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ABSTRACT: Catalytic nanomotors are nano-to-micrometer-sized actuators that carry
an on-board catalyst and convert local chemical fuel in solution into mechanical work.
The location of this catalyst as well as the geometry of the structure dictate the swimming
behaviors exhibited. The nanomotors can occur naturally in organic molecules, combine
natural and artificial parts to form hybrid nanomotors or be purely artificial. Fabrication
techniques consist of template directed electroplating, lithography, physical vapor
deposition, and other advanced growth methods. Various physical and chemical
propulsion mechanisms have been proposed to explain the motion behaviors including
diffusiophoresis, bubble propulsion, interfacial tension gradients, and self-electropho-
resis. The control and manipulation based upon external fields, catalytic alloys, and
motion control through thermal modulation are discussed as well. Catalytic nanomotors
represent an exciting technological challenge with the end goal being practical functional

nanomachines that can perform a variety of tasks at the nanoscale.
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1 Introduction

Recent advances in the field of catalytic nanomotors which
are capable of moving autonomously constitute a major
step forward to develop practicable functional nanoma-
chines. Designing and powering inorganic micro and nano
scale motors represent tremendous challenges and exciting
opportunities for researchers [1]. The promise for great
technological advances in the field of nanotechnology
through controlled motion of nanomotors has recently
brought significant attention to this field; controlled drug
delivery and other forms of nanomedicine, mobile sensors,
self-assembled complex nanoarchitectures, and advanced
forms of micro and nano electronics are possible examples
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nanomotors, catalysis, glancing angle deposition (GLAD), bubble propul-

of subfields that may greatly benefit from this research [1—
7]. Clearly, mobility and control of motion of nanoma-
chines and nanoactuators will have drastic consequences
on future technologies, and applications yet unimagined
are possible rendering this research as a merited invest-
ment.

Although the nanotechnology community is embracing
this new endeavor, numerous challenges still remain before
functional nanomachines are realized. Besides the obvious
difficulty of manufacturing such small devices, other major
difficulties exist such as how to control their motion and
how they can be efficiently powered [2—7]. Researchers
from a multitude of institutions and scientific backgrounds
have begun tackling these tough questions, and the amount
of interest in the field over the past 15 years has
increasingly gained momentum as can be seen by the
number of publications over this span of time [7]. In this
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review, we summarize the evolution of this field and the
multitude of avenues traversed by the participating groups.
Although nanomotors mobilized by several energy sources
exist, here we focus upon the chemically-fueled autono-
mous catalytic nanomotor which is an analog of naturally
occurring protein motors found in biologic systems.

1.1 Natural nanomotors

The chemically-powered motor protein classes, myosins,
kinesins and dyneins, perform a wide variety of essential
cellular functions in biology such as organelle and vesicle
transport [8]. All three of these molecular motors use
adenosine triphosphate (ATP) as a chemical fuel for the
conversion of chemical energy into mechanical work;
chemical energy is stored in the ATP molecule by the three
closely oriented negatively charged phosphate tails endow-
ing the molecule with a high energy configuration, and as
ATP is hydrolyzed to adenosine diphosphate (ADP), which
often can be further hydrolyzed to adenosine monopho-
sphate (AMP), free energy from the closely packed
phosphate tails is released and is available to do work
[9]. The energy exchange allowing for the conversion of
food energy for an organism into both catabolic and
anabolic forms of metabolism is regulated by ATP, and
through this process, cell metabolism is possible.

