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Abstract: We have explored the role of electrokinetics in the spontaneous motion of platinum—gold nanorods
suspended in hydrogen peroxide (H.O,) solutions that may arise from the bimetallic electrochemical
decomposition of H,O,. The electrochemical decomposition pathway was confirmed by measuring the
steady-state short-circuit current between platinum and gold interdigitated microelectrodes (IMEs) in the
presence of H,O,. The resulting ion flux from platinum to gold implies an electric field in the surrounding
solution that can be estimated from Ohm’s Law. This catalytically generated electric field could in principle
bring about electrokinetic effects that scale with the Helmholtz—Smoluchowski equation. Accordingly, we
observed a linear relationship between bimetallic rod speed and the resistivity of the bulk solution. Previous
observations relating a decrease in speed to an increase in ethanol concentration can be explained in
terms of a decrease in current density caused by the presence of ethanol. Furthermore, we found that the
catalytically generated electric field in the solution near a Pt/Au IME in the presence of H,O; is capable of
inducing electroosmotic fluid flow that can be switched on and off externally. We demonstrate that the
velocity of the fluid flow in the plane of the IME is a function of the electric field, whether catalytically
generated or applied from an external current source. Our findings indicate that the motion of PtAu nanorods
in H,O; is primarily due to a catalytically induced electrokinetic phenomenon and that other mechanisms,
such as those related to interfacial tension gradients, play at best a minor role.

Introduction of suspended asymmetric platinamgold (PtAu) nanorod3 By

. I . . . incorporating ferromagnetic nickel (Ni) segments into the
One essential aspect of motile biological systems is the ability 5nowire structure, Kline et al. demonstrated that the motion

of biomotors and organisms to harness the chemical free energy,¢ piniAuNiAu nanorods could be controlled remotely by using
pf their local environment, allowing individual motors to operate 5 \yeak magnetic field. Catchmark and co-workers also
independent of one another. Several approaches toward autonOgemonstrated the catalytically driven motion of more complex
mous synthetic motors have been described in the past fewyioromators by fabricating gear structures that rotate i0:H
years:~S Understanding the chemically induced locomotion of - ions? Other groups have also used this same reaction to
micro/nanoobjects or pumping of bulk fluids in these systems ;,4,,ce motion, such as the spontaneous rotation of nigielt

is an emerging research area at the interface of many disciplines,5qrods pinned at one end to a silicon substrate, observed by

with poten'FlaI applications in biomimetics, microfluidics, and i and other& Later, Feringa et al. used a different approach

nanomachinery. o . . . by functionalizing an otherwise noncatalytic object with a
Among reports of artificial chemical locomotion, Ismagilov  synthetic analogue of catalase, a biologically derivefDH

and Whitesides et al. were the first to use a nonbiological decomposition cataly$t.

catalytic reactiorrhydrogen peroxide (¥D2) decomposition- Although the net decomposition reaction is the same in each

to power the motion of millimeter scale objects at an air/water of these cases (28, — 2H,O + O), the propulsion mecha-

interface? Our group later found that the platinum-catalyzed nisms of the relatively larger systems described by Whitesides

decomposition of O, could also be used to power the motion  and by Feringa and the smaller metallic structtrésare

fundamentally different. The motion of the former may be
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ascribed to differences in interfacial tension generated by the

concentration gradient of the products diffusing away from the
catalytic product-generation sites. Subsequently, Kline et al.

demonstrated that a complementary system consisting of a silver

catalyst (for HO, decomposition) immobilized on a gold surface
was capable of pumping fluid surrounding the stationary
object!® The fluid convection caused by this catalytic micro-
pump was attributed to an electrokinetic mechanism resulting
from the electrochemical (rather than purely chemical) decom-
position of HO; involving both the silver and the gold surfaces.

Prompted by these results, we sought to investigate the

possibility that an electrokinetic mechanism might also be
operating in the case of the PtAu catalytic nanorod motors. In
addition, mixed potential measurements using different types

Paxton et al.
H,0 2H* + 2¢" + H,0
22 fluid flow — ¢ T
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Figure 1. A schematic illustrating self-electrophoresis. Hydrogen peroxide
is oxidized to generate protons in solution and electrons in the wire on the
Pt end. The protons and electrons are then consumed with the reduction of
H20; on the Au end. The resulting ion flux induces motion of the particle
relative to the fluid, propelling the particle toward the platinum end with
respect to the stationary fluid.

chemistry on an asymmetric metallic surface, such a®;H
oxidation and reduction occurring on opposite ends of a PtAu

of electrodes have recently been used to predict the directionnanorod (Figure 1).

of motion of other bimetallic nanorods in,B,, consistent with
the electrochemical mechanism discussed He#e.detailed
theoretical model that considers the coupling of electrokinetic
effects with bulk fluid flow fields and predicts the formation
of tracer patterns in catalytic “pumps” will be published
separately?

