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Introduction

Control over the movement of matter on the micron, submi-
cron, and nanometer length scales is an important objective
in science and engineering. There is a practical motivation
for studying this problem, because it would be desirable for
many applications to be able to make tiny machines of dif-
ferent kinds. However, scaling of conventional machine de-
signs to micron and submicron dimensions, and providing
these machines with power are both daunting tasks. There is
also a fundamental reason for attaining a better understand-
ing of the principles that govern motion on the micron and
nanometer regimes in fluids. Although many of these princi-
ples are fairly well understood in general, some specific
questions about the mechanisms of cell motility, biologically
derived molecular motors, and interfacial phenomena

remain unanswered. While there have been several impor-
tant advances and discoveries in each of these areas, the
ability to artificially stimulate and control the movement of
individual small objects dispersed in fluids remains a rela-
tively unexplored problem at the interface of many disci-
plines. Solutions to this problem would accelerate scientific
achievement in a variety of fields including biology, medi-
cine, and emerging nanotechnology.

Biological systems produce the smallest and some of the
most complex motors known. These protein nanomotors
provide the forces that perform many important biological
functions that include ATP synthesis, bacterial motility, cell
replication, intracellular transport, and skeletal muscle con-
traction.[1] Some of these biologically derived motors have
been studied extensively as researchers develop useful appli-
cations and seek to understand the mechanisms by which
they operate. While the mechanisms vary, a common princi-
ple is the use of catalysis to convert the chemical free
energy of the environment into useful work. Although the
work of these motors is coordinated through complicated
mechanistic pathways, individual protein motors are able to
harvest local chemical energy independent of one another
and operate autonomously.

In contrast, most nonbiological approaches to moving
small objects through fluids involve externally applied fields
generated from macroscale sources. Several types of fields
have been used in this manner including magnetic,[2,3] elec-
tric,[4] thermal,[5–7] and concentration fields.[8–10] While mag-
netic field gradients act on the body of a magnetic particle,
electric, thermal, and concentration fields act on the interfa-
cial region between a particle and the fluid to induce trans-
lational movement relative to the surrounding fluid. Ander-
son7s review of these interfacial forces includes relationships
for the observed velocity of a particle moving in response to
linear external fields.[11] These types of field-induced move-
ment require either macroscale power supplies or external
chemical reservoirs in order to maintain fields sufficient to
move small objects. In addition, field-induced effects act on
all objects within the field, resulting in an ensemble behav-
ior of similar suspended particles, rather than particles
moving independent of one another. These two characteris-
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tics make field-induced movement of particles an efficient
strategy for sorting of particles based on their behavior in
an applied field, but unattractive for synthetic autonomous
motors.

An interesting question arises when we consider a particle
that creates its own gradient by using the chemical free
energy of its environment. Macroscale examples of this type
of phenomenon are well known, for example, the spontane-
ous movement of a camphor scraping on water.[12,13] Motion
in this case is attributed to the asymmetric dissolution of
camphor in water resulting in a concentration-gradient-in-
duced surface stress. Sano et al. studied the behavior of mer-
cury drops in acidic potassium dichromate solutions,[14] at-
tributing the observed motion to an asymmetric interfacial
tension gradient caused by the reaction of a mercury drop
with the oxidizing solution. More recently, Whitesides et al.
have used a platinum catalyst to drive millimeter-scale plas-
tic disks across a hydrogen peroxide containing water sur-
face,[15] and Mitsumata et al. demonstrated the use of chemi-
cal-gradient-based motion to fabricate a motor powered by
the dissolution of a solvent in an aqueous solution.[16] In
each case, spontaneous motion was induced by gradients,
which were generated by an interaction of the object with
its surroundings.

Each of the above examples are the result of chemical or
physical reactions in which the moving object supplies the
necessary “fuel” required to induce movement, the excep-
tion being the Whitesides experiment for which a catalyst
was used as the “engine”. Catalytic engines are attractive
for nanoscale devices, because they circumvent the need for
the moving object to store required fuel “on board”, instead
allowing the chemical free energy of the system to be re-
leased at spatially-defined catalytic sites. As a result of these
localized areas of activity, catalyst particles naturally create
chemical gradients due to the consumption of reactants and
appearance of the products at the particle/fluid interface. In
the case of a symmetrical particle, the net force due to gra-
dients generated by the particle essentially cancels out by
symmetry. On the other hand, the active site of an asymmet-
ric catalytic particle (e.g., one that is catalytic on only one
side) creates a gradient by reacting with a substrate “fuel”
that is supplied locally. The resulting gradient can then act
on the noncatalytic surface of the particle to produce
motion.