As an example, skeletal muscle contraction arises by the
ATP-powered shortening of myosin filament along a
passive filament of actin [10]. A skeletal muscle fiber
consists of repeating sections of myosins and actins
allowing for the macro-scale movement of large muscles.
During muscle contraction, the ATP causes a conforma-
tional change in the myosin motor which induces a net
movement of the two filaments with respect to one another.
To illustrate this example, Kron and Spudich performed an
experiment to test the ATP concentration dependence upon
movement of actin filaments across myosin fixed to a glass
surface [11]. Figure 1(a) shows the migration of actin
filaments over the myosin-immobilized surface over a 38 s
interval, and Fig. 1(b) shows the dependence of ATP
concentration on speed of the actin filaments across the
surface [11]. As the concentration of ATP increases, the
speed of the actin filament increases until a limiting
concentration is reached. The active myosin responds to
the presence of a chemical fuel converting the chemical
energy into kinetic energy. This example shows the
importance of chemically-powered molecular motors in
the field of biology and how the actuation of nanomotors
with locally available fuel is possible. Researchers hope to
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Fig. 1 (a) Over a 38 s interval, actin filaments migrate across the
myosin-immobilized surface; (b) Filament velocity versus ATP
concentration; speed initially increases with ATP concentration and
eventually plateaus around 200 pmol/L. (Reproduced with permis-
sion from Ref. [11], Copyright 1986 The National Academy of
Sciences of the United States of America)

emulate the secrets of biology in order to fabricate artificial
motors to perform tasks similar to naturally occurring
motors or even to develop applications not seen in nature.

1.2 Hybrid nanomotors

Billions of years of evolution have allowed for the design
perfection of naturally occurring motors and therefore they
perform well defined and controlled behaviors. The most
practical method researchers use to design functional
artificial motors is to make use of readily available motor
structures from nature [12—14]. By combining naturally
occurring components to artificially fabricated structures,
hybrid nanomotors were made possible. As an example,
the transportation of inorganic cargo was shown to be
possible through the catalysis of actin filament polymeri-
zation [15]. In this study, 0.5 um ActA-coated polystyrene
beads were propelled in an actin environment with an
average velocity of 0.1-0.15 um/s. Figure 2 shows an
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Fig. 2 Left column: fluorescent rotamine-actin comet tail for a
directional bead and a stationary bead; Middle column: micro-
graph of the two beads; Right column: bead positions super-
imposed on fluorescent images. (Reproduced with permission
from Ref. [15], Copyright 1999 The National Academy of
Sciences of the United States of America)

active and a stationary microbead in 4 movie frames
separated by 30s. The “comet tail” arises from fluores-
cence imaging and shows the location of the rotamine-actin
showing the trajectory of the bead. Another interesting
example is a rotary structure that combines a metal nanorod
that is the “propeller” attached to a biomolecular motor that
spins the propeller. Figure 3 shows how the Ni propeller
and the F;-ATPase biomolecular motor are combined using
various attachment chemistries; the propeller is in this case
fueled by ATP [16]. These two examples show the practical
fabrication of combined artificial and natural parts; the next
natural step was to design purely artificial catalytic
nanomotors.

1.3 Manmade catalytic nanomotors

The term catalytic nanomotor refers to inorganic structures
that use a chemical to gain mobility via an onboard
catalyst. In this manner, they are analogs of naturally
occurring bionanomotors which utilize energy obtained
from the environment to do work and are ubiquitous in
nature. The most commonly used chemical fuel is
hydrogen peroxide H,0O,. Hydrogen peroxide sponta-
neously decomposes into water and oxygen, H,O, —
2H,0 + O,, but at a very slow rate. A catalyst can greatly
increase the reaction rate, and most of the transition metals

catalyze this reaction. Since a large amount of energy is
available as the H,O, decomposes, catalytic nanomotors
are able to gain mobility by carrying an onboard catalyst.
Although H,O, is generally the most commonly used
source of energy, other chemical fuels that are more bio-
compatible such as glucose have been used as well [17—
19].

Just as natural biomotors have specific functions based
upon their physical and chemical specifications, catalytic
nanomotors exhibit various behaviors based upon their
compositions and physical dimensions. A commonality
between fabrication methods is the asymmetric distribution
of the catalyst as the asymmetry allows for directional
movement. Several design techniques and explanations of
the underlying physics exist in the literature, and at present,
both contradictions and agreements exist about how these
motors operate [20]. Recent research suggests that the
discrepancies over the propulsion mechanisms may be due
to the types of materials used for fabrication, and although
researchers are getting ever closer to understanding this
mechanism, there are still some unexplained phenomena.
Here we summarize the types of nanomotors studied, their
possible driving mechanisms, and the current status of this
field.