Concept

The electrokinetic mechanism is a variation of established

electrokinetics that describes the effect of an external electric

field on the ions in the double layer at an aqueous solution/
solid interface. According to classical electrokinetic theory,
mobile ions in the electrical double layer migrate under the
influence of the electric field and drag solvent molecules as
they move, causing a net fluid movement with respect to the
solid surfacé? In the case of a fixed surface (such as a capillary
or a microchannel), the result is electroosmotic fluid pumping

from one electrode to the other. Electrophoresis describes the
complementary process for freely suspended particles that

migrate in an electric field with respect to the surrounding
fluid.14

Conventional electroosmosis and electrophoresis require an

applied electric field from an external source. However, it has
been recognized that living cells could self-generate electric
fields through transcellular ion currents, and Mitchell suggested
this as a possible mode of microorganism propul$fonder-

son also recognized the potential of self-generated fields and

proposed a relationship between velocity and electric fields
arising from cellular processé%Complementing Anderson’s
work, Lammert et al. later put forward a mathematical solution
for the velocity of a hypothetical spherical vesicle with an
asymmetric distribution of ion pumps on its surface and agreed
that such an object could in principle propel itself through
solution electrophoretically’. In addition to ion pumps, self-
generated electric fields may also arise from bipolar redox

(10) Kline, T. R.; Paxton, W. F.; Wang, Y.; Velegol, D.; Mallouk, T. E.; Sen,
A. J. Am. Chem. SoQ005 127, 17150-17151.
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Sen, A.; Mallouk, T. ELangmuir200§ in press.

(12) Kline, T. K.; lwata, J.; Lammert, P. E.; Mallouk, T. E.; Sen, A.; Velegol,
D. J. Phys. Chem. Bn press.

(13) Lyklema, J.Fundamentals of Interface and Colloid Scienéeademic
Press: San Diego, 1991, Vol. 2.

(14) Delgado, AV., Ed.Interfacial Electrokinetics and Electrophoresidarcel
Dekker: New York, 2002.
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(16) Anderson, J. LAnnu. Re. Fluid Mech.1989 21, 61—99.
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Although platinum is an efficient catalyst for the nonelec-
trochemical decomposition of hydrogen peroxide in the absence
of another electrode, the electrochemical oxidation gbfbn
a platinum electrode is well document&&and may be coupled
to the reduction of KO, on the polycrystalline Au surface at
the opposite end of the PtAu nanorod according to the following
reactions:

Pt: HO,— O, + 2H" + 2¢
Au: H,0,+ 2H" 4+ 2e” — 2H,0

If this mechanism was operative on the surface of a PtAu rod,
there would be a measurable electron current from platinum to
gold. Conservation of charge and the stoichiometry of the
decomposition half reactions require that the electron current
between platinum and gold be accompanied by an ion current
in the solution between the electrodes. The resulting ion flux
from platinum to gold implies an electric field that can be
estimated from Ohm’s LawH = J/k) and brings about particle
migration with a velocity that scales with the Helmhettz
Smoluchowski equation:

el

Uep="1

1)

whereue is the electrophoretic mobility of the bimetallic particle
(a function of the dielectric constant and viscosity of the
solution, and the dimensions and zeta potential of the particle),
Jis the current density due to the electrochemical reaction, and
k is the conductivity of the bulk solution. This relationship
predicts that the velocity is proportional to the current and
inversely proportional to the solution conductivity, suggesting
strategies by which to test this electrokinetic hypothesis.

1. Electrochemical O, Decomposition.The possibility of
an electrochemical decomposition pathway was confirmed by
measuring the steady-state short-circuit current between platinum
and gold interdigitated microelectrodes (IMEs) in the presence
of H,O, (Figure 2). We prepared bimetallic IMEs by electro-
plating onto one of the two electrodes on commercially available
IMEs (Abtech Scientific) potentiostatically using a bipotentiostat
(Pine model AFRDES). The electrode being plated onto was
the working electrode, while the other was a “passive” electrode.

(18) Bianchi, G.; Mazza, F.; Mussini, Electrochim. Actal962 7, 457-473.
(19) Hall, S. B.; Khudaish, E. A.; Hart, A. [Electrochim. Actdl997, 43, 579—
588.
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Table 2. Catalytically Generated Current Density vs Electrolyte
Concentration on a Small Aupiaed/Pt Interdigitated Microelectrode
(IME) in 10% H20 (w/w)

[NaNQ;] conductivity current density
(M) (uSlcm) (AM?)
4.9(5) 0.52
3.9x 105 9.3(5) 0.44
1.5% 104 20.8(5) 0.60
3.9x 104 42.9(5) 0.45
[l 7.6x 1074 83.3(8) 0.38
[‘ ),]]“.H 3.8x 1072 321(3) 0.56
(11—
4 4 comparable to those required to move PtAu rods, were 0.12
W S and 0.68 A/m, respectively, considerably higher than the short-

Figure 2. A PUAu interdigitated microelectrode (IME) chip used to measure  Circuit current in deionized (DI) water (18.2%tcm) and 0.18

the current with an ammeter (A) between platinum and gold due to the M sodium nitrate (NaN@). Because of the nobility of both
Cat&:j'ytilc decomdPOSitiOIP Og th_’fffOQe” Pe{)f”_(ide-hTWO Sizss of ghilps Wﬁfef platinum and gold, we considered that current due to corrosion
Glectiode fingers. For small chigs— 3 mm andN = 26, wherd is the . Of these materials in 4D is negligible and attributed the
length of the electrode fingers, ahds the number of fingers per electrodes.  0bserved current to the spontaneous electrochemical decomposi-
For large chipslL. = 5 mm andN = 50. For both types of electrodes used,  tion of H,O, that involved both the platinum and the gold
the width of the electrode fingersy, and the spacing between electrodes, electrode surfaces. Furthermore, the direction of current was

both 1Qum. : : — ;
S were both 1Qum consistent with the oxidation of @, on the platinum electrode