Proof of Concept

We have demonstrated this concept by using asymmetric
catalytic particles to self-generate gradients capable of in-
ducing movement, using the platinum-catalyzed decomposi-
tion of hydrogen peroxide as the principal reaction.[17] We
electrochemically fabricated metal nanorods consisting of a
platinum and a gold segment (Figure 1) that move in their
axial direction at speeds up to 30+ microns per second
when placed in hydrogen peroxide solutions. Interestingly,
these nanorods move with the platinum end forward, which

is in contrast to the direction of motion in the macroscale
experiment of Whitesides et al, in which the platinum cata-
lyst providing the propulsive force was at the trailing end of
the moving object.[15] Movement along the long axis of the
rods is expected because the catalytic reaction results in an
asymmetric concentration gradient along the noncatalytic
end of the rod. In addition to the observed linear motion of
individual rods, aggregates of two or more rods typically ex-
hibit rotational motion. This rotational behavior was ob-
served for platinum–gold rods (Figure 2; see also Supporting

Information from reference [17]), and subsequently for
nickel nanorods by Ozin et al.[18] Although the decomposi-
tion of hydrogen peroxide results in the formation of
oxygen gas, bubbles typically do not nucleate on the smooth
metal surfaces of the rods, allowing us to observe their
movement directly by optical microscopy.

By comparing the hydrogen peroxide concentration to the
average observed rod velocity, we confirmed the relation-
ship between the two (Table 1). Furthermore, we found that

Figure 1. Platinum/gold nanorods composite: Top: Schematic of a plati-
num/gold nanorod (from reference [17], Copyright 2004 American
Chemical Society). Bottom left: An optical micrograph (500I) of a plati-
num/gold rod. Bottom right: Transmission electron micrograph of a plati-
num/gold rod.

Figure 2. Cooperative rotational motion of T-shaped assemblies of plati-
num/gold rods in 2.5% aqueous hydrogen peroxide.[17] Each frame repre-
sents 0.1 s, and the assembly rotates approximately once per second. Sim-
ilar rod rotors have recently been reported by Ozin et al.[18]
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the experimental rate of oxygen formation from 3.7% hy-
drogen peroxide was approximately 1/2000 of the limit im-
posed by the hydrogen peroxide diffusion rate, implying
that the rate of oxygen production is limited by the surface
area of the catalytic platinum segment.

Mechanism

While it may make intuitive sense that a particle with chem-
ical reactions taking place asymmetrically on its surface
would exhibit self-propulsion, the mechanism by which
chemical energy is converted to mechanical energy is less
obvious. Although it is tempting to attribute the movement
to a single source, it is possible that there may be several co-
operating and even opposing effects that result in the ob-
served movement. An examination (and estimation, where
possible) of these effects should allow us to determine the
primary factor(s) responsible for the observed self-propul-
sion of bimetallic rods in hydrogen peroxide solutions. It
could also in principle allow one to design catalytic nanomo-
tors that are propelled by different mechanisms. We have
explored a number of possibilities, including: differential
pressure, diffusiophoresis, interfacial tension, and self-elec-
trophoresis.

From the balanced equation for the decomposition of hy-
drogen peroxide, 2H2O2!2H2O+O2, the stoichiometric
ratio of products to reactants is 3:2. Because this reaction is
fast and takes place only on one end of the rod, it is con-
ceivable that the increase in number of molecules on the
catalytic end of the rod could lead to pressure-driven flows,
pushing the particle from the region of high pressure (cata-
lyst end) to low pressure. However, this pressure-driven or
“thrust” mechanism cannot be the dominant propulsive
force, because the pressure gradient described would push
the rod towards the gold segment, which is opposite to the
movement observed.