2 Fabrication

A major challenge in catalytic nanomotor research is the
fabrication of such small devices. Researchers generally
agree that a necessary feature of a catalytic nanomotor is to
distribute an onboard catalyst asymmetrically on a
nanostructured backbone. Therefore, design and fabrica-
tion must take this necessity into account, and as will be
discussed in the following sections, the types of the
backbone materials used as well as the physical shape of
the motors dictates the types of motions that are observed.
Here we will focus upon the two main methods for catalytic
nanomotor fabrication: template directed electroplating
(TDEP) and physical vapor deposition (PVD); both
methods are affective for fabricating catalytic nanomotors
with different structural materials and asymmetrically
distributed catalysts. Also discussed are combinations of
the techniques which also fall under one or both of these
categories.

2.1 Template directed electroplating

Nanorod nanomotors with sections of various metals can
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Fig. 3 (a)(c) Ni nanorod rotors; (b) F{-ATPase biomolecular motor; (d) Schematic of the combined architecture. (Reproduced with
permission from Ref. [16], Copyright 2000 American Association for the Advancement of Science)

be fabricated using electrochemistry combined with
template growth. The fabrication of metallic barcode
nanorods by template directed electroplating (TDEP) was
first shown by Natan et al. [21]. In this study, a porous
Al,0O3 membrane with uniformly sized pores is used as a
template for the electrochemical deposition of an array of
metallic nanorods which can be released from the template.
As shown in Fig. 4, the fabrication process of multi-metal
nanorods consists of Ag evaporation onto the membrane,
followed by an electrochemical deposition of an Ag film,
Au and Ag are then electrodeposited into the pores of the
membrane, and finally the Ag film and Al,O3 membrane
are dissolved to release the nanorods. Since it is necessary
to have multiple materials to fabricate catalytic nanomo-
tors, TDEP is an appropriate method since it allows a single
structure to consist of multiple metals.

For catalytic nanomotors, the asymmetric distribution of
the catalyst is necessary for directed movement as will be
discussed. The catalyst layer is easily placed on one end of
the nanorod by adding multiple layers to the nanorod

structure so that this asymmetry exists. Mallouk and Sen
fabricated autonomous Au/Pt striped nanorods using the
TDEP method, shown in Fig. 5(a), in which the Pt
catalyzes the decomposition of H,O,. They hypothesized
that the interfacial tension created by the oxygen reaction
product was the cause of the movement as will be discussed
in the propulsion mechanism section [22]. Ozin et al.
fabricated Au-Ni nanorotors using TDEP as well; in this
study, the Ni acts as the catalyst for the decomposition of
H,0,, and when the Au end of the nanorod becomes
tethered to the surface of the microscope slide, the
nanorotors spins about the tether point with the Ni end
propelling the rotor shown in Fig. 5(b) [1]. This method
was also used for fabricating alloys for increasing
nanomotor speed [23] and electroplateng not only along
the axis of the rod, but along one face as well [24].
Template electroplating has been used without Al,Os
membranes to fabricate tubular microengines as seen in
Fig. 5(c) [25], and another example shown in Fig. 5(d) uses
a template made with lithography to fabricate a rotating
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l.LAu"+e — Au X Coulombs (C)
2.Ag"+e — Ag XC
3. A" +e = Au 2XC
4. Ag"+e — Ag XC
5Au'+te — Au XC

Al,O; membrane after
Ag evaporation and
initial Ag
clectrodeposition

lLAu"+e — Au  XC
2.Ag"+e — Ag 2XC
AU +e — Au 3XC

1. Ag film dissolution with HNO,
2. Al,O, dissolution with NaOH

Fig. 4 Fabrication process of template directed electroplating. First Ag is evaporated onto the Al,O3 porous membrane and an Ag is
electroplated onto this film; Au and Ag are deposited into the pores, then the Ag film and the membrane are dissolved releasing the
nanorods. (Reproduced with permission from Ref. [21], Copyright 2001 American Association for the Advancement of Science)

gear structure [26]. TDEP also allows for the addition of
multiple layers to increase control such as by adding a
ferromagnetic material into the rod to control the direction
of swimming [27]. Mirkin et al. combined both TDEP and
physical vapor deposition to design catalytically driven
nanorotors as well [24]. TDEP is an effective and popular
way to produce a large number of nanorod nanomotors
with multiple metals that are roughly uniform in shape.