Table 1. Catalytically Generated Current Density vs H,0, and the corresponding reduction of;® on gold. Finally,
Elonc)entratlon on a Large Ptpaed/Au Interdigitated Microelectrode although the measured current density between a platinum and
IME

gold electrode had a relative standard deviation of 17% between

experiment (4202 (M) current density () experiments (Table 2), this variability did not significantly
802;206 (1)-28 g-fﬁé(‘;) depend on solution conductivity, which was tuned by changing
Ozoﬁﬁﬁ_téz 0.018 0'_016(2()4) the electrolyte concentration.
0.006% HO, 0.0018 0.00099(4) In addition to the electrochemical pathway involving two
%?006% HO 0.00018 006%%%03%5(2) metals, it is well-known that platinum is capable of decomposing
0.18 M NaNG 0.000041 hydrogen peroxide through nonelectrochemical pathways in the

absence of another electrode. Previously, we observed that the
surface area normalized rate of oxygen evolution per PtAu rod
Because of size constraints, a platinum wire (cleaned with due to all decomposition processes was 8.70~° mol of O
concentrated nitric acid prior to use) was used as both a quasi-S™M* (in 3.7% H02).2° The observed current densities on the
reference electrode and the counter electrode. Several bimetallidblaed AU IME in 6% H,O, are equivalent to those at an
IMEs were prepared by either plating platinum onto as-received electrochemical oxygen production rate of 510~° mol of

gold electrodes (RiedAu) or plating gold onto as-received ~ O2/(S'm?).2* Comparing this electrochemical rate on thgaRi
platinum electrodes (AukedPt). Although electroplating was AU IME to the total oxygen production rate due to PtAu
done potentiostatically, the current at both the working electrode Nanorods, the electrochemical decomposition gtomprises
and the passive electrode was carefully monitored. Gold was UP to 40% of total oxygen production.

plated on platinum IMEs at a potential 6f2.1 VV (vs the Pt 2. Catalytically Induced Electrokinetics for Motors. After
quasi-reference) to give a current density-.7 A/m? for 10~ confirming the electrochemical decomposition 0G4 using

min, resulting in a plated gold thickness of0.4 um, as Pt/Au IMEs, we investigated this possibility in the case of PtAu
measured by atomic force microscopy. A higher current density nanorods and tested the electrokinetic model for nanorod
of —27 A/n? was needed to plate platinum on gold IMEs, due propulsion against our earlier conclusions. We previously
to its lower plating efficiency. This required a potential-of.7 reported that adding ethanol to suspensions of PtAu rods@ H

V (vs Pt quasi-reference) for 10 min, resulting in a platinum resulted in a reduced oxygen evolution ré&eand interfacial
thickness of~0.4 um. To prevent undesirable processes from tension,y, and we observed a corresponding linear decrease in
taking place on the passive electrode, such as etching or plating/od velocity with the produc8y.> However, eq 1 predicts that

it was biased such that the current was no more thHgy, of the speed of catalytically driven PtAu rods in®3 should scale
that on the working electrode for the duration of the plating With the electrochemically generated current. To test the
process. correlation between current and axial velocity, we compared

g the speed of PtAu rods in ethanol solutions to the catalytically
generated current between a platinum and a gold electrode in
contact with reaction mixtures containing hydrogen peroxide

The resulting platinum/gold IMEs were cleaned and activate
by soaking them in 6% D, for at least 1 h. A platinum
electrode of a RBwedAu IME was then short-circuited to the
gold electrode though an ammeter (Keithley 2487 Picoammeter).2nd éthanol.

After the addition of aqueous 9, solutions to the IME surface,  (20) Because of a calculation error, the &olution rate reported in ref 5 was
such that all exposed fingers were covered by solution, we overstated by a factor of 10. The corrected surface normalized rate of

- oxygen evolution in 3.7% b0, is 8.7 x 10-6 mol of O,/(s'm?).
observed a steady-state current density between the Pt and Ay21) We calculated the electrochemical oxygen production rate from the

; ; ; following equation: rate= (J/nF) whereJ is the measured current density
electrodes that varied _V\_”th &, concentration (Table 1)'_ The (0.12 to 0.68 A/Min 0.6 to 6% HO,, respectively)n is the stoichiometric
observed current densities for 0.6 and 6%k concentrations number of electrons transferred in the process FaisdFaraday’s constant.

J. AM. CHEM. SOC. = VOL. 128, NO. 46, 2006 14883



ARTICLES Paxton et al.

