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ABSTRACT: Tubular polyaniline (PANI)/Zn micro-
rockets are described that display effective autonomous
motion in extreme acidic environments, without any
additional chemical fuel. These acid-driven hydrogen-
bubble-propelled microrockets have been electrosynthe-
sized using the conical polycarbonate template. The
effective propulsion in acidic media reflects the continuous
thrust of hydrogen bubbles generated by the spontaneous
redox reaction occurring at the inner Zn surface. The
propulsion characteristics of PANI/Zn microrockets in
different acids and in human serum are described. The
observed speed—pH dependence holds promise for
sensitive pH measurements in extreme acidic environ-
ments. The new microrockets display an ultrafast
propulsion (as high as 100 body lengths/s) along with
attractive capabilities including guided movement and
directed cargo transport. Such acid-driven microtubular
rockets offer considerable potential for diverse biomedical

and industrial applications.
D esigning and powering new synthetic nano-/microscale
motors represent a major challenge and opportunity.
Considerable efforts have thus been devoted to the preparation
of efficient nanomotors propelled by different mechanisms.' ™"
Particular attention has been given to chemically powered
catalytic micro-/nanomotors, based on different compositions
and structures, that are capable of moving autonomously in the
presence of hydrogen peroxide fuel."*~'® Among these catalytic
motors, self-propelled tubular microbots are particularly
attractive for practical biomedical applications.'®>* The
oxygen-bubble propulsion mechanism of such tubular micro-
bots leads to efficient propulsion in relevant biological fluids
and high-ionic-strength media, as desired for diverse practical
applications ranging from directed cargo transport in micro-
chips®*** to isolation of target biomaterials from body
fluids.>>~** A simplified template electrosynthesis of highly
efficient, ultrafast, and small polyaniline (PANI)/Pt bilayer
microtube engines was reported recently.”’ However, the
requirement of high concentration of the hydrogen peroxide
fuel has greatly hindered practical applications of these and
other catalytically propelled micro-/nanomotors. Sen’s group
developed recently a bisegment Pt/Cu nanowire motor that
uses bromine or iodine fuels, instead of hydrogen peroxide.*
Yet, owing to its self-electrophoresis propulsion mechanism,
such nanowire motor cannot be operate in high ionic strength
environments."

-4 ACS Publications  © 2011 American Chemical Society

897

This Communication reports on a new PANI/Zn micro-
rocket that propels autonomously and efficiently in extreme
acidic environments without additional fuels. Such acid-driven
microtubular rocket relies on a bubble propulsion mechanism
associated with the continuous thrust of hydrogen bubbles
generated at the inner zinc layer (Figure 1a), analogous to that

Figure 1. Acid-driven PANI-Zn microrocket: (a) schematic of motion
in an acidic environment; (b) SEM images of the top view of two
PANI-Zn microtubes (prepared using a membrane with 2 um
diameter pores).

of oxygen-bubble-propelled catalytic microengines.'®”** When
the new PANI/Zn bilayer microrockets are immersed in a
strongly acidic medium, a spontaneous redox reaction—
involving the Zn oxidation along with generation of hydrogen
bubbles—occurs on their inner Zn surface:

Zn(s) + 2H+(aq) - Zn2+(aq) + Hy(g) E° =076V

(1)

leading to an ultrafast propulsion that can exceed 100 body
lengths/s. Zinc has a more negative redox potential than
hydrogen and thus promotes hydrogen gas evolution;>>*?
hence, it has been widely used for producing hydrogen
energy.>*** Other metals (e.g. Fe, Co, Sn, Pb) with a more
negative redox potential than hydrogen were tested but
displayed a much weaker bubble thrust. Alkali metals (e.g. Li,
K), which can also lead to efficient hydrogen evolution, cannot
be electrodeposited and are too reactive for a safe operation.
Zn, in contrast, is an attractive candidate for the microrocket
inner layer as it is a biocompatible “green” nutrient trace
element, vital for many body functions and metabolic and
enzymatic processes,”® that can be readily electrodeposited and
offers an efficient and safe acid-driven propulsion.

Strongly acidic environments can be found everywhere in our
life, from diverse industrial processes to our own human
stomach. Autonomous microrocket movement in such acidic
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media can thus lead to diverse biomedical or industrial
applications and hence greatly expand the scope of applications
of nano-/microscale motors compared to common peroxide-
driven catalytic micro-/nanomotors. As will be illustrated
below, the new acid-driven PANI/Zn microrockets can also
serve as an attractive platform for sensitive pH measurements in
these extreme environments.