2.2 Physical vapor deposition
Physical vapor deposition (PVD) has been shown to be an

effective and useful catalytic nanomotor fabrication
method, and is becoming more prevalent this field. PVD

is an easy and cost-effective method that consists of coating
substrates by the heating and evaporation of metals and
metal-oxides. Some advantages over TDEP exist such as
the ability to deposit a wider range of materials, the process
takes far fewer steps, and by combining PVD with
substrate manipulation, a greater spectrum of geometries
with asymmetric catalyst distributions are possible.

The simplest form of PVD is the deposition of a thin film
onto a substrate. In this case, the substrate is placed directly
above the source material at a 0° vapor incidence angle (the
vapor direction is parallel to the substrate surface normal)
and is coated with a film of the evaporated material. Using
PVD in this case, a very simple catalytic nanomotor can be
fabricated by coating a catalyst layer onto a structure that is
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Fig. 5 Examples of template directed electrodeposition-grown nanomotors: (a) schematic of a Pt-Au striped nanorod nanomotor
(Reproduced with permission from Ref. [22], Copyright 2004 American Chemical Society); (b) Ni-Au nanorotor (Reproduced with
permission from Ref. [1], Copyright 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim); (¢) micrograph of tubular microengines
(Reproduced with permission from Ref. [25], Copyright 2010 American Chemical Society); (d) lithography template rotary gear
(Reproduced with permission from Ref. [26], Copyright 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

first deposited onto the substrate. The half-coating of
submicron silica spheres with a metal was demonstrated by
Whitesides et al. [28]. The so-called Janus sphere consists
of two hemispheres with differing materials. If one of these
two materials was a catalyst, then directed propulsion was
hypothesized to ensue in the presence of fuel [29].
Experimental verification of active motion was demon-
strated first by using Pt-coated polystyrene microspheres
[30] and later using Pt-coated silica microspheres shown in
Fig. 6 [31]. A Janus sphere with one side Au and the other
Pt was fabricated as well [32], and another example
consists of a microsphere with various overlapping sections
of Au and Pt in which the exposed Au area determines the
nanomotor motion behaviors [33]. Clearly, other structures
besides spheres can be coated in a similar manner; Au-Ru
bimetallic nanorods fabricated by TDEP were distributed
onto a substrate and modified by PVD thin film depositions
of Cr, Si0O,, Pt, and Au to make fast micro-rotors [34]. Thin
film PVD combined with circular or square patterned
photoresists resulted in catalytic microtube jet engines
capable of reaching speeds of ~ 2 mm/s [35].

By tilting the substrate to a large angle (> 80°) during

vapor deposition, an array of nanostructures grows on the
surface of the substrate. This technique is known as
dynamic shadowing growth (DSG) and is an effective
method for growing complex nanomotor geometries [36—
39]. By manipulating the substrate during the deposition, a
variety of structures can be achieved. After nanostructure
growth, the individual micro or nanostructures can be
removed from the surface and suspended. He et al.
demonstrated the fabrication of rotary nanorods, rotary L-
shaped structures, and rolling spiral nanomotors [40].
Figure 7 shows the step-by-step process of the growth of an
L-shaped Si nanomotor. In the first step (top of Fig. 7), the
Si source material is deposited at a large angle 0; next the
substrate is rotated 180° azimuthally and another deposi-
tion of Si follows so that the angle of growth is in the
opposite direction; and lastly, to deposit the Pt catalyst, a
thin film of Pt is deposited at a small angle. The resulting
structure is L-shaped with asymmetrically distributed Pt on
the long arm.