Table 3. Effect of Ethanol on the Catalytically Generated Current
between a Platinum and a Gold Electrode Due to the
Electrochemical Decomposition of 3.4% (v/v) H,O, Compared to
the Axial Velocity of PtAu Rods in H,O/Ethanol Solutions from
Ref 5
% ethanol current density? axial velocity

(viv) (x102 Alm?) (umls)

0 2.61(3) 19

10 1.67(1) 8.8

20 1.21(2) 7.2

33 0.90(1) 5.6

90 0.278(3) 24
Figure 3. Schematic of amperometry experiment. The platinum electrode H,0P 0.0043(8)

consists of an array of the ends of template bound Pt nanorods, connected
from the backside of the template to the ammeter (A). The gold electrode 2 Current density calculated from measured current divided by the area
consists of a gold wire in contact with the aluminum oxide templateJd#l of exposed platinum (2.62 10~4m?).  H,0 is the baseline current density
Contact between the Pt and the Au electrodes in the cell was prevented byin pure deionized water without added®p or ethanol.

the open space~20 «m long) between the ends of the Pt rods and the top

of the AlL,O3 template (right). Reaction mixtures were composed of 3.4% 20

H,0, (w/w) and varying concentrations of ethanol. .
The platinum electrode was prepared by electrodepositing "

platinum in an aluminum oxide template with a silver backing. g )

Electroplating was stopped before the Pt reached the end of 5

the template pores, allowing for20 um of open channel §' s .

between the end of an electrodeposited Pt rod and the top of € *

the AlL,Os; template (Figure 3). This procedure afforded an array % 4l

of 2.44 x 10° individual platinum rods, each with a diameter .

of ~370 nm and each electrically connected to the silver 0

backing. We incorporated the resulting nanowire array electrode
into a solution cell, such that the Pt side of the electrode could
be exposed to rinse solution (and later, reaction mixtures) and current density (/)

the dry silver back|ng could be e|ectr|ca"y connected to the Figure 4. Plot of axial velocities of PtAu rods (from ref 5) vs current

. . . S density in ethanol/kD, solutions. Previous observations relating a decrease
ammeter. Prior to using the cell, we filled it with DI water for in speed to an increase in ethanol concentration can be explained in terms

24 h to wash any residual ions from the plating solutions from of a decrease in current density caused by the presence of ethanol. See also
the template and cell and then rinsed liberally with DI water. Table 3.

The counter electrode consisted of a 0.5 mm diameter gold wire . B
(Sigma-Aldrich) that was cleaned by soaking it in concentrated generated current decreased with the addition of ethanol (Table
nitric acid overnight and rinsed liberally with DI water prior to  3) and that the axial velocity for PtAu rods in®; reported
use. previously scales with this decrease in current. In fact, a plot
The gold electrode was brought into contact with theQa| of axial velocity for PtAu rods in kO, (reported previously)
template containing the Pt rod array, and both electrodes wereVersus observed current is nearly |d.ent.|cal to the plot of axial
connected to the terminals of the ammeter (Figure 3). The Velocity versusSy from ref 5, indicating that rod speed
resulting cell containing the Pt rod array electrode was filled Ccorrelated with both currerdnd $ (Figure 4).
with 1 mL of reaction solution containing 3.4%,6, and a We also tested the hypothesized electrokinetic mechanism
known amount of ethanol. We then measured the catalytically described in the previous section by measuring the speed of
generated steady-state short-circuit current between platinumPimetallic rods in HO, as a function of solution conductivity.
and gold in contact with reaction mixtures containing hydrogen Equation 1 predicts that the velocity is inversely proportional
peroxide and ethanol. to the solution conductivity, provided that increasing the
After connecting the gold wire and the platinum array conductivity does not dramatically affect the electrophoretic
electrode through the ammeter, we observed a catalytically Mobility of the rods. We prepared PtAu rods by electrodepos-
generated current density on the Pt array of 261072 A/m? iting platinum and gold in aluminum oxide (ADs) templates
in the absence of ethanol, confirming the electrochemical &S Previously described. After we freed the rods from the
decomposition pathway on electrochemically grown Pt wires. témplate by subsequent nitric acid and sodium hydroxide Béths,
The magnitude of this current, however, was an order of they were suspended in DI water to give a mixture containing
magnitude lower than that observed on the PYAu IMEs, which 24 10° rqu/mlg. Next, we measured the average velocity of
may be due to the greater distance between the platinum and”tAU rods in 3.7% HO, in solutions of varying conductivity.
gold in this experiment compared to the electrode distance in 1° distinguish the directed motion of catalytically active rods

the IME 22 More importantly, we observed that the catalytically from ubiquitous Brownian motion, we measured axial velocity
rather than center-to-center displacement per unit tifieese

0 0.005 0010 0.015 0020 0025 0.030

(22) The distance between the coiled gold electrode and an individual platinum
wire in the array electrode can vary anywhere from 20 to 2000 microns, (23) Martin, B. R.; Dermody, D. J.; Reiss, B. D.; Fang, M.; Lyon, L. A.; Natan,

compared to the IME electrodes which are consistentlyrhOapart. This M. J.; Mallouk, T. E.Adv. Mater. 1999 11, 1021-1025.