Although a pressure gradient is unlikely to be the primary
effect, a concentration gradient would certainly be establish-
ed. It is well known that chemical, temperature, or other
gradients can induce phoretic movement of a colloidal parti-
cle, and the resulting slip velocity exhibited in these systems
can be described as a product of some constant (b) and the
undisturbed gradient (5Y1). Our experiment most simply
and closely resembles a diffusiophoretic system,[11] and we

considered the effects of a gradient of neutral solute mole-
cules (O2) in generating forces along the axis of the rods.
For diffusiophoretic systems we can write Equation (1) in
which KL* is a parameter describing the characteristics of
the solute.

b ¼ kT
h

KL* ð1Þ

By modeling the dioxygen molecules as hard spheres, this
product can be estimated by Equation (2) in which a is the
radius of the dioxygen molecule (~1I10�10 m).

KL* ¼ � a2

2
ð2Þ

The oxygen concentration gradient, dc/dx, was estimated
from Fick7s law for mass flux [Eq. (3)] in which J is the sur-
face-normalized oxygen evolution rate (~7.7I
10�4 molO2m

�2, based on measured 9.7(4)I10�16 molO2s
�1

per rod and a platinum segment surface area of 1.3I
10�12 m2) and D is the dioxygen diffusion coefficient (2.42I
10�5 cm2s�1) to give a concentration gradient at the surface
of the rod of �3.2I105 molO2m

�4 (�3.2I10�3 molO2cm
�4).

dc
dx

¼ � J
D

ð3Þ

Using the expression for slip velocity due to diffusiopho-
resis, the predicted velocity is 4 nms�1 along the O2 gradient.
Thus, the diffusiophoretic model predicts a velocity much
smaller than that observed and in the wrong direction.

Interfacial tension gradients that arise in response to tem-
perature or chemical gradients offer another interesting pos-
sibility. The decomposition of hydrogen peroxide is exother-
mic (DHo on the order of �200 kJmol�1), creating both
oxygen concentration and thermal gradients. Because the
source of the gradients is the rod itself (i.e., the platinum
end of the rod), the gradients that act on the length of the
gold end are continually re-established as it moves through
solution as long as hydrogen peroxide is present. An impor-
tant question is whether or not the minute changes in tem-
perature and chemical composition are sufficient to generate
the forces necessary to move micro- and nanoscale objects.
The force impelling the rods is balanced by the drag due to
movement through a viscous fluid and may be estimated
using Stokes drag law for a cylinder[19] [Eq. (4)], which pre-
dicts an opposing propulsive force of ~0.048 pN for a 2 mm
long rod moving 10 mms�1.

Fdrag ¼
2pmL

ln
�

2L
R

�
�0:72

v ð4Þ

The work due to changes in interfacial tension or surface
expansion can be expressed in terms of surface area (s) and
interfacial tension (g) [Eq. (5)].

Table 1. Effect of aqueous H2O2 concentration on the movement of 2 mm
long Pt/Au rods. Concentration of rods: 3.3I107 rodsmL�1. Error limits
represent 90% confidence interval.

H2O2

[wt%]
Speed
[mms�1]

Directionality
(t=0.1 s)

Axial velocity
[mms�1]

4.9 7.7�0.9 0.78 6.6�1.0
3.3 7.9�0.7 0.75 6.6�0.7
1.6 5.6�0.6 0.65 4.0�0.8
0.33 4.9�0.3 0.60 3.4�0.4
0.031 3.9�0.5 0.19 0.9�0.4
pure water 3.7�0.3 0.07 0.4�0.1
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dW ¼ g ds þ dg s ð5Þ

Because the surface area of the particle is constant, we
can neglect the first term. By symmetry, g only changes in
the x direction (along the length of the rod) and the force
on a thin slice of the cylinder with circumference 2pR and
thickness dx is given by Equation (6), which can be integrat-
ed to give Equation (7).

dF ¼ dg
dx

2pR dx ð6Þ

F ¼
Z

dg
dx

2pR dx ¼ Dg 2pR ð7Þ

(Note that this neglects the surface area of the rod ends
which accounts for <10% of rod surface area.) Using this
expression, the interfacial tension difference required to bal-
ance the drag force based on experimental data (R=

185 nm; F=0.048 pN) is 4.1I10�5 mNm�1. Thus an interfa-
cial tension difference of only 4.1I10�5 mNm�1

(0.041 pNmm�1) is sufficient to move a rod through solution.
While it is experimentally very difficult to measure the

relevant solid–liquid interfacial tensions present in our
system, an order of magnitude approximation can be made
by what we do know about temperature and chemical com-
position effects on the interfacial tension at the liquid–vapor
interface. The chemical gradient present arises from the bal-
ance of oxygen production and diffusion, and may be esti-
mated by solving the convection–diffusion equation for our
system.[17] The resulting concentration difference from one
end of the rod to another may be written as Equation (8) in
which S is the surface normalized oxygen evolution rate, R
and L the rod radius and length, and D the diffusion coeffi-
cient of oxygen.