DSG has been used to fabricate multi-constituent
structures as well. By starting with a monolayer of silica
microbeads on a Si substrate and depositing an oxide layer
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Fig. 6 (a) Schematic of the Pt-coated silica microsphere; (b) A SEM image showing the same structure. (Reproduced with permission

from Ref. [31], Copyright 2009 American Institute of Physics)

onto the monolayer at a large angle, the resulting structure
consists of a spherical microbead head with an oxide arm.
Figure 8 shows the fabrication process of a rotary structure
[41]. Figure 8(a) shows an optical micrograph of a partial
monolayer of 2.01 um silica microbeads. In Fig. 8(b), the
substrate containing the microbead monolayer is tilted to a
large angle, and a layer of TiO, is deposited followed by a
thin film of Pt deposited after the substrate is rotated back
to a small angle shown in Fig. 8(c). Figure 8(d) shows an
SEM of the resulting structure with the silica microbead
head and the oxide arm with a layer of Pt acting as the
catalyst. When placed into a solution of H,O, this structure
rotates about an axis defined by the center of the
microbead. These structure exhibit very similar rotation
rates and have practically identical structural morpholo-
gies. The DSG fabrication process is an effective way to
produce a large number of similar structures and is a simple
and cost effective method.

2.3 Advanced assemblages

The template-directed electroplating and physical vapor
deposition techniques described above are effective
methods for producing individual nanomotors, but to
manufacture more complex geometries, self-assembly
techniques must be utilized. The engineering of structures
with multiple individual parts is a particularly difficult
challenge. Initial attempts have been made to assemble
multiple parts to fabricate complex nanomotor structures,
and this challenge represents the next step in nanomotor
research and engineering.

Assemblages of macroscopic catalytically driven PDMS
plates were shown to organize themselves more rapidly due
to the active motion resulting from the catalyze reaction of

the Pt section [42]. These aggregates are described to
organize themselves based on altering hydrophobic and
hydrophilic sections of the plates. Flexible hinged
nanorods were achieved by electrodepositing a nanorod
consisting of 3 sections: Pt-Au-Pt [43]. The rods were then
encapsulated by a polymer and the Au section was then
etched leaving the two Pt sections attached but separated
by flexible material. Using magnetically-navigation and
oppositely charged polymers, Sen et al. was able to direct a
nanorod nanomotor to a spherical cargo, pick up the cargo,
and move it [44]. Sphere dimers consisting of Pt and SiO,
microspheres were also fabricated by depositing a half
sphere of Pt onto the microbeads and annealing them in at
900°C [45]. The annealing process causes the Pt to become
approximately spherical but remain attached to the
microbead. A schematic of the fabrication process can be
seen in Fig. 9. Doublets of self-propelled Janus spheres
[46] as well as interacting spinning nanorods have been
studied as well [34]. By magnetizing structures with
ferromagnetic material grown by DSG, assemblages of
various structures were also achieved [47].

3 Propulsion mechanisms

The various reports in the literature lead to the conclusion
that several different underlying propulsion mechanisms
may exist to describe nanomotor motion. A review of the
various examples that exist can be found in Ref. [20]. The
major discrepancy involves the direction of motion for a
catalytic nanomotor. Both conclusive evidences for the
movement toward the catalyst [48] as well as away from
the catalyst have been observed [40—41]. Two possible
mechanisms have been proposed to describe motion away
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Fig. 7 Schematic of the fabrication process for a DSG-grown L-
shaped nanorod nanomotor. The Si backbone is grown at a large
angle 0 after which the substrate is rotated azimuthally 180° and
another deposition of Si nanorod follows. The substrate is then
rotated in a polar manner back to a small angle at which the Pt
catalyst is deposited. (Reproduced with permission from Ref. [40],
Copyright 2007 American Chemical Society)

from the catalyst site: diffusiophoresis and bubble propul-
sion, and two have been proposed for motion toward the
catalyst: interfacial tension gradients and self-electrophor-
esis.