larger distance contributes to a significantly higher solution resistance and (24) The sacrificial silver metal deposited on the back of the template was
may account for the difference in current density between the two oxidized and dissolveadi5 M nitric acid, and the aluminum oxide template
experiments. was dissolvedri 5 M sodium hydroxide.
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25 - rods are always connected (always “on”), a switch wired in
series with the IME experiment setup would enable a catalyti-
_ 201 * cally powered pump that could be turned on and off externally.
g Lo In effect, the catalytically induced electrokinetic fluid flows in
2 15 - a® @ the gaps between platinum, and gold electrode fingers of an
"g IME would be controlled by switching the electrochemical
T 10- decomposition off and on. The switch does not affect the rate
s N of nonelectrochemical #D, decomposition occurring at the Pt
® 5 electrode. This experiment thus allows us to measure the
correlation between movement and both chemical and electro-
01 T T T T T ) chemical HO, decomposition reactions. To observe fluid
0 200 400 600 800 1000 1200 movement, we suspended micron sized tracer particles, such
1k (Q:m) as 2um long gold rods (370 nm in diameter; prepared by
Figure 5. Plot of axial velocity vs conductivity for zm PtAu nanorods ~ €lectrodeposition in templates)dn diameter polystyrene (PS)
in 3.7% HO, (w/w). Conductivity was tuned by adding NaN©®) and spheres (Polysciences), oufin diameter carboxy-sulfate (CS)
LiNOs (a). polystyrene spheres (Polysciences) igOpl solutions. These

. N . o ) suspensions were deposited onto a Pt/Au IME, and the behavior
axial velocities were measured by first capturing video clips of of the tracers was monitored and recorded using a Zeiss Axiovert
the rods and then analyzing them using MATLAB-based motion 200 reflectance/transmission microscope equipped with a digital
analysis programs developed locally. Axial velocities reported yideo camera connected to a PC. A switch was wired in series
represent an ensemble average of between 30 and 60 rods. Wgiith the electrochemical setup such that we could toggle the
varied the conductivity from 8.8 to 4105/cm by adding small  g|ectrochemical decomposition pathway on and off. Further-
amounts of either lithium nitrate (LINE or sodium nitrate more, the ammeter was attached to a PC so that we could record
(NaNG;). Solution conductivity was measured using a calibrated ¢,rrent as a function of time, which allowed us to synchronize
interdigitated microelectrode conductivity sensor and AC im-  easyred currents to observed particle motion and estimate the

pedance methods$:?° magnitude of the catalytically generated electric field from the
As predicted by eq 1, the axial velocity of bimetallic rods in - measured current and the solution conductivity.

H,0, drops dramatically by increasing the solution conductivity

with the addition of sub-millimolar concentrations of either .4 4 known concentration 0f 8, onto a PlaedAu IME

LINOs or NaNG; (Figure 5). Zeta potential measurements g a0 and observed the behavior of particles in the center of
(Brookhaven Instruments ZetaPALS) indicated that the averagenq |ME, where the electric fields are expected to be symmetric

zeta potenua_l of Pt_Au rods was41(3) mV and that their and homogeneous in the electrode plane. The particles settled
electrophoretic mobility decreased approximately 10% over the and diffused randomly (i.e., Brownian motion) in two dimen-
range of COhdUC'[I.VI'[Ie?S mgluded n these expenmgnts. To be sions across the electrode surface. Initially, the switch was “off”
certain the reduction in axial velocity was not due instead to a forcing all H,0, decomposition to occur via pathways other
decreased reaction rate, we measured the rate of OXY8€Mnan the bimetallic electrochemical mechanism. When the circuit

g . . o
evolution in solutlt_)ns containing PtAu rods,_ 3.7%04, an_d was turned “on”, allowing the electrochemical process between
NaNGQ; concentrations comparable to the highest used in the

. . )}Jlatinum and gold to occur, the gold tracer particles in the plane
above (_axperlments. Thg rate of oxygen evolution decreased b of the electrodes migrated away from the platinum and toward
approximately 33% with the addition of 1 mM NaNO

istent with val red o8y which dict the gold electrodes. Then, the tracer particles moved up and
(consisten WIth values reported previousyywhich predicts away from the electrode plane, observed experimentally as
a decrease in velocity of also approximately 33% by the scaling

" t forth iously. H the ob dd particles moving out of focus (approximately-2 «m), and
equation put forth previously. HOWEVEr, the ODSEIVed decréasey,, . yoyard the platinum electrodes. Finally, tracers settled back
in reaction rate was not sufficient to account for the more than

. . ; to the electrode plane and began migrating again toward the
0, w -
5&‘/‘; Otr)esggfshgﬁclrﬁfﬂe Euiﬁzlrr\llwilfeugsfcr)r:eutionendczrl;t(;\a/le thegold electrodes. Considering only the one-dimensional motion
9 . ) ; ' - ' “between the platinum and gold electrodes, the tracer particles
current densities measured using the IME setup indicated that

- . seem to shuttle back and forth, as illustrated by the trajectory
the current density due to,8, decomposition does not decrease lot for a tracer particle in Figure 6 (see also video as Supportin
significantly with NaNQ. This suggests that although the overall P P 9 PP g

" . Information). This tracer particle motion is reminiscent of the
rate of HO, decomposition decreases, the electrochemig@,H convection)t e behaviorpof old tracer particles observed b
decomposition is unaffected by the addition of salt. yp g P y

S i o Kline et al. (Figure 7). Furthermore, PS and CS spheres
3. PtAu Interdigitated l.\/llcr.oelectrode's as Catalytlc Mi- (diameter= 1 um in both cases) move similarly (Table 4).
cropumps. The electrokinetic mechanism described above As in the case of the rods. the electrokinetic mechanism
requires an electrical connection between oxidation and reduc- . . ' . g .
. . . . : . predicts that this effect should scale with electric field which
tion sites to induce motion of suspended catalytic particles or