DC 
 SR
2D

ln
�

L
2R

�
ð8Þ

This concentration difference can be related to interfacial
tension as the mole-fraction-weighted average of the compo-
nent interfacial tensions[20] [Eq. (9)].

gAB ¼ gAcA þ gBcB ð9Þ

As noted above, the interfacial tension difference need
only be 4.1I10�5 mNm�1 (0.041 pNmm�1) to provide the
necessary force. Using the linear approximation for interfa-
cial tension, and taking the interfacial tension of oxygen gas
to be ~0, this corresponds to a concentration difference of
3.1I10�5

m. Based on our observed oxygen evolution rate
and the dimensions of our rods, the molar concentration dif-
ference is 6.6I10�5

m over 1 mm for rods in 3.7% hydrogen
peroxide, which is sufficient to produce force of the appro-
priate magnitude. By contrast, modeling the temperature
flux from the platinum surface with the convection–diffusion
equation, the thermally induced change in interfacial tension

generates a net forward force on the order of 10�4 pN; that
is, two orders of magnitude smaller than that required to
balance the drag force.[17]

According to the chemical (O2) gradient-induced interfa-
cial tension effect, the steady-state velocity for bimetallic
rods with large aspect ratios L/2R>5 should scale approxi-
mately as Equation (10) in which S is the surface area nor-
malized oxygen generation rate, g is the solution-solid inter-
facial tension, m is the viscosity, D is the diffusion coefficient
of oxygen in water, R is the radius, and L is the length of
the rod.

vz /
SgR2

mDL
ð10Þ

The interfacial tension may be modified by adding anoth-
er miscible component, such as ethanol, to the system. In
addition to changing the tension of the fluid at the liquid–
vapor (and presumably the liquid–solid) interface, ethanol
also affects the oxygen evolution rate, but the rod velocity
should scale as the product of these two parameters.
Figure 3 shows a plot of average velocity versus the product

Sg for a sample of rods solutions of hydrogen peroxide in
ethanol–water mixtures. The plot is linear, as expected from
Equation (10). The addition of ethanol also affects m and D,
but according to the Stokes–Einstein equation the product
of these two parameters is approximately constant, and thus
these two effects balance each other.

While the interfacial tension effect described above pre-
dicts force of the appropriate magnitude, it does not address
the direction of rod movement. If this effect is responsible
for the observed movement, a hydrophilic rod should move
down the interfacial tension gradient in order to minimize
the surface free energy of the system. The fact that the rods
move with their platinum ends forward suggests that the sur-
face free energy is minimized as the gold end “swims” up
the oxygen concentration gradient, which in turn suggests

Figure 3. Plot of speed versus Sg. The effect of ethanol on axial velocity
(vz), whereby vz is plotted versus the product of oxygen evolution rate
per rod (S) and solution surface tension g (from reference [17], copyright
2004 American Chemical Society).
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that the gold is hydrophobic. The hydrophobicity of the gold
may arise from surface impurities[21] or nanoscopic air cavi-
ties pinned to the surface of the gold, as reported in the lit-
erature.[22,23] Atomic force microscopy images of platinum/
gold particles in pure water confirm the presence of nano-
bubbles and explain the direction of movement.[17]

Self-Electrophoresis

One final possibility currently under investigation is that of
self-electrophoresis, which could result from electrochemical
hydrogen peroxide decomposition at both the platinum and
gold ends of a moving rod. This problem is similar to that of
a hypothetical biological cell that uses active transport to
pump ions (or neutral solute) into the cell on one end and
out at the other, an idea considered theoretically by Ander-
son[11] and by Lammert et al.[24] Such a cell would be capable
of maintaining a dynamic electric field (and/or concentra-
tion gradient) tangential to the cell surface. This gradient
would be superimposed over the cell7s equilibrium double
layer by the continuous pumping of ions. Ions (or solute) in
the double layer would migrate in response to this dynamic
electric field, resulting in fluid flow in the interfacial region
between the cell membrane and the surrounding fluid and a
corresponding slip velocity.

