the rotor
We discovered an interesting phenomenon when we added 1µm SiO2 spheres to the rotor
suspension. As mentioned in the previous chapter, the tracer particle experiments with nanorodtype rotors are highly restricted by the size and shape of the rotors relative to the available tracer
particles, especially when SiO2 particles are involved. When the density of the spherical tracer
particles reached the level at which the silica spheres were approaching closed-packed around the
AuNiAu rods, however, their circular motion around the rotors became very apparent. The
tracers essentially behaved as a “nanosphere fluid” circulating around the rotor, driven by rotorparticle interactions [Figure 5.2]. While this does not yet support or disprove models of intertial
fluid interactions between rotors, it provides a visual “map” of the fluid system surrounding the
rotor. It is possible that this mapping can be used more quantitatively to explore different
microscale fluid dynamic systems in the future.
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10μm

Figure 5.2: The surrounding silica spheres were moved in a clockwise direction by the 600rpm
clockwisely rotating magnetic nanorods

5.3.3 Rotor-rotor pair interactions
Observations of the attraction between magnetic nanrod pairs
With a high population of nickel-containing rods that are close to each other in a
magnetic environment, we would expect the magnetization of the ferromagnetic component,
which should result in an overall attractive force between the rods. When we observed Au-Ni-Au
rods that were not rotating and instead undergoing Brownian movement in a static magnetic field,
they did attract each other and eventually aggregated.

0.0s

3.0s

6.0s

7.0s

7.3s

7.4s

10µm

Figure5.3: two AuNiAu nanorods (~6µm) under static magnetic field, no rotation
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Iinteractions of magnetic nanorotor pairs in a rotating magnetic field
When two magnetic rotors of similar sizes approached each other, there were two
patterns of interaction: For rotors with little to no lateral movement, the pair was maintained as
separated rotors without clear collisions or aggregation, depending on the speed of the rotors.
However, we did not see the ~ 1 micron tip-to-tip distance as was observed between co-rotating
catalytically powered rods. When the lateral movement was relatively large, an approach between
two rotors resulted in a high frequency of collision and sometimes aggregation. Usually this
involved two rotors heading in the same direction at different speeds, and the most likely cause of
this speed difference was the difference in distribution of nickel in each rod, which is common
given our fabrication method. This effect was especially dominant when a rotating aggregate
approached a single rotor, where the high-speed aggregate easily “trampled” the slower small
rotor. A notable exception was when two rotors were traveling in a parallel fashion, in which
case we observed multiple cases of possible repulsive trajectory between two rotors: Up to three
“minimal distance” events were observed in one set of rotors before their relative distance
became too large for pairwise interactions [Figure 5.4], even though the number of data points so
far is relatively small due to the low probability of parallel motion in our observations. As such,
the control of magnetic substances during rotor fabrication is essential for future studies.
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Figure5.4: two 5~6 µm long magnetic rods, rotating clockwise at 180rpm. Two “minimum
distance” events are shown in the above image sequences.

Magnetic attraction explains the small tip-to-tip distance and high degree of aggregation
of the rotors: As in the Whitesides experiments, the magnetic system results in a center-to-center
attractive force between pairs of rotors. In such a case the tangential forces caused by the rotating
fluids around the rotor alone will not prevent collisions, and a counteracting center-to-center
repulsive force will be necessary. Since there are no catalytically generated chemical gradients or
charge interactions for a magnetic rotor, the repulsive forces may be smaller, and will be
counteracted by magnetic attractive forces. The presence of the magnetic attactive force implies
that the minimum tip-to-tip distance should be smaller than in the catalytic case when the
rotational speeds are similar. This corresponds with our observation that a higher rotational speed
is required in the magnetic system before any apparent repulsion is observed with co-rotating
rods. Especially when the external magnetic field induces lateral movement, the force involved
will likely be higher than the fluid forces generated by the rotors, so when the movement results
in a collision path any weak repulsion will not be visible. In the special case of parallel movement
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the fluid flow effects can have a larger influence. At present, we do not have an adequate number
of observations of parallel movement in the external magnetic field to analyze the behavior of
magnetic rod pairs statistically.