To take advantage of the Zn-induced hydrogen generation
for the new bubble-propelled motors, PANI/Zn bilayer
microtubes have been fabricated within a Cyclopore poly-
carbonate template containing microconical pores. The outer
PANI tube was prepared in a manner analogous to that
reported recently for preparing oxygen-bubble-propelled
PANI/Pt microrockets.” Subsequently, a zinc layer was
deposited galvanostatically within the PANI layer using an 80
g L' ZnS0O,/20 ¢ L' H,BO; solution (buffered to pH 2.5 with
sulfuric acid). Figure 1b displays SEM images of the PANI/Zn
bilayer microtube rockets prepared electrochemically using the
2 ym membrane (2 ym refers to the diameter of the bigger
opening of the conical pore). The resulting microrockets are
~10 pm long, have a front inner opening diameter of ~350 nm
and a front outer diameter of ~1.2 um, and include a ~150 nm
thick PANI outer layer and a ~300 nm Zn inner layer. The
presence of carbon and zinc in the resulting bilayer microtubes
was confirmed by EDX mapping analysis (not shown).

Figure 2 displays time-lapse images, taken from SI Video 1,
for the movement of the PANI/Zn microrocket over a 360 ms

Figure 2. Acid-powered microengine: time-lapse images of the
propulsion of a PANI/Zn microrocket (2 ym diameter) at 0, 120,
240, and 360 ms, respectively. Medium, 1 M HCI solution containing
1.67% Triton X-100.

period at 120 ms intervals in a strongly acidic environment (1.0
M HCl, pH 0). These images illustrate a tail of hydrogen
microbubbles (~4—S5 ym in diameter) generated on the inner
Zn surface and released from the rear large-opening side of the
microtube at a rate of 75 bubbles/s. The microrocket is self-
propelled at an ultrafast speed over 500 pm/s, which
corresponds to a relative speed of nearly 50 body lengths/s.
Such speed is stable during the motor lifetime, except for an
initial (~1 s) acceleration after immersion in the acid solution
that reflects the increased inner diameter.

The speed of the acid-driven PANI/Zn microrocket is
strongly dependent on the acid concentration. Figure 3
illustrates the influence of the pH and HCI concentration on
the speed of microrockets with 2 and S pm diameters (black
and red curves, respectively). As expected, both microrockets
display their highest speed using the highest (1.6 M) acid
concentration tested (corresponding to pH —0.2). For the 2
um rocket, the speed decreases gradually from 650 pm/s (at
pH —0.2) to 550 um/s (at pH 0.0), then more rapidly to 300
um/s (at pH 0.2), and subsequently slowly to 8 um/s (at pH
1.0). The S pm diameter microrocket displays a similar trend,
along with a higher initial speed and slightly wider pH range.
This microrocket achieves an ultrafast speed of 1050 pum/s
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Figure 3. pH dependence of the speed of PANI/Zn microrockets in
solutions of different HCl concentrations over the 0—1.6 M range.
1.67% Triton X-100 was added as the surfactant. Error bars show
standard deviations of the measured speeds (n = 30). Red and black
curves represent microrockets with S and 2 ym diameter, respectively.

(~100 body lengths/s) at pH —0.2, decaying gradually to 140
um/s at pH 0.4 and then more slowly to 10 um/s at pH 1.3.
Note that such a wider operational pH range makes these
rockets useful for movement in the extreme stomach
environment of pH 0.8—2.0. The lifetime of the corresponding
microrockets is influenced by the rate of the Zn dissolution and
may range from 10 s to 2 min. This depends on both the
surrounding pH (that influences the rate of the Zn dissolution)
and the amount of Zn present. For example, SI Video 2
illustrates a prolonged movement of the S gm microrocket over
1 min in a 60 mM HCl solution (pH 1.2) at a speed of 20 um/
s. Another key factor affecting the lifetime is the thickness of
the inner Zn layer. This can be used for predicting theoretically
the motor lifetime using simple kinetic calculations and
assuming a cylindrical microtube motor.>? The motor’s lifetime,
t, is given by ph/v, where p and h are the density and thickness
of the Zn layer, respectively, and v is the mass reaction rate,
which depends on the acid concentration and corresponds to
~4.87 X 107° g/(cm*s) for 0.25 M H,S0,.*” A lifetime of ~30
s can thus be estimated for a § ym diameter microrocket with a
Zn-layer thickness of around 2 um propels in 0.25 M H,SO,.
This theoretical value is in close agreement with the
experimental lifetime observed under these conditions.

