Functional Nanoscience
( J Beilstein-Institut May 17" — 21, 2010, Bozen, Italy

CATALYTIC NANOMOTOR FUNCTION AND
LoCcoMOTION PHYSICS

*
JONATHAN D. POSNI<23R1’ , JEFFREY L. MOIRANI,
JOSEPH WANG~ AND PHILIP WHEAT

"Mechanical & Aerospace Engineering, Chemical Engineering,
Arizona State University, Tempe, AZ 85287, U.S.A.

“Department of Nanoengineering, University of California San Diego,
La Jolla, CA 92093, U.S.A.

E-MaAIL: *jposner@asu.edu

Received: 20™ August 2010 / Published: 13™ June 2011

INTRODUCTION

In nature, microorganisms propel themselves through fluid media by mechanical deforma-
tion of solid appendages using energy they harvest from their local environment [4, 24, 36,
40]. Alternatively, Mitchell proposed that an asymmetric ion flux on a bacterium’s surface
could generate electric fields that drive locomotion via self-electrophoresis [27, 28, 41]. This
proposed mechanism grew out of research on endogenous bioelectric fields which provided
motive force in morphogenesis [13, 17, 25, 31]. Lund and Jaffe realized that asymmetric
currents on the surface of a cell or embryo could generate bioelectric fields that alter the
shape of cells and tissues as well as drive the transport of biomolecules. Roughly thirty years
after Mitchell’s hypothesis, Waterbury et al. [39] discovered that cyanobacteria are able to
swim at speeds up to 25 um s without flagella, suggesting that they move by a non-
mechanical propulsion mechanism. This theory was explored by Anderson (and later Lam-
mert et al. [22]) who hypothesized that Waterbury’s flagella-less cyanobacteria may swim
due to Mitchell’s self-electrophoretic mechanism [1]. Mitchell’s self-electrophoresis mechan-
ism and the subsequent analysis by Anderson were rejected for cyanobacteria by Pitta and
Berg [35].

http://www.beilstein-institut.de/Bozen2010/Proceedings/Posner/Posner.pdf
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Recent advances in nanofabrication have enabled the engineering of synthetic analogues to
those proposed by Mitchell that swim due to asymmetric ion flux mechanisms. Several
realizations of synthetic swimmers, or artificial nanomotors, have been demonstrated. A
common theme among these artificial swimmers is the production of species concentration
gradients by asymmetric chemical or electrochemical reactions occurring on the surface of
Janus particles [8, 11, 12, 16]. Electrochemical reactions have also been shown to drive the
motion of colloidal particles. The particles effectively act as short-circuited electrochemical
cells. Mano and Heller [26] demonstrated the propulsion of a carbon fibre by redox reactions
of glucose and oxygen occurring on opposite sides of the fibre. Propulsion due to electro-
chemical reactions has also been demonstrated with decomposition of hydrogen peroxide.
The peroxide undergoes two electrochemical half-reactions before finally yielding oxygen
and water. Electrochemical peroxide decomposition has been reported to generate fluid
flows above concentric electrodes [19] and in between interdigitated microelectrodes [34]
as well as to propel rotating micro-gears made from platinum and gold [7] and bimetallic
nanorod motors [23, 33, 38].

Bimetallic nanorods are high aspect ratio metallic cylinders, typically 2 um in length and
=300 nm in diameter. Swimming bimetallic rods were introduced to the community by
Paxton et al. [32]. Laocharoensuk et al. [23] added hydrazine to the hydrogen peroxide
solutions and incorporated carbon nanotubes into the platinum segments of Pt/Au rods to
obtain nanomotor velocities in excess of 200 um s (100 body lengths per second). Kagan et
al. [18] demonstrated that the nanomotors’ velocity strongly depends upon the presence of
ions in the solution. They showed that for most electrolytes, nanomotor speed decreases with
increasing salt concentration; however, silver ions caused a fivefold increase in the nano-
motors’ speed. A nanomotor’s velocity can be externally modulated by heat pulses [2] and
by electrochemically controlling the local concentration of hydrogen peroxide and dissolved
molecular oxygen [6].

