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Micromotor-Based Energy Generation™*
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Abstract: A micromotor-based strategy for energy generation,
utilizing the conversion of liquid-phase hydrogen to usable
hydrogen gas (H,), is described. The new motion-based H,-
generation concept relies on the movement of Pt-black/Ti
Janus microparticle motors in a solution of sodium borohy-
dride (NaBH,) fuel. This is the first report of using NaBH, for
powering micromotors. The autonomous motion of these
catalytic micromotors, as well as their bubble generation, leads
to enhanced mixing and transport of NaBH, towards the Pt-
black catalytic surface (compared to static microparticles or
films), and hence to a substantially faster rate of H, production.
The practical utility of these micromotors is illustrated by
powering a hydrogen—oxygen fuel cell car by an on-board
motion-based hydrogen and oxygen generation. The new
micromotor approach paves the way for the development of
efficient on-site energy generation for powering external
devices or meeting growing demands on the energy grid.

Supplying the world’s increasing demand for portable and
practical energy generation are fundamental challenges of the
21st century.!! Hydrogen (H,) offers considerable promise as
an alternative energy source owing to its low environmental
impact, light weight, and high energy density.”) Various
technologies are available for H, storage, such as high-
pressure cylinders, liquefaction, and reformation from hydro-
carbons. However, owing to various drawbacks of these
technologies, on-board H, storage is still a major obstacle for
practical use.”) Liquid-phase chemical hydrogen-storage
materials, such as NaBH,, N,H,, MgH,, LiBH,, or H;NBH,
have received substantial interest as H, storage media owing
to their ability to generate high-purity H,.®) Among these,
sodium borohydride (NaBH,) is an attractive candidate
offering several advantages, including high hydrogen density,
non-flammable, controllable hydrogen-generation rate, mod-
erate operation temperature, stability in alkaline solutions,
and nontoxic hydrolysis by-products.!'”]

Noble metals exhibit the fastest known conversion rates of
NaBH, and are thus widely used for H, generation.!'"""*l In
most studies, these catalysts have been used as a film,
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embedded in a support material, or as metal nanoparticles.
However, these approaches have certain limitations owing to
inherent problems, such as surface passivation (deactivation
of catalyst by the by-product, NaBO,), heterogeneous dis-
tribution of fuel, and aggregation and destabilization of metal
nanoparticles.!""'*!1

Herein we describe a new self-propelled catalytic micro-
motor-based strategy for rapid energy production from liquid
fuels and demonstrate its capability for powering external
devices. Recent advances in the field of micromotors!'® have
led to their growing use for accelerating chemical reaction
rates compared to static particles, owing to efficient fluid
mixing that arises from the self-propulsion of micromotors.!"”!
This mixing has been shown to be extremely effective in
accelerating target-receptor interactions,™® bio-detection,™
and detoxification and decontamination processes.’*?’]

The new “on-the-move” H,-generation concept repre-
sents the first demonstration of using self-propelled micro-
motors for energy applications. Such motor-based H, gen-
eration exploits the continuous movement of Pt-black/Ti
Janus microparticle motors in NaBH, fuel solution. This
operation is also the first example of using NaBH, as a fuel for
micromotor propulsion and involves a surfactant-free solu-
tion. The autonomous motion of catalytic micromotors in the
NaBH, fuel solution and their effective bubble generation
provide a favorable hydrodynamic environment that leads to
dramatically enhanced fuel supply to the catalytic surface, and
thus to rapid H, generation, compared with that obtained
from a static catalyst. Static catalysts commonly suffer from
blocking of the catalyst sites by adhered H, bubbles and
precipitation of reaction by-products.'1141]

Finally, we demonstrate the first use of catalytic micro-
motors to power a hydrogen—-oxygen fuel cell model car by
on-board micromotor-based production of H, and oxygen
(0,), using NaBH, and H,0,, respectively, as liquid fuel
storage media for the anode and cathode. Such generation of
energetically rich gas products was thus integrated with a fuel
cell for converting chemical energy into electrical energy. The
micromotor-based approach could lead to efficient on-site H,
generation, address challenges associated with H, transporta-
tion and storage, and open new energy-generation opportu-
nities towards an environmentally friendly energy future.

A schematic of the micromotor-based H, production is
given in Figure 1 A. This new strategy for H, production relies
on the generation of high-density microbubble tails from
autonomously moving Pt-black/Ti Janus particle micromo-
tors, through the catalytic decomposition of the NaBH, fuel at
the Pt-black surface. The fabrication of Janus micromotors,
consisting of a Ti layer coating half of the Pt-black micro-
particles, is detailed in the Experimental Section. The SEM
image of Figure 1B illustrates the morphology of the Janus
micromotor (ca.20 um) with a titanium film coating the Pt-
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Figure 1. A) Schematic representation of the self-propulsion of Janus
micromotors by the production of H, microbubbles in the presence of
NaBH,. SEM images of B) the Pt-black/Ti particle, C) Pt-black/Ti
interface; EDX images showing the D) Pt-black and E) titanium surfa-
ces.

black. This and additional SEM and energy dispersive X-ray
spectroscopy (EDX) data (Figure 1B-E) indicate that the
microparticles have a distinct binary structure with a smooth
Ti layer coating half of the highly porous Pt-black particle.
The porous Pt-black provides a high catalytic surface area
responsible for effective bubble evolution in the presence of
NaBH,.