5.3.4 Multi-rotor lattice formation
When more than two magnetic rotors interact, complex interactions often takes place.
Larger clusters of the rotors collected through the center-pointing magnetic force can be observed
near the magnetic center of the setup. In such a case, shown in Figure 5.5, the center-to-center
distance between the nanorods seemed to increase with increasing rotation speed. At higher
rotation speeds such as 550rpm, the “lattice” formed from evenly-sized rotors did not show
progressive formation of aggregates and tended to have fewer collisions compared to the case
where the speed was lower. This may have the potential to form more structured lattice
assemblies, even though “defects” are abundant. The formation of clusters and defects may be
strongly dependent on the conditions of lattice formation, as they are dependent on crystal growth
rates, temperature, and ionic strength in the formation of colloidal crystals. In the present case,
the formation of aggregates before lattice formation leads to non-uniform distributions of the
rotor size and thus a non-uniform matrix. More experiments involving a uniform population of
rotors will be necessary in order to form and study more uniform, crystal-like lattices.
It should be noted here that despite the lack of quantitative evidence of rotor-rotor
repulsion and the rotor-rotor attraction forces involved, these clusters did not result in the
aggregation of rotors as long as the sizes were relatively uniform and the rotational speed was
enough high (in the case illustrated in Figure 5.5, higher than 200rpm). Below a certain speed, the
collisions between rotors become very apparent, as well as the magnetic aggregation.
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Figure 5.5: AuNiAu magnetic rods (~6µm long) in a rotating magnetic field. The center-to-center
distance seems greater on average in the high-speed case, while there is more aggregation at low
rotation speed and with non-rotating samples.

5.4 Possible future directions
As mentioned in the previous chapter, microscale interactions often involve complex
forces competing against each other, and any improvement in experimental design must first
consider simplifying the system. Since the ferromagnetic design of our system is responsible for
effects such as aggregation, a paramagnetic system may bring improvement to our results. As a
part of earlier research, our previous group member Yanyan Cao had successfully fabricated
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some paramagnetic nanorods by incorporating Fe3O4 nanoparticles in the polymer segment of
polypyrrole-Au nanorods. She and coworkers also showed that this kind of paramagnetic
nanorods can result in guided motion through application of magnetic field. We can apply this
method for our future research. [11]
On the other hand, the magnetic field source also requires improvement, especially if we
are to eliminate unwanted translational movements [12]. A good design would be the coil system
suggested by Prof. Vincent Crepsi in the Physics Department of Penn State: Two pairs of
electromagnetic coils can alternately provide varying degrees of magnetic force so that the sum of
the magnetic vectors will be overall rotating. [Figure 5.6]
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Figure5.6: A setup of electromagnetic coils controlled by a computer allows careful control of
the microbots. It is developed by Metin Sitti of Carnegie Mellon University. Picture is from
http://www.technologyreview.com/blog/editors/23486/

Another important aspect to consider is the design of rotors. As noted in the previous
chapter, fluidic repulsive forces that can counteract magnetic attractive forces are forbidden by
time-reversal symmetry at very low Reynolds number. The design of a chiral rotor would
magnify any fluid intertial effects andwould offer a useful comparison with the non-chiral system
we are currently studying. In time, we may be able to experiment with different rotor designs that
generate different fluid effects much like the Whitesides system [4]
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The nature of the surrounding fluid is another interesting variable worth investigating.
From the shear force model, a change in fluid rheology should lead to a change in fluid behavior
surrounding the rotor. In the magnetic rotor system the driving force is applied from the outside,
and thus the control of rotation is less dependent on the fluid than in the catalytic case. The
possibility of using a “particle fluid” system is especially interesting and can potentially lead to
entirely new research directions.

Finally, the nature of our experiments implies that a better method of observation will be
necessary. Higher magnification microscopy and high-speed cameras are essential for more
detailed research, although other methods such as different tracking molecules / tracer particles
may lead to a clearer picture.

5.5 Conclusions
We have successfully constructed a microscale magnetic rotation system using
ferromagnetic nanorods and a mechanically rotating magnetic field source. Fluid interactions
have been observed between rotors, and the formation of matrix with the potential to form
ordered lattices has been observed when a collective force is applied. No quantitative evidence
has been found for rotor-rotor or rotor-tracer repulsions, although repulsions are suggested the
difference in behavior between rapidly and slowly rotating collections of rotors, and by the
behavior of rotor pairs that undergo parallel motion in the inhomogeneous applied field. Future
directions for this research should include improved non-mechanical magnetic field sources as
well as chiral rotor designs.