Similarly, a conducting colloidal particle that catalyzes an
oxidation reaction on one end and a reduction reaction on
the other would generate its own ion gradient. Consider an
asymmetric conducting particle with two ends that catalyze
two different electrochemical half reactions under acidic
conditions[25] [Eqs. (11) and (12)], such that both oxidized
and reduced species are neutral, E1 + E2 is positive (i.e. ,
the reaction is spontaneous), and the overall reaction on the
particle surface is fast (Figure 4).

Ared ! Hþ þ e� þAox E1 ð11Þ

Box þHþ þ e� ! Bred E2 ð12Þ

Note that the reaction would proceed with a flux of elec-
trons inside the particle, as well as the migration of protons

outside the particle from one end to the other. In this way,
the particle effectively acts as a short-circuited galvanic cell
with the electron current (and corresponding ion current)
being driven thermodynamically by the net reduction of
chemical free energy.

From the balanced half-reactions, the electron current
through the particle is equal to the ion current in the fluid
surrounding the particle, ie�= iM+�iX� , and the related cur-
rent densities are then given by J= ie�/Aflux, in which Aflux is
the cross-sectional area through which the electrons or ions
flow. This area for the electron flux is the cross-sectional
area of the particle, and the ion flux primarily occurs in the
electrical double layer surrounding the particle in water
(Figure 5), the thickness of which is given by the Debye
length [Eq. (13)].

lD ¼ 9:61� 10�9

ðIcÞ1=2 ð13Þ

Here I is the ionic strength of the solution and c is the
molarity of the dilute electrolyte solution in molm�3. The
electric field (E) generated by the flux of electrons or ions
(J) can then be estimated from Ohm7s Law, E=J/s, in
which s is the conductivity of the charge transport medium.
The conductivity of the particle itself is very high
(>105 Sm�1 for a metal particle), but the double-layer con-
ductivity is much smaller (<10�5 Sm�1),[26] meaning that the
electric field established in the particle double layer can be
up to 1010 times greater than that in the particle itself.

Because the ions in the double layer migrate with respect
to the particle surface in response to this self-generated
electric field, by Galilean invariance the particle moves with
respect to the fluid. As in the case of external electrophore-
sis, the observed slip velocity would be a linear function of
the electric field, which is a function of the current in, and
conductivity of, the interfacial double-layer region. Assum-
ing classical behavior, the particle should migrate in its self-
generated electric field according to the HPckel equation
for electrophoretic slip velocity in the limit of large Debye
length [Eq. (14)].

Figure 4. Redox active particle capable of generating its own electric
field. Species A is catalytically oxidized on one side, generating a proton
and an electron that are consumed when B is catalytically reduced on the
opposite side. The asymmetric production and consumption of ions re-
sults in a concentration polarization induced electric field driven by the
net reduction of free energy. Ions adjacent to the surface migrate in re-
sponse to the electric field.

Figure 5. The flux of electrons (e�) through the particle with cross sec-
tional area with radius (R) is balanced by the flux of ions (H+) through
the double layer with thickness lD on the outside of the particle.
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v ¼ 2
3
e0ezEx

m
ð14Þ

Furthermore, the electric field parallel to the particle sur-
face (Ex) can be written in terms of the ion current density
and the two-dimensional double-layer conductivity. Assum-
ing that the dominant charge carriers are cations in the
double layer adjacent to the negatively charged metal sur-
face, we obtain Equation (15).

v ¼ 2
3
e0ez

m

JMþ

Ksd
l

ð15Þ

Using this relation, a particle with a zeta potential of
�40 mV requires an ion current density of only 5I
10�4 mAcm�2 to move 10 mms�1. Thus, electrohydrodynamic
fluid pumping due to a catalytic redox couple can in princi-
ple propel a rod through solution.

Designing particles with orthogonal but complementary
redox properties presents an interesting challenge. One end
of the particle would have to be an efficient oxidation cata-
lyst, but an inefficient reduction catalyst. The reverse would
be true for the other end (i.e., a good reduction and a poor
oxidation catalyst), and the two catalytic ends would need
to be in electrical contact with one another through the par-
ticle to allow current to flow. Finally, the reaction would
need to be fast enough to generate field strengths necessary
for particle movement. By the HPckel approximation, the
electric field required to move a micron-sized colloidal par-
ticle with an electrokinetic zeta potential of �40 mV in pure
water at a speed of 10 mms�1 is on the order of 500 Vm�1.
However, electric fields scale with length, and a 500 Vm�1

field corresponds to a potential difference of only 0.5 mV
over a 1 mm long particle.