3.1 Diffusiophoresis

The asymmetry of a catalytic nanomotor plays an
important role in the description of motion. When the
catalyst is distributed in a manner such that the reaction
products accumulate on one side of the nanomotor, then
diffusiophoresis may be responsible for propulsion. A
model developed by Golestanian et al. [49], consists of a
spherical structure with a point catalyst as shown in Fig. 10
marked “enzymatic site”. In this model, the reaction
products that have accumulated at the catalyst site begin to
diffuse away from the location of higher reaction product
concentration driving the sphere away from this location as
well. Since the sphere is constantly generating this
concentration gradient, it is continually being propelled
away from its catalyst site. The movement away from the
catalyst has been verified [40-41]. This mechanism
explains how a catalytic nanomotor is propelled away
from the catalyst site as well, but another mechanism has
been proposed to explain the same phenomenon.

3.2 Bubble propulsion

Autonomous movement of macroscopic plates was pro-
posed to move by the impulse of bubble generated at the Pt
catalysts site shown in Fig. 11 [42]. Plate movement as the
result of bubble formation and eruption were clearly
observed because the plates were large and floated along an
aqueous H,O, solution. Ni/Au nanorods grown by TDEP
were shown to be propelled by bubble propulsion as well
[1]. Figure 12 shows a sequence of microscope images

TiO, arm

Fig. 8 (a) A micrograph of a sub-monolayer of SiO, microbeads on a Si substrate; (b) TiO, is deposited at a large angle to grow oxide
arms; (¢) The Pt catalyst is deposited at a small angle; (d) Example SEM image of an individual nanomotor structure showing the multiple
parts. (Reproduced with permission from Ref. [41], Copyright 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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Fig. 9 Fabrication of Pt-SiO, self-propelled dimers. First a
monolayer of SiO, microbeads is placed onto a substrate; then a
Cradhesion layer is deposited followed by Pt; lastly, the structures
are annealed at 900°C and then suspended into water by
sonication. (Reproduced with permission from Ref. [45], Copy-
right 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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Fig. 10 A schematic of the diffusiophoresis model in which a
sphere with a single point catalyst site generates a concentration
gradient of reaction products, driving the sphere away from this
location. (Reproduced with permission from Ref. [49], Copyright
2005 The American Physical Society)

illuminating the jet of nanobubbles emanating from the Ni
catalyst [1]. Bubble jets are clearly shown to propel rolled-
up nanojet engines as bubbles are ejected from one side of
the tube while H,O, fuel enters into the other side [35].

~— steel pin

Pt-covered
porous glass

hydrophilic hydrophobic

Fig. 11 Autonomous swimming plates that have alternating
hydrophilic-hydrophobic sides which induce self-assembly. The
Pt coated on one side drives the plates across the aqueous solution
of H,O, by bubble impulse. (Reproduced with permission from
Ref. [42], Copyright 2002 WILEY-VCH Verlag GmbH, Wein-
heim, Fed. Rep. of Germany)

Physical models to explain how bubble propulsion is
responsible for autonomous motion have been presented in
the literature as well. One model explains how the mass
change of O, bubbles detaching from the surface of a Pt-
coated SiO, Janus sphere drives the particle and also relates
bubble formation and the connection of surface tension

, kac
1 +ac

vocy (M

where y, a, and ¢ are surface tension, the Langmuir
adsorption constant, and concentration, respectively [31].
Direct observations of bubbles coming from the surface,
observations of nanomotors moving away from the stream
of bubbles, and movement away from the catalyst makes a
convincing argument that this model is correct for the
particular nanomotor studied; however, there are other
examples of nanomotors moving toward the catalyst which
implies other forces are working on these structures.