OFF (1.0 V)

Movie 1. Electrochemical Switching of Nanomotors Motion.
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Directional control of the nanomotors’ motion has been achieved using external magnetic
fields by incorporating a ferromagnetic segment, such as nickel, between the platinum and
gold segments [5, 19]. We and others have shown that nanomotors can pick up, haul, and
release micron-scale cargo [5, 37]. By hauling cargo of various sizes, we calculated that
these nanomotors produce roughly 0.1 pN of force. In the case of bimetallic nanomotors, the
mechanism by which asymmetric reactions generate forces and locomotion is not well
understood. Several theories have been proposed. In their initial paper introducing the
nanomotors [32], Paxton and co-workers proposed a propulsion mechanism based on the
formation of gradients in interfacial tension. According to this mechanism, oxygen produced
at the platinum end causes a local decrease in the interfacial tension between the aqueous
solution and the gas-coated rod. The interfacial tension gradient then drives a Marangoni
flow that results in a net propulsive force that drives particle motion. Although this theory
predicts a propulsive force of the appropriate magnitude, it makes no predictions regarding
the direction of particle motion. Paxton et al. [33] considered the possibility of motion due to
a concentration gradient in molecular oxygen drives the particle due to diffusiophoresis.
They found that the predicted diffusiophoretic velocity was much smaller than that observed
in experiments and in the wrong direction. A later study showed that fluid could be pumped
as a result of flows induced by electrochemical reactions occurring on concentric metallic
electrodes [20]. This system was later studied analytically and experimentally using the
Poisson, advection-diffusion, and Helmholtz-Smoluchowski equations [21].

The physics of this mechanism is similar to the self-electrophoretic mechanism proposed by
Mitchell [27]. Although there is a growing consensus that Mitchell’s self-electrophoretic
mechanism is important in the motion of bimetallic nanomotors, many key physical details
of the remain unexplained.

Here we are interested in locomotion of particles that are driven due to concentration and
potential gradients that are generated by reactions occurring on the particle surface. We
present some experimental results describing the controlled motion of catalytic nanomotors
as well as some numerical simulations on the physical mechanisms underlying the locomo-
tion of particles due to asymmetric reactions. Since we solve the full equations for con-
servation of mass, species, and momentum as well as Poisson’s equation for electric poten-
tial, our model incorporates all effects due to diffusiophoresis, chemiphoresis, and electro-
phoresis. The simulations provide quantitative predictions of the nanomotor’s swimming
velocity for a given surface charge and reaction rate. We observe excellent agreement
between experiments with our scaling analysis and numerical models.

DESCRIPTION OF THE PROBLEM

Figure 1 shows a schematic of a platinum-gold nanorod in an aqueous hydrogen peroxide
solution. If the rod is immersed in a hydrogen peroxide solution, catalytic electrochemical
reactions occur on its surface. On the platinum end, an oxidation reaction decomposes
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peroxide into protons, electrons, and oxygen molecules. The oxidation reaction results in a
local depletion of the peroxide fuel and abundance of protons and oxygen. The electrons
conduct through the rod from platinum to gold. At the gold end, two reduction reactions are
possible which both result in the production of water. First, protons, electrons, and peroxide
react to form water. Second, molecular oxygen, protons, and electrons can react to generate
water. At the Au end there is a net depletion of protons and, to a lesser extent, peroxide and
molecular oxygen. In this way, the nanomotor effectively functions as a short-circuited
galvanic cell which generates a surface flux of protons at the anode (Pt end) and consumes
protons at the cathode (Au end). This basic description of the reaction mechanism was used
by Wang et al. [38] to successfully predict the direction of motion of a nanomotor composed
of any two of six noble metals.

Here we provide a model that shows that the locomotion is driven by fluid slip around the
nanomotor caused by self-generated electrical body forces in a mechanism called reaction
induced charge auto-electrophoresis (RICA) [29, 30]. The respective excess and depletion of
protons at the anode and cathode generate an electric field, E. Electric body forces, of the
form p.E, arise due to the coupling of free charge density, p,, with tangential electric fields
which are generated by the asymmetric charge density distribution induced by the asym-
metric surface reactions. The charge density results from the asymmetry in cation concen-
tration (due to the reactions, as shown in Figure 1) as well as from the diffuse portion of the
electric double layer (EDL) that forms due to the rod’s native surface charge (not shown in
Figure 1). The electric body forces drive fluid motion and thus nanomotor motion. Ulti-
mately, net locomotion is driven by a coupling of the diffuse charge in the EDL that shields
native surface charge on nanomotor surface and electric fields that are driven by the asym-
metric distribution of reaction products established by the heterogeneous surface reactions.