100
5.6 References
(1) Ghosh, A.; Fischer, P., Nano Lett. 2009, 9(6), 2243-2245
(2) Tierno, P.; Johansen, T.H.; Fischer, T.M. J. Phys. Chem. B. 2007, 111, 3077-3080
(3) Grzybowski, B. A.; Stone, H. A.; Whitesides, G. M. Nature 2000, 405, 1033
(4) Grzybowski, B. A.; Whitesides, G. M. Science 2002, 296, 718.
(5) Ryu, K.S.; Shaikh, K.; Goluch, E.; Fan, Z.; Liu, C. LabChip, , 2004, 4 , 608 – 613
(6) Garstecki, P.; Tierno, P.; Weibel, D.B.; Sagues, F.; Whitesides, G.M. J. Phys.: Condens.
Matter. 2009 21, 204110-204117
(7) Eric E. Keaveny and Martin R. Maxey Physical Review E. 2008, 77, 041910
(8) Grzybowski, B.A.; Jiang, X.; Stone, H.A.; Whitesides, G.M. Physical Review E. 2001, 64,
011603
(9) Grzybowski, B.A.; Stone, H.A.; Whitesides, G.M. PNAS , 2002,99, 4147–4151
(10) Kline, T, R.; Paxton, W.F.; Mallouk, T.E.; Sen,A. Angew. Chem. Int. Ed. 2005, 44, 744-746
(11) Dhar, P.; Cao, Y.; Kline, T.; Pal, P.; Sqyne, C.; Fischer, T.M.; Miller, B.; Mallouk, T.E.; Sen,
A.; Johansen, T.H. J. Phys. Chem. C, 2007, 111, 3607-3613
(12) B. Kavčič, D. Babič, N. Osterman, B. Podobnik, and I. Poberaj, Appl. Phys. Lett. 2009, 95,
023504

Chapter 6

Conclusions
We have discussed in this thesis the principles of catalytic nanomotors, including their
mechanisms of their movement and pairwise interactions. We applied this knowledge to the
design of new motor systems that have controlled speeds and sizes, and those that have rotational
motion instead of translational motion.

In Chapter 2, we verified the dominant role of electrokinetic propulsion for bimetallic
nanomotors and pumping systems through two sets of experiments [1]: The first approach is the
mixed potential method, which is based on the potential difference between half reactions
occurring at the two different metal sites. Our observations of the mixed potentials versus the
speed and direction of the motors provide very strong support for the bipolar electrochemical
propulsion mechanism in the case of bimetallic nanorods. This mechanism faithfully predicts the
direction of motion for all electrochemically stable combinations of metals that were measured, as
well as the fluid flow direction in pumping systems. The second piece of evidence supporting the
electrokinetic model is the absence of propulsion for catalytic nanorods that are electronically
resistive. Our results have shown that even with a highly efficient catalyst such as catalase,
powered movement does not occur as a simple consequence of oxygen evolution at one end of the
nanorod. We also proposed several new fuel systems based on the electrokinetic model for
nanorod propulsion.

In Chapter 3, we described the fabrication of micromotor systems based on the
lithographic methods, which provided possibilities for new nanomotor designs in the lower
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micron size range. Our first experiment was to construct the 16 x8µm size analogs of bimetallic
nanorods, using a “nanoraft” approach. We successfully constructed robust bimetallic nanorafts,
and movement in hydrogen peroxide systems was observed. We then moved to designs that
caused an imbalance in forces, so as to induce rotational movement. The result was a 10x8µm
catalytic rotor that had a stable rotational speed in hydrogen peroxide solutions [2]. The direction
of rotation was consistent with the electrokinetic model for propulsion.

In Chapter 4, we expanded on the force imbalance principle and constructed improved
nanorotor based on bimetallic nanorods, which we used to observe the interactions between
nanoscale rotating objects [3]. The first part of this study involved the improved design of
nanorod rotors that aimed at a more efficient high-speed rotation through the positioning of the
electron flow path and thus the overall torque. This new design resulted in a tenfold higher
rotational speed than the fastest previously reported catalytic rotors [4]. The second part of this
chapter involved the observation of interactions between rotor pairs, including co-rotating and
counter-rotating cases. We discovered that co-rotating rods displayed a mutual repulsion at short
range, while the counter-rotating and unpowered rods did not. We identified several possibilities
for the mechanism of repulsion, although the system remains somewhat mysterious because fluid
inertial forces are expected to be negligible on this length scale.

In Chapter 5, we focused on one possible contributing effect to the rotor repulsion
described in the previous chapter, which is the induced-flow effect, by designing non-catalytic
magnetically driven rotors. We first made nickel-containing rods that are known to orient in a
magnetic field, and we observed their movement in a rotating magnetic field. The result was a
variable-speed rotating nanorod system in which all rotors were in phase. Following that we
studied the interactions of the rotors under various conditions, and we concluded when two or
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more rotors are in close proximity and with small field-induced relative translational movement,
some repulsion between the rotors was suggested despite attractions between the magnetic rods.
These preliminary observations support the fluid flow interaction force model.

In summary, our studies so far have demonstrated the important role of the bipolar
electrokinetic mechanism in powering catalytic motor systems. Based on our understanding of
this mechanism, we have expanded the range of motor systems by changing the size, shape and
component materials. We have also observed the interactions between pairs of rotational catalytic
micromotors and magnetic micromotors, and their behavior gives us some insight into fluid
interactions that can lead to rotor repulsion. We believe that continued study of these and related
catalytic motor systems will lead to a deeper understanding of the interactions between micronscale objects in fluids, and to better insight into the design of new generations of nano- and
micromotors for various applications.
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