- . . - can be tuned by changing the current densitynd the solution
pump fluid near an immobilized catalyst surface. While the PtAu conductivity, k (E = J/K). This experiment was therefore
repeated on a AdkedPt IME using gold tracers suspended in
solutions of varying HO, concentrations and of varying
(26) E;b”%hﬂsz\%%%”suz%_';%' S. K. Kim, T. S/ Kim, S.;Pak, E. Y.;No, K. conductivity (5.0 to 32Q:S/cm) with the addition of NaN©
(27) Heath, M. A.; Walton, J. HJ. Phys. Chem1933 37, 977-990. These solutions were deposited on the IME surface, and the

We deposited a suspension containing gold tracer particles

(25) Sheppard, N. F.; Tucker, R. C.; Wu, 8nal. Chem.1993 65, 1199-
1202.
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Figure 6. One-dimensional trajectory plot vs time for Au rod tracer on a ) . .
AUpiaiedPt IME in a catalytically generated field (13 V/cm) demonstrating Figure 8. Plot of tracer speed on four different Pt/Au IMEs vs catalytically

the cyclical migration between the gold electrode (top) and the platinum generated electric field estimated from current density and conductivity.
electrode (bottom). Pt and Au electrodes were short-circuited through Electric field was tuned by changing hydrogen peroxide concentration (3
the ammeter starting at= 8.8 s. In the electrode plane, the gold tracer t0 10%) and solution conductivity with the addition of Nah( to 320
migrated toward the Au electrode, then away from the electrode plane (not #S/€m). Tracers were 2m long gold rods #). Included in the plot are the

shown in the 1-D plot), and toward the Pt electrode in the convective return SPeeds of lum diameter polystyrene spheres)(and 1um diameter
functionalized polystyrene spherel)(

flow.
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Figure 7. Schematic illustrating the motion of gold tracer particles due to o . r . y r .
catalytically induced electroosmosis (A) and fluid continuity (B and C) on 0 10 20 30 40 50 60
a Pt/Au interdigitated microelectrode (IME) surface when the switch in )
(D) is closed. Closing the switch in (D) results in electron current through electric field (V/cm)

the ammeter, A, electroosmotic fluid pumpings\and the corresponding  Figure 9. Plot of tracer speed on IMEs vs externally applied electric fields.
return flow above the IME surface due to fluid continuity. See also For comparison, the data from Figure 8 for tracer particles migrating in

Supporting Information. catalytically generated electric fields are also included in this p#t (
. ) . Comparison of the slopes for the two series of gold tracer particles
Table 4. Catalytically Induced Motion Due to Electrochemical demonstrates that tracer speed is a function of electric field whether the

H>0> Decomposition on a Large Ptelectroplated/AU Interdigitated

Microelectrode (IME) field is catalytically generated (back symbols) or imposed from an external

source (white symbols). Tracers included are g#X), polystyrene &,4),

current electric and functionalized polystyren®(d).
e ‘2:;‘;'3 CO(Z"S‘*/E“”:)“V (Sf!i) (5;27;‘) We explored how this pumping effect due to catalytically
generated electric fields compared to what is expected from
gold rods 0.53 4.1(0.5) B3@  110) classical electrokinetics by measuring the speed of tracers
pol(yzs"t‘yn:elr?g%)as) 0.55 5.9(0.5) (1) 5(1) migrating in a field applied from an external current source.
(1 um diameter) The two electrodes of an as-received Au/Au IME (25 fingers
carboxy-sulfate 0.56 5.6(0.5) 10(1) 6(1) each; 10um wide; 3 mm long) were connected through a
polystyrene (CS) Keithley 2400 SourceMeter, and 25 of suspension containing

(1 pm diameter) tracer particles (gold rods, PS spheres or CS spheres) were

deposited such that all exposed electrode surfaces were covered
speed of tracers was measured and compared to the electric fieldy the solution. Next, we applied steady-state current densities
estimated from the current density and the solution conductivity. of 0.13, 0.67, and 1.3 A/fnand estimated the applied electric
Because the most reproducible tracer migration occurs in thefield from the imposed current density and the measured
electrode plane, the speed of the particles was measured onlyconductivity of the suspensions. We then measured the speed
in this plane (not out of focus in the convection return flow). of tracer particles migrating in the plane of the electrode surface
For each experiment, the speed of several particles (between 4and plotted them versus the estimated electric field (Figure 9).
and 12) was measured and averaged together, and the resulting The observed tracer particle motion is the same as that
average speeds were plotted versus electric field, estimated fromobserved for tracers migrating in the catalytic experiments
the ratio of current density and conductivity (Figure 8). described above. Particle speeds were also plotted in Figure 9