AHt + 022H+ de~

H202 + + + 2e” H202

300 nm

4H-50 2HT + Oy + 2e~

< 2 ym —>»

Figure 1. Schematic of Pt/Au catalytic nanomotor in hydrogen peroxide solution
showing typical dimensions, electrochemical reactions, approximate charge density
distribution, and approximate electric field lines. As shown here, the rod’s motion is
directed to the right.
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EXPERIMENTS

Experimental Methodology

The magnetic nanomotors were prepared by electrodepositing the corresponding metals or
hybrid metal-CNT composite into a porous alumina membrane template (Catalogue no.
6809 —6022; Whatman, Maidstone, U.K.). A thin gold film was first sputtered on the
branched side of the membrane to serve as a working electrode. The membrane was
assembled in a plating cell with aluminium foil serving as an electrical contact for the
subsequent electro-deposition. In order to synthesize well-shaped cylindrical nanomotors,
a sacrificial silver layer was electrodeposited into the branched area (1 —2 pum thickness) of
the membrane using a silver plating solution (1025 RTU@4.5 Troy/Gallon; Technic Inc.,
Anaheim, CA, U.S.A.) and a total charge of 2 coulombs (C) at -0.9 V (vs. Ag/AgCl, in
connection to a Pt wire counter electrode). This was followed by the electro-deposition of
gold (0.75 C) from a gold plating solution (Orotemp 24 RTU RACK; Technic Inc.) at -0.9 V
(vs. Ag/AgCl). Following the plating of the first gold segment (0.75 C), nickel was electro-
deposited from a nickel plating solution 20 g I'! NiCl,-6 H,0, 515 g I'! Ni(H,NSO5),-4 H,0,
and 20 g I'' H3BO; (buffered to pH 3.4)] at -1.0 V (vs. Ag/AgCl). A total charge of 2.0 C
was used for plating nickel. The second gold segment (0.75 C) was then deposited. Subse-
quently, platinum-CNT were deposited galvanostatically at -2 mA for 50 min from a plati-
num plating solution containing 0.50 mg/ml of CNT, along with 0.1 wt% Nafion and 2 mM
4-nitrobenzenediazonium tetrafluoroborate, respectively. After depositing the nanomotors,
the membrane was removed from the plating cell and rinsed thoroughly with nanopure water
to remove all residues. The sputtered gold layer and the silver layer were simultaneously
removed by mechanical polishing using cotton tip applicators soaked with 35% HNO; for
ca. Smin to ensure complete silver dissolution. The nanomotors were then released by
immersing the membrane in 3 M NaOH for 30 min. These nanowires were collected by
centrifugation at 10,000 rpm for 5min and washed repeatedly with nanopure water
(18.2M cm) until a neutral pH was achieved. Between washing steps the nanowire solution
was mixed and briefly sonicated (several seconds) to ensure the complete dispersion of
nanowires in the washing water and hence the removal of salt residuals entrapped in the
nanowire aggregate after centrifugation.

Special attention was paid to the nanowires being washed directly before testing and sus-
pended in freshly obtained nanopure water due to significant deceleration of the nanomotors
speed in the presence of salt ions. All nanomotors were stored in nanopure water at room
temperature and their speed tested within a day of synthesis.

The nanomotor suspensions were diluted in water and mixed with hydrogen peroxide
solution to obtain roughly 5 wt% H>O,, unless noted. The real-time movement of the
nanomotors was visualized using white light transmission microscopy at 200 x total mag-
nification (Nikon Instrument Inc., Eclipse80i, Melville, NY, U.S.A.) equipped with a Photo-
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metrics CoolSnap CF camera (Roper Scientific, Duluth, GA, U.S.A.). The nanomotors
where controlled using a 9.5 mm cube-shaped Neodymium (NdFeB) magnet placed at the
centre of the top face of a larger 25.4 mm NdFeB cube shaped magnet (both 1.32 Tesla from
K&J Magnetics Inc., Jamison, PA, U.S.A.). The magnet pair was fixed to a custom magnet
holder, and attached directly to the microscope condenser stage thus aligning the centre of
the magnets with the optical axis.

