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ABSTRACT: We describe an efficient, bubble-free nano-
scale motor consisting of a copper—platinum (Cu—Pt)
segmented rod that operates as a nanobattery in dilute
aqueous Br, or I, solutions. The motion of the rod is
powered by self-electrophoresis caused by redox reac-
tions occurring on the two different metal segments.
Asymmetric ratchet-shaped pure copper nanorods were
also found to rotate and tumble in aqueous Br, solution
because of the ion gradient arising from asymmetric
dissolution of copper.

elf-powered micro/nanomotors are of great current interest

because of their potential use as micro/nanomachines and for
the transport and delivery of cargo.'® Their movement can be
driven by fuel-derived chemical energy,2’3’9714 bubbles,">** or
an external source of energy such as an applied electric field,”*~**
light,” " or magnetic field.">**~>* Motors based on asymmetric
bimetallic micro/nanorods have received special attention: sus-
pended platinum—gold (Pt—Au) rods powered by H,0, decom-
position have been studied extensively by us®”!07 133335
Wang,»*** and Posner.>” The motion of these and analogous
motors can be controlled by externally applied magnetic fields'**¢
or chemical gradients.35 However, one of the major problems of
using H,O, as a fuel is that the produced oxygen bubbles make the
observation and detailed study of these motors difficult.

Here we introduce a new type of eflicient, bubble-free, self-
powered nanomotor system that involves the operation of a
miniaturized copper—platinum (Cu—Pt) nanobattery. The
movement of the nanobattery is caused by self-electrophoresis
of a short-circuited galvanic cell in dilute aqueous solutions of Br,
or I,. Two-dimensional movements of the Cu—Pt nanorods
were tracked, and the quantitative relationships between the
velocity of the Cu—Pt nanorod and both the Br,/I, concentra-
tion and the rod length were determined. In addition, we found
that asymmetric ratchet-shaped pure copper nanorods rotate and
tumble in the Br, solution because of the ion gradient arising
from asymmetric dissolution of copper. This work serves to
underline self-electrophoresis as a generally applicable propul-
sion mechanism for micro/nanoscale objects and significantly
expands the range of redox reactions that can be employed for
this purpose.

The bimetallic Cu—Pt nanorods were fabricated by sequential
electrodeposition of Cu and Pt in the nanochannels of a Cu-
sputtered alumina template. The sputtered copper was com-
pletely removed, and electrodeposited copper segments were
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Figure 1. (a) SEM image and (b) TEM image and EDS line scans
(Cu and Pt) of a Cu—Pt segmented nanorod.

partially etched by aqueous (NH,),S,05 (50 mM) to release the
Cu—Pt nanorods. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of a Cu—Pt
nanowire are shown in Figure 1. Although it is not easy to
distinguish the Cu and Pt in the SEM image (they have only
slightly different morphologies), the Cu and Pt can be clearly
differentiated under TEM (the Pt part appears to be completely
dark, while the Cu is electron-transparent because of its smaller
atomic number). On the basis of the energy-dispersive X-ray
spectroscopy (EDS) line-scan profile, the interface between the
Cu and Pt segments is quite clean.

Figure 2a—c shows snapshots of a single moving Cu—Pt
nanomotor in 0.2 mM Br, solution at different times [see
Supporting Video 1 in the Supporting Information (SI)]. Track-
ing analysis revealed a speed of ~7 um/s. The moving trace of
the same motor over 15 s can be found in Figure S1 in the SL
Snapshots of a moving Cu—Pt nanomotor in 0.2 mM I, solution
at 1.5 s time intervals are shown in Figure 2d—f (see Supporting
Video 2). The calculated velocity was ~12 um/s. The Cu
segment appeared less reflective after being converted to Cul
(Figure 2gh). The moving trace of the same motor over 3 s can
be found in Figure S2.

When Cu—Pt nanobatteries operate in aqueous Br, or I,
solution, the copper end serves as the anode and is oxidized while
the platinum end functions as the cathode where the halogen is
reduced. For the Cu—Pt nanobattery in aqueous Br,, the copper
end is oxidized to copper(II) ion (eq 1):

Cu— Cu®" + 2~ E° =03419V (1)
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Figure 2. (a—c) Cropped frames of a single moving Cu—Pt nanomotor
at different time stamps in 0.2 mM Br, solution. (d—f) Cropped frames
of asingle moving Cu—Pt nanomotor at different time stamps in 0.2 mM
I, solution. (g, h) A surface-stuck Cu—Pt nanorod before and after
reaction with I,.