The defined speed—pH profiles of Figure 3 can form the
basis for sensitive motion-based pH measurements in extremely
acidic environments where common glass pH electrodes lead to
a large “acid error”.*** Microrocket-based pH sensing could
involve measurements of the speed and/or distance traveled by
the microrocket, analogous to a recent motion-based DNA
sensing protocol.””** Such motion-based pH sensing could find
important applications ranging from detecting changes in the
stomach acidity to remote monitoring of etching baths in
semiconductor processing. Changing movement in an acid
gradient (i.e, chemotaxis) can also be envisioned on the basis
of the data of Figure 3.

Propulsion of the PANI/Zn microrocket in different acidic
environments has also been investigated. Table 1 and
corresponding SI Video 3 show the speed of the Zn-based
microrockets in different common strong acids (HCl, H,SO,,
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Table 1. Comparison of the Speed of PANI/Zn
Microrockets in the Presence of Different Acids®

acid speed (um/s)
HCI 140
H,S0, 80
H,PO, 20

“0.5 M HCI, 025 M H,SO,, and 0.167 M H;PO, were used along
with 1.67% Triton X-100 surfactant.

and H3PO,). While a fast speed of 140 ym/s is observed in 0.5
M HC], significantly slower speeds of 80 and 20 um/s are
obtained in H,SO, and H;PO,, respectively, reflecting their
decreasing acid dissociation constants.*' Such speed variations
are consistent with the pH dependence of the PANI/Zn
microrocket observed in Figure 3. In contrast, no efficient
propulsion was observed in a 0.5 M HNOj solution, although
the zinc layer was dissolved. The lack of movement in nitric
acid reflects the generation of N,O (instead of H,), which is
much more soluble in water, according to

4Zn + 10HNOj;(dilute) - 4Zn(NO3), + N,O + SH,O  (2)

A magnetic layer can be incorporated into the PANI/Pt
microrockets by E-beam deposition of Ti—Ni layers on the
outer PANI surface, to allow magnetic control of their
directionality and cargo pickup, as desired for practical
applications of nano-/microscale machines. SI Video 4 shows
a magnetically guided movement of the PANI/Zn microrocket
(S pm in diameter) in a 0.4 M hydrochloric acid at a speed of
near 100 ym/s. This speed is slower than that of the PANI/Zn
microrocket under the same conditions (140 um/s), reflecting
the influence of the additional Ti/Ni layers. Directed transport
of cargo is important in diverse applications of micro-/
nanomotors.”***~* The optical images of Figure 4 and the
corresponding SI Video $ illustrate an entire cargo “load, drag,
and drop” operation by the magnetically guided Ni/Ti/PANI/
Zn microrocket (panels b—d, respectively) in a strong acidic
environment (400 mM HCI, pH 0.4). The microrocket thus
approaches the S pm diameter magnetic polystyrene micro-
sphere (a), captures it magnetically (b), transports it over a
predetermined path (c), and finally releases it by rapidly
changing the direction the magnetic field direction (d). The
speed of the microrocket decreases from 110 ym/s to 90 um/s
after capturing the polystyrene cargo, reflecting the increased
fluid drag force exerted by the larger largo. A drag force of ~§
pN can be estimated b}r considering the microrocket as a
cylindrical nanorod.””* Direct locomotion in untreated
biological environments has also been illustrated. SI Video 6
shows the movement of the H,-bubble-propelled PANI/Zn
microrocket in acidified human serum over a § s period.
Despite the raw biological medium, the PANI/Zn microrocket
moves rapidly, yet at a slower speed of 92 ym/s compared to
170 um/s in the aqueous acid solution. The higher viscosity of
the human serum leads to a larger size and lower fre%uency of
the hydrogen bubbles, and hence to a slower speed.”

In conclusion, we demonstrate here the first example of
microtube rockets that propel efficiently by the thrust of
hydrogen bubbles in extreme acidic environments. Unlike
common oxygen-bubble-propelled microengines, these mass-
produced low-cost PANI/Zn microrockets are fueled by their
own acid environment, without additional hydrogen peroxide.
The new self-propelled microrockets display an ultrafast
propulsion (as high as 100 body lengths/s) along with
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Figure 4. Cargo manipulations: time-lapse images of a PANI/Zn
microrocket (S pm diameter) approaching (a), capturing (b),
transporting (c), and releasing (d) the S ym target sphere. Medium,
400 mM HCI solution containing 1.67% Triton X-100.

Release

attractive capabilities ranging from guided cargo transport to
propulsion in raw biological media. Such acid-powered
microrockets could greatly expand the scope of applications
of nano-/microscale motors toward new extreme environments
(e.g, the human stomach or silicon wet-etching baths) and
could thus lead to diverse new biomedical or industrial
applications ranging from targeted drug delivery or nano-
imaging to the monitoring of industrial processes. In addition,
such self-propelled microrockets offer considerable promise for
motion-based pH sensing in extreme conditions.
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