3.3 Interfacial tension induced motion

An interfacial tension model is proposed to explain the
movement of Au/Pt nanorod nanomotors fabricated by
TDEDP, and explains how this structure moves toward the Pt
catalyst [22]. The Pt catalyst creates an interfacial tension
gradient due to the larger quantity of O, near the Pt side of
the nanomotor. This difference in surface tension is a
function of the amount of O, generated which is
proportional to the concentration of H,O, of the solution.
The model suggests that the velocity, v, is linearly
proportional to the surface tension of the solution and
this corresponds well to the experimental data

SR>y
uDL

Vv X

@)



34 Front. Mater. Sci. 2011, 5(1): 25-39

Fig. 12 Micrograph images of a jet of nanobubbles coming from a spinning Au/Ni nanorod nanomotor. (Reproduced with permission
from Ref. [1], Copyright 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

where S, R, y, 4, D, and L are oxygen evolution rate,
nanorod radius, surface tension, viscosity, diffusion
coefficient, and nanorod length, respectively. This model
not only predicts the correct direction of motion but also
predicts the correct magnitude of force. Although success-
ful, this model has a strong competitor which also
accurately depicts the movement of bimetallic structures
toward the catalyst, and this model is electrochemical by
nature, and is known as self-electrophoresis.

3.4 Self-electrophoresis

When a catalytic nanomotor consists of two contacting
metals, each metal can act as an electrode with one acting
as a cathode and the other as an anode in the catalytic
break-down of H,O,. The driving force for this type of
catalytic nanomotor has been shown to be electrochemical

by nature, and a bipolar electrochemical model for nanorod
nanomotors consisting of Au and Pt ends was first
proposed by Paxton and Sen et al. [4,48]. Figure 13
shows the model of an Au/Pt nanorod nanomotor in which
oxidation occurs at the Pt anode and reduction at the Au
cathode for the overall reaction of H,O, — H,0 + O, [48].
As shown in Fig. 10 the protons migrate from the Pt end to
the Au end to recombine with the electrons, and in this
process, the nanorod moves in the opposite direction, i.e.,
toward the Pt end. A scaling analysis for bimetallic
nanorod structures gives an expression for nanomotor
velocity as

CFhap .
U X ———j

WD )

in which {, F, h, Ap, #, D, and j are surface charge,
Faraday constant, nanomotor length, Debye thickness,
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Au

0, +4H" +4e — 2H,0

H,0, = 0,+2H" +2¢  H,0,+2H +2e — 2H,0

Fig. 13 Schematic of the self-electrophoresis model in which
the protons generated at the Pt end migrate to the Au end and in
the process the nanorod structure moves toward the Pt end.
(Reproduced with permission from Ref. [48], Copyright 2006
American Chemical Society)

viscosity, diffusion coefficient of protons, and the reaction
flux, respectively [50]. This model has been used to predict
convective flow induced by propelled micro tracer particles
in a catalytic micropump [51]. In this system, an Ag island
is placed in the middle of an Au substrate. The
electroosmotic flow causes the particles to be pumped in
a tight convection roll close to the Ag.

4 Nanomotor motion control and
applications

Catalytic nanomotors that move autonomously are appea-
ling due to their lack of need of external influence.
However, augmented control of autonomous nanomotors
has been accomplished through various techniques, and
control is leading to advances in practical applications for
this field. Here we outline some of the examples of
nanomotor manipulation and control. Using an external
field is a simple method for controlling the direction of
swimming motion. The incorporation of magnetic materi-
als into Au/Pt nanorod nanomotors allowed for the remote-
control of the swimming behaviors [27]. As an example, a

two Ni sections were added to the structure which swims
autonomously in the presence of H,O,, but can be directed
with an external magnetic field which aligns with the
magnetized Ni sections. The Ni section is easily added
using TDEP method. Solovev et al. incorporated a
ferromagnetic layer of Fe/Co into their microtubular jet
engines to allow for magnetic manipulation as well [35].
The incorporation of a Ni section allows for the guidance of
nanorod nanomotors in a way so that they can perform
certain tasks such as pick up and deliver cargo. Sen et al.
assembled Au/Pt/PPy nanorod nanomotors to silica micro-
spheres by electrostatic forces [44]. The Ni allowed for
guidance of the nanomotor toward the cargo. The
oppositely charged microsphere and PPy section of the
nanorod made the attachment of the two possible. A similar
example was presented by Wang et al. which involved a
nanomotor picking up and moving a magnetic micro-
particle cargo through a microchannel as shown in Fig. 14
[52]. The magnetic properties of an Au/Ni/Au/Pt-CNT
nanorod nanomotor allowed for the pickup and release of
the magnetic cargo. Non-catalytic, magnetic systems have
been presented as well. Spiral shaped corkscrew motors
grown by glancing angle deposition (GLAD) were
powered solely by an external alternating magnetic field
[53]. Figure 15(a) shows a cross section SEM of an array of
these motors, and Fig. 15(b) shows an individual structure
which clearly shows the microbead head and the spiral
oxide layer. A thin layer of Co was deposited onto the
structure after being removed from the surface, and then it
was magnetized so that the magnetic moment was
perpendicular to the long-axis. The external applied
magnetic field controlled the movement in a precise
manner. Flexible Au/Ag/Ni nanowires have been shown
to swim in a rotating magnetic field [54]. In this example,
the nanomotor has an Au head and a Ni tail which is linked