14886 J. AM. CHEM. SOC. = VOL. 128, NO. 46, 2006



Catalytically Induced Electrokinetics ARTICLES

versus the estimated electric field to compare the results obtainedTable 5. Measured and Calculated Slopes of the Linear

for the catalytically induced motion on IMEs. Interestingly, the ;‘fgrgess'on Lines Obtained from the Data Presented in Figures 8

motion of negatively charged tracer particles (zeta potentials

of gold, PS, and CS particles in DI water werd0(8), —46(4), oacer £ ) "}iali;rrif/\s/bs’;e C?fféiﬁf;k’s‘;e
and —48(3) mV, as measured by Brookhaven Instruments e ~200) 780) 6
ZetaPALS zeta potential analyzer) is toward thegatve Aub —40(8) 8'(1) 16
electrode, a surprising result unless, as discussed below, pg —46(4) 7.2(2) 12
electroosmotic fluid flow at the fluid/borosilicate glass interface ce —48(2) 5.3(1) 10

is considered. This experiment shows that tracer movement in ] o ] L
. . . . aGold tracer particles migrating in a catalytically generated electric field
this system occurs primarily through electroosmosis and that o Figure 8).> Tracer particles migrating in an externally applied electric
the electrophoretic force pushing the tracers in the opposite field (from Figure 9).
direction is relatively weak.
tracer particle and the wall, respectively. From eq 3, we can
see that, and{, of the same sign compete and drive motion
We madethree key observations during the course of the in opposite directions. Considering this, the observation that
above IME experiments. First, an electrical connection between negative particles migrate toward the negative electrode in the
the anode (Pt) and the cathode (Au) was necessary to drive thecontrol experiments is not entirely unexpected, as the speed of
motion of tracer particles. Second, the direction of tracer particle a particle undergoing electrophoresis in electroosmotic flow goes
motion is in the same direction as the proton flux, consistent as eq 3, and it is not hard to imagine a situation where the
with electroosmotically driven motion. Third, the speed of electroosmosis determines the direction of the tracer motion
particle migration was essentially a linear function of the (e.g., if |G| < |Gwl). Although the average zeta potentials of
effective electric field estimated from the observed current the negative tracer particles were as low-a48(3) mV, this
density and the bulk conductivity of the solution. condition is satisfied because the zeta potential for glass in
This first observation is a significant one because if we contact with agqueous solutions varies frer60 to—100 mV 28
compare this surface analogue to a suspended PtAu particleand under dilute electrolyte conditions similar to ours, the zeta
(which moves in HO; solution toward its platinum end), the  potential has been reported to &2 mV2°
interfacial tension mechanism described previously predicts gold  we also observed that the speed of particle migration was a
particles should migrate up the oxygen concentration gradient|inear function of the effective electric field estimated from the
toward the Pt source to minimize their surface free energy. In gbserved current density and the bulk conductivity of the
contrast to the interfacial tension mechanism, we observed thatsolution. We examined the validity of eq 3 as it applies to
gold tracer particles on the IME surface seem to be unaffected Figures 8 and 9. Using the measured valueg,pthe reported
by any oxygen concentration gradient originating from the value of &, (—62 mV), and known values for dielectric
platinum electrode if the platinum is not electrically connected permittivity and viscosity of the solution (7.08 10~ C%/(J
to the gold. However, once the platinum and gold electrodes m) and 1.0x 10° N-s/n?, respectively), we calculated the slopes
are short-circuited, a current ensues and gold tracer particles(= (e(Cp — Cw)in)) for the series in Figures 8 and 9 and
begin to movetoward the gold electrodeonsistent with an  compared them to the values measured experimentally (Table
electrokinetic mechanism. 5). We found that the calculated slopes were higher than that
For both catalytically generated electric fields and externally measured and may be due to an uncertainty in the actual glass
applied electric fields, the movement of tracers with a negative zeta potential under our experimental conditions or the effects
zeta potential is in the same direction as the proton flux. This of the fluid velocity field in the region above the electrode
can be explained by considering the electric field caused by surface. More importantly, however, the measured slopes do
the catalytic reaction and the zeta potentials of the tracer particlesreflect the change in observed tracer velocity wigtpredicted
andthe underlying substrate. In a general case, the velocity of py eq 3, as the more negative PS and CS tracers move slower
a tracer particle undergoing electrophoresis is the sum of anthan the Au tracers in comparable electric fields. Furthermore,
electrophoretic component (the electric field acting on the the slope obtained by linear regression of the data plotted in
electric double layer of the particle) and an electroosmotic Figure 8 (7.8(8)x 10-® m2/V-s) agrees with the slope of the
component (the electric field acting on the electric double layer regression line for gold tracer particles migrating in an externally
of the wall) according to the following equation: applied field (8(1)x 107® m2/V-s from Figure 9)This indicates
that the linear scaling of tracerelocity as a function of electric
field holds true for the m@ement of gold tracer particles caused

- . ) ) by catalytically generated fields, as well as externally applied
within the limit of a thin Debye length, the electroosmotic and fq)qg

electrophoretic components can both be described by the
Smoluchowski equation, respectively, allowing us to express
the observed velocity as

Discussion

Uobs: Uep + Veo (2)

Furthermore, an electrokinetic mechanism links the data on
the motion of PtAu nanorods inJ9, as described by Figure 5
to the data obtained from IME experiments (Figures 8 and 9).
(& — &) Equation 1 relates the speed of a particle to its electrophoretic
2k W ©) mobility and its self-generated electric field, expressed as the
n ratio of current density), and bulk solution conductivityk.

obs

wheree is the dielectric permittivity of the solutiony is the (28) Kirby, B. J.: Hasselbrink, E. FElectrophoresi004 25, 187-202.
solution viscosity, and, and éy are the zeta potentials of the  (29) Gu, Y.; Li, D.J. Colloid Interface Sci200Q 226, 328-339.
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The electrophoretic mobility may be written in terms of particle of PtAu rods is primarily due to self-generated electric fields

zeta potentialp, and the viscosity and dielectric permittivity — capable of inducing electrokinetic effects.