Reactions that meet the above criteria may be found in
the fuel cell literature, such as the electrochemical oxidation
of hydrogen or methanol coupled with the reduction of
oxygen; this reaction proceeds at relatively moderate tem-
peratures and pressures.[27] Although a platinum catalyst can
be used as both the anode and the cathode, recent advances
have used Pt alloys to optimize either the anode or cathode
efficiency. For example, Pt/Co and Pt/Pd alloys are more
active for the reduction of oxygen than platinum alone.[28,29]

Conversely, Pt/Ru catalysts exhibit higher activity and
longer lifetimes than platinum alone when used as a hydro-
gen- or methanol-reducing catalyst,[30] and electrodeposition
of these platinum containing alloys has been demonstrat-
ed.[31,32] Approaches to alloy formation may then be applied
to template-based methods to fabricate metallic nanorods
with alloy segments and tested for motility in fuel solutions
by means of optical microscopy. Work is currently underway
to explore these and other possibilities.

While the speed of Au/Pt nanorods propelled in this
manner is comparable to that of flagellar bacteria, the
energy conversion efficiency of the former is very small (on
the order of 10�9).[33] In contrast, biological energy transduc-
tion is quite efficient, often greater than 50%. While biolog-

ical motors use less exoergic reactions, such as ATP hydroly-
sis, the main reason for their efficiency is the intimate,
atomic-level mechanical coupling of the catalyst with the re-
actants/products. We believe that energy conversion efficien-
cies orders of magnitude higher than that of the Au/Pt nano-
rod–H2O2 system could be achieved by bearing this principle
in mind. This is an exciting prospect because even the very
inefficient energy conversion we have so far achieved is ca-
pable of generating forces that can turn gears and outrun
certain unicellular organisms. Increasing the efficiency by
even two orders of magnitude (to 10�7) would give us much
faster motion on the bacterial-length scale, and would allow
us to make much smaller nanomotors according to the scal-
ing law in Equation (10).

Current and Future Work

Because small, moving particles are subject to rotational
Brownian motion, the movement of catalytic particles due
to self-generated gradients is unidirectional, but still some-
what random. In addition to inducing movement, control
over the direction this motion is important for developing
functional devices. One approach to harnessing the catalyti-
cally induced movement of nanorods is to use externally ap-
plied magnetic fields. Segments of magnetic metals are
easily incorporated into electrochemically grown nanorods,
allowing one to fabricate particles that are both catalytically
and magnetically active. Kline et al. demonstrated this by
making platinum/gold rods that included nickel segments,
which were subsequently magnetized (Figure 6).[34] These
particles exhibited normal autonomous movement in hydro-
gen peroxide solutions, but they also oriented in, and moved
perpendicular to, an applied magnetic field. Manipulation of
the applied field allowed the nickel-containing rods to be re-
motely steered through the solution with micron-scale preci-
sion. Because the rods oriented and moved perpendicular to
the magnetic field, this field served only to align the rods
and not to provide an additional propulsive force. Thus the
rods were driven by the catalytic decomposition of hydrogen

Figure 6. Platinum/gold rods with short, magnetized nickel segments
(length < diameter). A) These rods move autonomously in hydrogen
peroxide solution, but are still subject to rotational thermal energy result-
ing in autonomous but undirected motion. B) When an external magnetic
field is applied, particles align and move perpendicular to the applied
field. The particles are driven by the catalytic decomposition of hydrogen
peroxide and directed by the application of an external field (from refer-
ence [35]).
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peroxide and were remotely steered by the externally ap-
plied magnetic field.

Another approach to controlling the movement of catalyt-
ic objects is to design rotary motors that could be harnessed
to drive an array of gear assemblies. Catchmark et al. have
fabricated 150 mm diameter gold “gears” with platinum de-
posited on one side of each tooth (Figure 7).[35] These gears
rotate once per second when placed in dilute hydrogen per-
oxide solutions, which corresponds to a linear speed of
~390 mms�1. These gears may ultimately be attached to a
surface-bound shaft adjacent to other structures to provide
useful work.