Fig. 14 Shown in A—C, the loading of a magnetic microparticle cargo with an Au/Ni/Au/Pt-CNT nanomotor; Transportation of cargo
through a PDMS microchannel is shown in D-G. (Reproduced with permission from Ref. [52], Copyright 2008 American Chemical
Society)
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Fig. 15 (a) Cross section SEM image and (b) individual
magnetically controlled helical propeller grown by GLAD.
(Reproduced with permission from Ref. [53], Copyright 2009
American Chemical Society)

by a partially dissolved and weakened bridge that is
flexible. In the magnetic field, the tail moves back and forth
causing the motor to swim. The use of magnetic materials
combined with external magnetic fields is clearly an
effective way to control and manipulate nanomotors, but
other methods of control exist as well.

For the self-electrophoresis mechanism, altering the
reaction leads to motion modulation. One interesting
example is a thermally controlled catalytic nanomotor
[55]. The speeds of this autonomous Au/Pt nanorod
nanomotor are modulated by changing the temperature of
the surrounding solution. Higher temperatures correspond
to thermal activation of the redox reactions and therefore
higher nanomotor velocities as is shown in Fig. 16.

Ultimately, the self-electrophoresis mechanism is
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Fig. 16 Thermally modulated speed versus time for Au/Pt
nanorod nanomotor: three different heat pulses a, b, and c
respectively corresponding to temperature 40°C, 48°C, and 58°C
starting around 5 s and ending around 8 s. The inset graph shows a
linear relationship between the speed and temperature. (Repro-
duced with permission from Ref. [55], Copyright 2009 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim)

responsible for the motion of this motor; the temperature
only alters the potential difference between the two ends of
the nanomotor altering the speed. Similarly, another way to
increase the difference between the mixed potentials is to
use a catalytic alloy [56]. By incorporating Ag into the Au
section of an Au/Pt nanorod nanomotor, speeds are
drastically increased showing a marked dependence upon
nanomotor composition. The increase in speed is shown as
a function of the percentage of Ag incorporated into the Au
section of the nanorod in Fig. 17, showing a significant
increase in speed with greater amounts of Ag. The addition
of carbon nanotubes (CNT) to the Pt catalyst in an Au/Pt
nanorod nanomotor also drastically increased the nano-
motor speed [23]. By observing their speeds, catalytic
nanomotors have recently been used to act as sensors for
the presence of DNA and bacterial rRNA [57]. This
example is an advanced application showing that biodetec-
tion is possible by simply observing speeds and distances
traveled by catalytic nanomotors, and opens a new door for
simple biodetection.

5 Conclusions

The field of catalytic nanomotors has rapidly developed in
its short history. With the recent advances and the excellent
contributions to this field, the future is bright. Some major
current challenges exist and without a doubt, unforeseen
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challenges remain veiled. The fabrication of functional
nanomachines will require a culmination of all research
avenues that have been discussed here as well as new
innovations. Fabricating machines with individual parts,
making nanomachines smart, and precisely controlling
nanomachines are difficult yet exciting challenges. By
gaining a complete understanding of the physical and
chemical mechanisms involved, better control will be
within reach and in the future, an industry of functional
nanomachinery will be realized.
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