of the solution to give eq 4. This work has important implications when considering the

development of functional nano- and micromachines powered
by catalytic redox reactions. For objects propelled by catalyti-
cally induced electrokinetics, the speed is a function of both
the conductivity of the surrounding solution and the current
Using the experimentally determined slope from the linear density, the latter being limited by the rate and efficiency of

regression of the data in Figure 5, 1.7¢)10 8 Q*s™%, and the catalytic reaction. As conductivity increases, the electric

===y )

relating it to €yeJ/77) and the known values fdf, €, andy, we field, E, driving the motion of autonomous objects decreases
estimate the average current densily gt one end of a PtAu  as 1k, which poses a significant challenge for designing self-
nanorod in 3.7% kD, to be approximately 0.6 A/fn This electrophoretic motors that can operate in more conductive

current density compares well with that observed to induce tracer solutions. One way this challenge may be addressed is by using
migration on the Pt/Au interdigitated microelectrodes (Table faster and more efficient enzyme-based catalytic redox systems,
4). Thus, the catalytically driven tracer migration on PYAu IMEs  such as that described by Heller and M&h® increase the
and the catalytically driven motion of PtAu nanorods can both magnitude of catalytically generated current densities. However,
be attributed to a catalytically induced electrokinetic phenom- such motors are not likely to operate efficiently in highly
enon. conductive solutions found in biological systems, so other
approaches may prove more practical for certain applications.
Nature is capable of converting chemical to mechanical energy
We have explored the role of catalytically induced electro- quite efficiently in highly complex biological matrices using
kinetics in the autonomous motion of PtAu nanorods and found gther catalytic processes, such as polymerizati#hand hy-
that, in addition to the platinum catalyzed decomposition of drolysis reactiond>36 These processes may be mimicked using
H20,, a second electrochemical decomposition pathway involv- ponpiological analogues for use in functional catalytic motors

ing both platinum and gold also occurs. This electrochemical that could be engineered to interact with individual biological
decomposition involving both metals causes a current betweencgyjs, giving rise to new classes of micro/nanomachines.

short-circuited platinum and gold electrodes. By stoichiometry
and conservation of charge, an ion flux also occurs in the
solution connecting the two electrodes, whether Pt/Au IMEs or
PtAu nanorods. The electrochemical ion flux in a solution of
known conductivity implies an electric field capable of inducing
electrokinetic effects at the sotidiquid interface. For rods in
H,0, solution, this electric field can be greatly diminished by

Conclusions
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Law. Increasing the conductivity resulted in a dramatic decrease

in average rod velocities, consistent with this hypothesis. ‘Supporting Information Available: A 30 s real-time video

We also demonstrated that catalytically generated electric clip demonstrating catalytically induced electroosmosis on a
fields on PYAu IMEs in the presence of,8 resulted in PtAu interdigitated microelectrode in 6% hydrogen peroxide,
electroosmotic fluid pumping between platinum and gold @S shown schematically in Figure 7. Platinum and gold
electrode fingers. This allowed us to use the IMEs in effect as electrodes are labeled Pt and Au, respectively. The circuit is
catalytic micropumps that could be turned “on” and “off’ by ~open (off) for the first 9 s, and the white “on” that appears in
means of an external switch. The motion of these tracer particlesthe upper right-hand comer &t= 9 s indicates that the Pt
is dominated by (1) the electroosmotic fluid flow at the electrode is connected to the Au electrode through the ammeter
electrode/fluid interface and (2) the convective return flow above for the remainder of the video clip. Tracer particles aren2
the electrode plane required by fluid continuity. The magnitude '0ng gold nanorods, and some agglomerations of these nanorods.
of the fluid flow in the plane of the IME was demonstrated to This material is available free of charge via the Internet at
be a function of the electric field, whether externally applied http://pubs.acs.org.
or catalytically generated. o ~ JA0643164

Our observations are strongly indicative of an electrokinetic (31) Ajdari, A Bocquet, LPhys. Re. Lett. 2006 96, 186102
mechanism, such as that discussed previddsgnd supported  (32) Mano, N.; Heller, AJ. Am. Chem. So@005 127, 11575-11576.
experimentally by Kline et & Although our results do not (33 Pantaloni, D.; Clainche, C. L.; Carlier, M.-Bcience2001 292, 1502-
entirely rule out the role of interfacial tension, viscosity (34) Cameron, L. A.; Footer, M. J.; van Oudenaarden, A.: Theriot, Prac.

30 ¥ o : Natl. Acad. Sci. U.S.AL999 96, 4908-4913.
gradlent§' or prOdUCt enhanced SlﬁS,lt is clear that the motion (35) Soong, R. K.; Bachand, G. D.; Neves, H. P.; Olkhovets, A. G.; Montemagno,
C. D. Science200Q 290, 1555-1558.

(30) Dhar, P.; Fischer, T. M.; Wang, Y.; Mallouk, T. E.; Paxton, W. F.; Sen, (36) Pantaloni, D.; Le Clainche, C.; Carlier, M.-Bcience2001, 292, 1502~
A. Nano Lett.2006 6, 66—72. 1506.
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