When Br, is dissolved in the water, it partially disproportionates
into HBrO and HBr. Therefore, the possible oxidant can be
HBrO or Br,, with the following reduction potentials:

Br, + 2e~ — 2Br~ E° = 1.0873V (2)

HBrO + H" + 2e~ — Br~ + H,O E° =1331V

(3)

Depending on whether the redox couple consists of eqs 1 and 2
or egs 1 and 3, then open-circuit potential between Cu and Pt
would be expected to be approximately 0.7454 or 0.9891 V,
respectively. The actual open-circuit potential was measured to
be 0.95 V (Figure 3), suggesting that HBrO was preferentially
reduced.

For the Cu—Pt nanobattery in aqueous I,, the copper is
oxidized to Cul, since Cul, is not stable in water. Indeed,
when the Cu—Pt nanorod is exposed to aqueous I,, the
copper segment becomes less reflective (Figure 2g,h). From
the solubility product of Cul (1.27 X 10~ '?), the standard poten-
tial for Cu oxidation to Cul can be calculated to be —0.189 V
(eq 4). The two possible reduction reactions are shown in
eqs S and 6.

Cu+1 —Cul+e~ E°= —0.18V (4)

HIO + HY + 2~ — I + H,0 E°=0987V (5)

L + 2 —2I° E°=0.535V (6)

The measured open-circuit potential between Cu and Pt in I,
solution was 0.65 V (Figure 3), suggesting that I, rather than
HIO was reduced. It should be noted that when I, is dissolved in
water, the conversion to HIO is almost negligible.38

On the basis of the above redox couples, the operating
mechanisms involved in nanomotor motion are shown in
Scheme 1. Because of the ubiquitous presence of an oxide layer,
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Figure 3. Steady-state (after S min) short-circuit current densities for
bulk Cu and Pt electrodes (1 cm?) in solutions with different concen-
trations of Br, (orange M) and I, (brown @) and the speed of Cu—Pt
nanorods vs Br, concentration (green A) and I, concentration (blue #).
The Cu—Pt nanorods were synthesized by electrodeposition of copper

—3 mA/cm? for 10 min and then platinum at —1 mA/ cm” for 45 min.

Scheme 1. Mechanism of Self-Powered Nanomotor Motion
in (a) Aqueous Br, and (b) Aqueous I,
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metal surfaces have a negative § potential.'"’ Consequently, the
double-layer is positively charged, resulting in electroosmotic fluid
flow along the metal surface toward the negative end (Pt segment).10
By Galilean inverse, the rod moves in the opposite direction with the
copper end leading, as actually observed (see Figure 2a—c,
Figure 2d—{, and Supporting Videos 1 and 2; the brighter end
is Pt). The movement continues until the copper segments are
either completely oxidized by HBrO or converted to Cul by I,.

It is worth noting that in 0.5 mM Br, or 1.1 mM I, the
resulting current density between the Cu and Pt electrodes is
~0.01 mA/cm” (Figure 3), which is very similar to the current
density observed for the Au and Pt electrode system in 180 mM
H,0,."" Thus, the present motor system is significantly more effi-
cient than the previously described Au—Pt motor in H,O,. In the
case of H,O,, only a small fraction of H,O, is utilized for generation
of electrochemical current, while the rest of it is wasted as a result of
its rapid catalytic decomposition at the Pt end alone. In the present
case, all or most of the fuel is used to generate the short-circuit
current, which is then directly converted into mechanical force.