These demonstrations of autonomous motion of catalyti-
cally asymmetric objects represent an effort to understand
and induce movement on the microscale. Although the ex-
amples above use platinum as the catalyst, other hydrogen
peroxide decomposition catalysts, such as nickel,[18] exhibit
the same effect. In principle, any reaction that occurs on
asymmetric catalytic particles will also result in gradients ca-
pable of inducing particle movement. This has some inter-
esting implications for bionanotechnology, because enzymes
asymmetrically bound to small particles (or expressed asym-
metrically on cell surfaces) could induce gradient-based mo-
tility. Photocatalytic reactions could also be incorporated
into these systems to allow the motility of particles to be
turned on and off with an external light source. Finally, poly-
merization catalysts immobilized asymmetrically on a micro/
nanoparticle surface could impel the particle through solu-
tion, mimicking the actin polymerization-based motility of
lysteria[36] and other nonflagellar motile bacteria.

One fascinating aspect of independently moving small ob-
jects is that they provide the first synthetic analogues of
motile bacteria. The movement of platinum/gold rods in hy-
drogen peroxide bears a striking resemblance to nonflagellar
swimming synechococcus cyanobacteria,[37] and the magnetic

moment of nickel-containing motile nanorods are on the
same order as that of magnetotactic bacteria (~1I
10�15 Am2).[34,38] These synthetic analogues may allow re-
searchers to explore aspects of cell motility and chemotaxis
by subjecting the more robust inorganic moving particles to
a wider range of experimental conditions than are possible
with living cells. For example, the chemotactic responses of
E. coli and related multiflagellar bacteria involve a
“memory” effect of a few seconds that increases the time
between directional changes as the bacteria swim into a che-
moreceptor concentration gradient.[39] In the inorganic
system, this memory effect might be mimicked by the slow
adsorption/desorption of a catalyst inhibitor, and parameters
such as temperature could be changed to study the kinetics
and thermodynamics of the process. It is interesting to note
that it is possible to make controlled aggregates or “rafts”
of metallic nanorods through different techniques such as
magnetic aggregation,[40] linking with DNA,[41] or noncova-
lent assembly.[42] With these rafts, chemotactic “steering”
might be possible, as illustrated in Figure 8.

In addition to providing a robust synthetic analogue of
motile bacteria, nano/micro objects designed with gradient-
generating catalysts as the motors could perform a variety
of useful functions. At this point it is quite possible to drive
a micron-sized motor to a microscopically specific location,
the propulsion arising from the catalytic motor and the di-
rection being controlled by magnetism.[34] These motors
could be designed with functional regions to analyze their
environment, shuttle cargo to and from specific areas, or as-
semble and disassemble nanostructures. One could envision
a biologically compatible motor equipped with a sensor to
determine information about its immediate environment, or
one that could perform microsurgical operations such as re-
moving cancerous cells at or delivering medicine to precise
areas of a living organism.

Figure 7. Microfabricated gold “gears” with platinum on one side of each
of the teeth. The result is the counterclockwise rotation of the structure
when placed in hydrogen peroxide solution (from reference [35]).

Figure 8. Schematic drawing of a raft of catalytic nanomotors illustrating
a possible chemotactic response. The raft is immersed in a fuel solution
that contains a source (A) of inhibitor molecules, which bind reversibly
the surface of the catalyst stripes. The corner of the raft closest to the in-
hibitor source moves slower than the far corner, causing the raft to turn
towards the source. The velocity of raft motion should decrease as it ap-
proaches the source.
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While in principle the autonomous movement of catalyti-
cally asymmetric particles has great potential, their utility
and practicality remains to be seen. At the very least, these
first-generation structures demonstrate the fulfillment of the
most fundamental requirements of nanomachinery: initia-
tion of and control over motion. The attainment of the func-
tional objectives (sensing, shuttling, and nanoconstructing)
will require a great deal of rational or fortuitous progress.
Several priorities will be the likely focus of work in our lab-
oratory and others in the near term. These include exploring
in more detail the mechanism of catalyzed motion by using
different reactions and broadening the class of catalytic re-
actions that can induce motion, in particular to biocompat-
ible fuels such as glucose. This increased understanding will
enable the design of more energy efficient nanomotors with
a broader range of possible applications.
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