The magnetic poles (from north to south) of the large and small magnets were opposite in
direction while both were perpendicular to the optical axis of the microscope. The super-
position of the magnetic fields of the two magnets allowed for a weak parallel magnetic field
at a distance greater than 2 mm and a strong perpendicular field ca. 1 mm. For cargo pickup
and release experiments a diluted suspension of nanomotors and magnetic-nanoparticles
coated polystyrene beads (Spherotech, Inc., Libertyville, IL, U.S.A.) was prepared.
A 10 mm cube-shaped magnet was placed on the microscope stage next to a microcapillary
tube, containing the nanomotors and spherical cargo. To measure the speeds of a nanomotor
before picking up, during transporting and after dropping off the cargo, the nanomotor was
magnetically directed toward an unbound magnetic microsphere, captured and transported it
for ca. 5 seconds and finally releasing the cargo via a fast reversal of the magnetic poles.

Results

We demonstrate the directed motion of catalytic nanomotors and their cargo transport and
manipulation capabilities along predetermined paths within micro-channel networks. We
eliminate the requirement for functionalization of the nanowire by making use of the
magnetic properties of a nickel segment for guiding and sorting of nanomotors through
various junctions of the microfluidic network at speeds up to 40 um s™'. In addition, the
magnetic segments enable dynamic loading, transport, and release of spherical magnetic
cargo. The ability of a nanomotor to travel on a predetermined path is an important aspect of
the integration of nanomotors into microfluidic networks. Directed motion of chemically-
powered Au/Ni/Au/Pt-CNT nanowires within a micro-channel network is illustrated in
Figure 2. A weak external magnet was used for sorting the nanomotors in each of the
junctions of the microfluidic network, without contributing to the nanomotors speed. For
example, Figure 2A illustrates a 2 um long Au/Ni/Au/Pt-CNT nanomotor travelling in an
hourglass pattern along a 700 um long preselected path in a symmetric central portion of the
micro-channel network over a 70 second period. Figure 2B illustrates the directional manip-
ulation of the nanomotors within the micro-channel network. Four predetermined paths (a-
d), starting from the same starting point (SP), illustrate the dexterity of the CNT-based
nanomotors and the magnetic sorting in different junctions. It should be noted that the same
nanowire was travelling continuously in all four paths of Figure 2B (as well as returning to
the same starting point) for more than an hour.
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Figure 2. Tracks of directed nanomotor movement within a microfabricated channel
network. (A) Motion of an Au/Ni/Au/Pt-CNT nanomotor maneuvering around the
central portion of a PDMS microstructure. (B) Motion of the same nanowire over
four different paths (a-d) beginning from the same starting point (SP). (C) Motion of a
nanomotor in a mixed peroxide/hydrazine fuel. Fuels, 5 wt% H,O, (A, B); 2.5 wt%
H,0,/0.15 wt% hydrazine (C). Scale bar 25 um. Reprinted with permission from [5].
Copyright 2010 American Chemical Society.

A "stop-and-go" nanomotor

Movie 2. A “stop-and-go” nanomotor.

The magnetic properties of the Au/Ni/Au/Pt-CNT nanomotor can also be exploited for
executing a controlled pick up and release of the magnetic-spherical cargo as shown in
Figure 3 [5]. On-demand cargo pick up is accomplished by a weak magnetic interaction
between the superparamagnetic spherical particle and the ferromagnetic nickel segment in
the nanomotor. The nanomotor is directed close to the spherical particle. When the nano-
motor is in close proximity to the particle, (ca. one particle diameter) the magnetic fields of
the particle and nanomotor are sufficient to bring them together. The spherical particle-
nanomotor complex continues to move, powered by RICA, along the path dictated by the
external magnetic field. Release is accomplished by exploiting the weak interaction between
the nickel segment within the nanomotor and the magnetic polystyrene beads. A fast change
in the direction of the nanomotor (through rapid 180 degree rotation of the external magnet)
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releases the magnetic cargo when the viscous fluid drag on the particle exceeds the magnetic
force between the nanowire and the particle. This cargo manipulation functionality could be
used for controlled assembly, autonomous microdevices, or drug delivery, for example.

A/'B ‘)C

cargo

@
o .
Figure 3. Sequential micrographs (A-F) of cargo pickup, transport, and release by an
Au/Ni/Au/Pt-CNT nanomotor. Green and red traces denote the path traveled by the
nanomotor and the cargo-loaded nanomotor, respectively: (A and B) the manipulation
toward and pickup of cargo by a nanomotor; (C) subsequent transport of the cargo by
the nanomotor; (D) release of the cargo; (E and F) motion of the nanomotor after the

cargo release. Reprinted with permission from [5]. Copyright 2008 American Chemi-
cal Society.