As expected, for a given rod length, both the velocity and the
current density were found to increase linearly with the Br,
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Figure 4. Speed of Cu—Pt nanomotors vs their length (the nanowire
length was changed by varying the length of Cu segment while keeping
the Pt segment fixed at 0.5 um). The nanorods’ speeds were obtained in
0.2 mM Br, solution.

concentration (Figure 3). However, the current density was not
very sensitive to the aqueous I, concentration when measured for
bulk electrodes. One possible reason is that the layer of Cul
formed slows further oxidation of the underlying copper by L.
That the Cu—Pt nanorod speed still varies linearly with the I,
concentration (Figure 3) suggests that the Cul layer formed on the
nanorod surface over the short experimental time period is much
thinner and is not a significant barrier to further redox reaction.
Finally, in too high a concentration of the oxidant (Br, or L), the
lifetime of the motor is short because of rapid reaction of the metallic
copper. The lifetime of the Cu—Pt nanorod shown in Figure 2a—c
was ~1 min, while that of the nanorod shown in Figure 2d—f was
~40 s since the copper segments were shorter. As shown in
Supporting Videos 1 and 2, the speeds of the Cu—Pt nanorods
was maintained during most of their lifetime and started to decrease
only when the copper segment was about to be fully consumed.

The velocity of the Cu—Pt nanorods was also related to their
length, which can be controlled by the electrodeposition times
for copper and platinum (Figure 4; comparing Supporting
Videos 1 and 3 showed that the speed of the Cu—Pt nanorods
doubled when the copper segment length decreased from 4 to
2 um). There is a tradeoff with longer copper segment provid-
ing a longer motor lifetime while sacrificing the speed. The
shorter copper segment gives a higher speed but decreased
lifetime.

In addition to the asymmetric Cu—Pt nanomotors, it was
possible to introduce asymmetry into pure copper nanostruc-
tures, thereby making them function as rotors. For example, after
the copper nanorods were electrodeposited in the alumina
template, it was possible to polish off the sputtered copper at
the bottom of the alumina template manually rather than using
(NH,),S,05 to etch it chemically. Because of the mechanical
force applied at the bottom of the rod, one end became deformed
into a “ratchet” shape (Figure Sa,b). These asymmetric nanorods
were found to undergo fast rotation in dilute Br, solutions (see
Supporting Video 4.) Figure Se—g shows a few frames from a
rotating ratchet-shaped copper nanorod. On the basis of the
video, the rotational speed was estimated to be ~170 rpm. For
comparison, symmetric copper nanorods were also fabricated
(Figure S ¢,d) and found not to move after the addition of Br,
and I, (data not shown). We presume that because of a difference
in surface area/morphology, the redox reactions occur at differ-
ent rates along the surface of the asymmetric nanorod. The
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Figure S. (a) Rotation of a ratchet-shaped nanorod by unsymmetrical
copper dissolution in Br, solution. (c) No movement of a symmetrical
copper nanorod was observed. (b, d) SEM images of asymmetric and
symmetric copper nanorods. (e—g) Cropped frames of a single rotating
asymmetric Cu nanorod at different time stamps in 0.2 mM Br; solution
(scale bar: S um).

resulting ion gradient, together with shape asymmetry, generates
a torque that causes the rotation of the rod.

In conclusion, we have discovered an efficient, bubble-free nano-
motor system based on asymmetrical bimetallic Cu—Pt rods that
function as short-circuited nanobatteries in dilute aqueous solutions
of Br, or I,. The motion is due to self-electrophoresis induced by the
redox reaction occurring at the two ends of the rods. The rod speed
is directly proportional to the current density and Br,/I, concentra-
tion and inversely proportional to the rod length. Asymmetric ratchet-
shaped pure copper nanorods display fast rotary motions in Br,
solution. The results confirm the generality of self-electrophoresis as
a mechanism for micro/nanomotor movement and suggest that
virtually any redox reaction occurring asymmetrically on an appro-
priate micro/nanostructure can be employed in the design of self-
powered systems. For example, other metal pairs can be employed
for the design of nanobattery-based motors.* Since the motor
speed is proportional to the current density, which in turn depends
on the respective redox potentials of the two metals, these should be
as different as possible.

Although the fuels utilized in the present study have the virtue
of high efficiency and the system is bubble-free, further effort to
find more environmentally friendly, and especially biocompati-
ble, fuel systems is required. Another remaining challenge is the
design of moving rechargeable micro/nanobatteries that can be
used repeatedly.
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© Supporting Information. Experimental details, moving
traces of Cu—Pt nanorods, and Supporting Videos 1—4
(filenames ja208273S si_002.avi through ja2082735 si_00S.
avi, respectively). This material is available free of charge via
the Internet at http://pubs.acs.org.
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B NOTE ADDED AFTER ASAP PUBLICATION

After ASAP publication on October 7, 2011, Scheme 1 was
corrected and reposted on December 14, 2011.
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