Movie 3. In-dive cargo pick-up by magnetic controlled synthetic nanomotors.

We measure the velocity of the nanomotor-particle complexes and find that that they depend
on the size of the cargo. Figure 4 shows the velocity of the complex as a function of the size
of the particle diameter. This plot shows that the nanomotor velocity decreases from 11 to
4um s upon increasing the cargo size from 1.3 to 4.3 um, respectively.
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Figure 4. Nanomotor-sphere complex velocity as a function of the attached sphere
diameter. The solid line is a simple theory based on the Stokes drag of the sphere.
Reprinted with permission from [5]. Copyright 2010 American Chemical Society.

We expect that the complexes’ velocity to depend on the size of particle because the speed of
the terminal velocity of the nanomotor is reached when the propulsive force of the electro-
kinetic locomotion is balanced with the hydrodynamic Stokes drag as,

Fy = Fpy = 6mpla,

where W is the fluid viscosity, U the velocity of the nanomotor complex, a is the particle
radius, F; is the drag force, and F,,, is the force the nanomotor generates due to RICA.
Using this equation, we can make a theoretical prediction of the complexes’ velocity as a
function of the cargo diameter. This prediction is shown along with the experimental data in
Figure 4. This theory requires a single fitting parameter, namely the force generated by the
nanomotor. We find that fitting this theory to the data results in a nanomotor force of
0.16 pN. Smaller forces (0.04 pN) have been reported for conventional (undoped) Pt-Au
nanowires. The larger cargo-towing forces of the CNT-based nanomotors allow transport of
larger cargo at a faster speed compared to common Pt-Au nanowires (e.g., 4 um/s for the
4.3 um cargo compared to 3.5 um/s for the 2.1 um cargo, respectively).

We have also measured the velocity of nanomotors as a function of peroxide concentration.
Figure 5 shows the velocity of undoped nanomotors as a function of peroxide wt%. We
obtained the experimental data in Figure 5 by measuring the velocity of approximately 200
nanomotors using optical microscopy in varying concentrations of hydrogen peroxide. The
value of j/j; at each peroxide concentration is estimated from the published dependence of
electrocatalytically generated current density on Pt and Au interdigitated microelectrodes
[34]. We have subtracted out the characteristic Brownian velocity of the nanomotors (mea-
sured here to be 4.87 um s') from all experimental data points in order to only consider the
axial velocities measured in the experiments. The velocity increases linearly with peroxide
concentration. We also make predictions of this velocity as a function of the current density
and zeta potential of the rod as will be discussed in the following section.
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Figure 5. Nanomotor velocity as a function of dimensionless flux j/j; (lower axis)
and hydrogen peroxide concentration (upper axis). Simulations (open symbols), the
scaling analysis (lines), and experiments (closed symbols) show excellent agreement.
Simulations are shown for four values of the zeta potential. Copyright (2008) by the
American Physical Society.

Movie 4. Nanomotors in 1% Hydrogen Peroxide







Catalytic Nanomotor Function and Locomotion Physics

Movie 5. Nanomotors in 3% Hydrogen Peroxide. The movies show that the velocity
of the motors increases with peroxide concentration.

THEORY AND SIMULATIONS

Here we present detailed simulations, scaling analysis, and experiments that describe the
locomotion of bimetallic nanomotors in hydrogen peroxide solutions due to Reaction In-
duced Charge Auto-Electrophoresis (RICA) [29, 30]. Nanomotor movement is the result of
an electroviscous slip velocity that is driven by electrical body forces resulting from charge
density and electric fields that are internally generated by electrochemical reactions occur-
ring on the particle surface. We expect that a detailed understanding of the physics under-
lying the nanomotors’ motion will provide a basis for rational design of next-generation
nanomachines capable of operation in diverse conditions and applications.

In our model, we consider a rod immersed in a binary electrolyte with equal concentrations
of H" and OH ions. In the dilute solution limit, the steady ion concentration distributions are
given by the advection-diffusion equation,

u-Ve; = DiVec; + zFuV - (¢;V ), (1

where u is the fluid velocity, ¢ is the molar concentration, D is the diffusivity, z is the
valence, F is the Faraday constant, v is the mobility, ¢ is the electrostatic potential, and the
subscript 7 denotes the species. The electrostatic potential in turn depends on the local free
charge density as described by the Poisson equation,

—6V2¢ =pe=F(zpcq +2z—c), 2)
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where z. =1, z_=-1, p, is the volumetric charge density, and €= g,&, is the permittivity of
the liquid which we assume to be constant. In our model, fluid motion (and thus nanomotor
motion) is driven by electrical body forces, which depend on the concentrations of charged
species only. We and others have estimated the forces due to diffusiophoresis and found that
they are several orders of magnitude smaller than those produced by the induced charge
mechanism described here [33]. For this reason we do not consider the oxygen and peroxide
concentrations and focus on a simple binary electrolyte. To close the system of equations we
include the steady, incompressible Navier-Stokes equations for a Newtonian fluid,

V- -u=0 3)

p(u-Vu)=-Vp+ anu — peVo. “4)

Here p is the fluid density, p is the pressure, 77 is the dynamic viscosity, and p,V¢ is the
electrical body force that results from the coupling of charge density and electric field. This
general framework has been used extensively to describe electrohydrodynamic flows [15],
particularly electrokinetic flows which are driven by a coupling of externally applied fields
and charged objects.

The reactions are represented by boundary conditions specifying the molar proton fluxes on
the surface of the nanomotor. On the anode and cathode we prescribe equal and opposite
fluxes j and -j normal to the wire surface. Since anions (hydroxide ions) do not participate in
the reactions, the normal anion flux is set to zero everywhere on the nanomotor surface. The
values of the proton fluxes specified in the simulations are based on previously published
measurements of current density at Pt and Au electrodes in hydrogen peroxide [6, 23, 34].
Here we do not directly model the electrochemical reactions that are described by the Butler-
Volmer equation, because we have direct measurements of the current density for our
electrocatalysts and fuel. At the nanomotor surface we apply the no-slip condition for the
velocity and specify the local surface potential (relative to the bulk solution) as ¢=&. Far
from the rod surface, the electrostatic potential decays to zero and ion concentrations
approach their bulk value, i.e., » — 0 and ¢; — ¢4 as the radial distance » — oc.

We non-dimensionalize the momentum equation using the following scaling quantities:
[u] X Uep, p X NUey/d, pe X pe,, and V¢ ox Ey where pe, is a characteristic charge density,
E, is a characteristic electric field, d is a viscous length scale, and U,, is a characteristic
electroviscous velocity. Applying these scalings to the momentum equation (4), a Reynolds
number emerges based on the electroviscous velocity, given by Re = pU,,d/n. Here we use
the electroviscous velocity which arises in electrokinetic systems due to the balance of
electrical body and viscous forces acting on the fluid, defined as [15]
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Metallic nanorods support a native surface charge in aqueous solutions [9]. The charged
surface attracts a screening cloud of counter-ions which develops a region of net charge
density in the electrical double layer (EDL) surrounding the rod. The characteristic length
scale of the charge density region is the Debye thickness Ap, which scales with the back-
ground electrolyte concentration c.,~'/2. This charge density in the EDL scales with the
potential in the EDL based on the Poisson-Boltzmann equation for a symmetric binary
electrolyte,

222F 2000( eC
X —————— X —-, 6
peo RT )\%) ( )
where z=1 and we have imposed the Debye-Hiickel approximation. In order to also include
the effects of the reaction-driven flux, we introduce a characteristic electric field based on
the flux and diffusivity of protons,
FXph
Ey o< ——, @)
6D+
where 7 is the length of the nanomotor and also the characteristic length for the electric field.
Combining expressions (5 —7), the electroviscous velocity scales as

Fh\
CnD D, ®)
+

Uev X

Here we scale the viscous length scale d with the EDL thickness Ay since the region of
significant viscous and electrical body forces is limited to the area with charge density. As
shown in Figure 6B, the z-component of the self-generated electric field is significant along
a distance that scales with the nanomotor length /. The scaling analysis shows that the
nanomotor speed increases linearly with the reaction flux j because the flux generates charge
density which produces the internally generated field. Equation 8 can be recast in the form of
the Helmholtz-Smoluchowski equation U., = e(F\/n which describes the electrophoretic
velocity for a charged particle in the presence of an external electric field [14], where here E,
is given by equation 7.
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Figure 6. Simulation-generated plots of (A) normalized proton concentration ¢ (col-
or-red and blue denote high and low proton concentrations, respectively) and electrical
potential " (contour lines), (B) charge density p, (color- red denote positive charge
density above background zero levels in blue) and electric field (streamlines) and (C)
RICA velocity magnitude (colors — blue is zero and red is maximum velocity) and
streamlines (black lines) for the case {=-10 mV and j/j;= 0:8. The reactions lead to an
asymmetry in the proton concentration such that an excess of protons builds up at the
anode and protons are depleted at the cathode. The excess of protons results in
positive charge density at the anode and the generation of electric field pointing from
the anode to the cathode. Copyright (2010) by the American Physical Society.

We assume the flow is axisymmetric and thus solve the system over a two-dimensional
cross-section of the 3-D problem. The 100 um x 100 um simulation domain is discretized
into approximately 181,000 triangular mesh elements. The length and diameter of the
simulated nanomotor are set to 2 um and 370 nm, respectively. We solve the system of
governing equations (1 —4) numerically using the linear system solver PARDISO. Using a
two-ion model with a fixed bulk electrolyte concentration, the only free parameters in the
system are the nanomotor native surface potential { and the surface flux j. We normalize the
flux by characteristic flux based on Nernst’s diffusion limited current density given by
ja = 4Dycx/Ap [3]-

Figure 6A shows the dimensionless proton concentration c*=(c; - c.)/c.. (colour) and
contours of the electric potential normalized by the thermal voltage ¢* = zF'¢/RT (black
lines) for the case where &=-10 mV and j/j,=0.8. In the absence of reactions, the EDL
proton concentration and electrical potential are both symmetric around the nanorod. Figure
6A shows that when reaction-driven fluxes are introduced, an asymmetry in the proton
concentration is established such that an excess of protons builds up at the anode and
protons are depleted at the cathode. The reactions also result in an asymmetric electrical
potential profile that bulges at the cathode.

Figure 6B shows the charge density and streamlines of electric field for the same case as
Figure 6A. The charge density in the diffuse layer of the anode is positive because the
negatively charged surface attracts cations near the surface and the surface reactions con-
stantly inject cations. At the cathode the deficiency of protons due to reactions and the
shielding protons due to the negatively charged surface nearly counteract each other result-
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ing in weak negative charge density. The charge density generates an electric field, as
described mathematically by Poisson’s equation. The electric field couples with the charge
density to produce an electrical body force, p.E, which acts on the fluid to drive an
electroviscous velocity and propel the nanomotor.

Figure 6C shows the RICA velocity magnitude (colour) and streamlines (black lines). These
simulations are conducted in the reference frame of the nanomotor. Fluid flows from the
anode to the cathode due to electrical body forces that result from a coupling of positive
charge density and electric field tangent to the nanomotor surface. By Galilean invariance,
this is equivalent to the nanomotor swimming with the anode end forward.

Figure 5 shows the nanomotor velocity as a function of the flux j/j, obtained from simula-
tions, the scaling analysis, and experiments. The experiments and simulations show good
agreement for a native surface potential of -25 mV, which we obtain from independent
measurements of the zeta potential for Au and Pt particles in aqueous solutions [9, 10].
The simulations, scaling analysis, and experiments all show that the electroviscous swim-
ming velocity of the nanomotors increase linearly with increasing peroxide concentration or
current density.

SUMMARY

Nobel Laureate Peter Mitchell originally proposed that an asymmetric ion flux across an
organism’s membrane could generate electric fields that drive locomotion. Although this
locomotion mechanism was later rejected for some species of bacteria, modern nanofabrica-
tion tools have been harnessed to engineer bimetallic Janus particles that swim by ion fluxes
generated by asymmetric electrochemical reactions. Here we have presented governing
equations, scaling analyses, and numerical simulations that describe the motion of bimetallic
rod-shaped motors in hydrogen peroxide solutions due to reaction-induced charge auto-
electrophoresis. Our simulations show strong agreement with the scaling analysis and ex-
periments. The analysis shows that electrokinetic locomotion results from electro-osmotic
fluid slip around the nanomotor surface.

We have demonstrated the controlled motion of the nanomotors through micro-channel
networks. We have shown that external magnetic field control of the motors can be used
to pick-up, drag, and release micron scale colloidal cargo. Synthetic nanomachines may pave
the way to integrated functional microdevices powered by autonomous transport.
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