The effective propulsion of the new motors reflects the
continuous thrust of H, bubbles generated by the sponta-
neous catalytic reaction with the NaBH, fuel and leads to
a motor speed of 250 ums™' and an enhanced mass-fluid
transport, as expected from previous reports.'’?l Figure 2 A
shows microscope images illustrating the movement of the Pt-
black/Ti micromotors in NaBH, solution at 150 ms intervals
(taken from Supporting Information Video S1). A long high-
density tail of H, microbubbles is generated and ejected from
the microporous Pt-black surface. Similarly, Figure 2B dem-
onstrates the simultaneous movement of multiple motors and
their ability to generate H, microbubbles. As illustrated
below, optimizing the micromotor density can be used to
increase the H, production rate. As expected, the speed of the
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Figure 2. Effective propulsion of Pt-black/Ti micromotors and gener-
ation of H, microbubbles. A) Time-lapse images over 0.15 s, taken
from Video S1 in the Supporting Information, illustrating the motion
of micromotors; B) image, taken from Video S2, illustrating the
motion of multiple micromotors; C) Motor speed dependence on fuel
concentration. Reaction conditions (A) and (B): 5% NaBH,/2% NaOH
solution.
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Pt-black/Ti micromotors is strongly dependent on the NaBH,
fuel, increasing from 100 to 250 to 350 ums ' using 2.5%, 5 %,
and 10% fuel concentrations, respectively (Figure 2 C).

To further investigate and optimize the efficient H,
production of the NaBH,-powered micromotors, we exam-
ined the influence of the amount of micromotors, fuel, and
NaOH concentrations by measuring the evolved H, gas per
unit time (using the pneumatic trough shown in Figure S1).
The solution pH value was carefully monitored, since NaBH,
can undergo self-hydrolysis.”!! It was found that the H.-
generation rate decreased dramatically upon increasing the
NaOH concentration, as expected from earlier studies;?
therefore, only 2% NaOH was used to inhibit the self-
hydrolysis reaction of NaBH,. The amount of Pt-black/Ti
micromotors was varied from 0.1 mg to 1.5 mg in a 500 puL
aqueous solution containing 5wt% NaBH, and 2wt%
NaOH (Figure 3B). The liberated H, was measured with
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Figure 3. Micromotor-based H, generation from hydrolysis of NaBH,:
A) H, generation rate in the presence of self-propelled Janus micro-
motors (a) and static micromotors (b); reaction conditions: 500 pL
solution containing 0.5 mg respective micromotors and 5% NaBH,/
2% NaOH. B) H, generation in the presence of different amounts of
micromotors: a) 0.1 mg, b) 0.5 mg, ¢) 1.0 mg, and d) 1.5 mg, using
5% fuel. C) H, generation in the presence of different fuel concen-
trations: a) 5%, b) 10%, c) 15%, and d) 20%, using 0.5 mg micro-
motors.

respect to time by measuring the volume of water displaced in
the gas collection chamber (Figure S1). As indicated in
Figure 3B, the rate of H, generation increases rapidly with
the motor density up to 0.5 mg and then nearly levels off.
Figure 3 C shows the influence of the fuel concentration and
illustrates that 5% NaBH, is the optimum level for motor-
based H, generation. These studies indicate that the gener-
ation rate is affected more by fuel concentration than
micromotor density. This data is consistent with related
literature,” including optimal H, generation between 5-10 %
NaBH,. The H, production rate decreases using lower NaBH,
concentrations because of limited fuel supply; alternatively,
higher fuel concentrations lead to diminished production rate
because of increased surface passivation by excess
NaBOz.[H’M’lS]

To determine the effect of the surface area of Pt-black on
the H, generation rate, a comparative study was made using
smooth sputtered Pt Janus particles (described in the Exper-
imental Section). A fixed amount (0.5 mg) of these particles,
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was placed in the reaction vessel containing 500 pLL. aqueous
solution of 5% NaBH, with 2% NaOH. Although the
amount of micromotors used was identical to that in
Figure 3 (involving porous motor surfaces), the data in
Figure S2 indicates that the smooth catalytic surfaces result
in a 90-times slower H, generation rate and no motion was
observed compared to the Pt-black/Ti micromotors. This
finding reflects the large catalytic surface area of Pt-black
which provides an efficient H, generation rate by fast
diffusion and interaction within the reaction medium.?"

Currently used catalysts for liquid-based energy conver-
sion are static thin films or static particles. Static Pt-black
particles were used for control experiments by adding a thin
Ni layer to the Ti surface to hold them stationary in the
reaction vessel using a magnet. Comparison of the micro-
motors to their static catalytic counterpart was carried out
using the same pneumatic trough. The results, displayed in
Figure 3 A, indicate that micromotors offer a dramatically
increased H, production rate compared to static Pt-black/Ti/
Ni (generating 10 mL H, within 87 s vs. 804 s, respectively).
The substantial (ca. 9.2-times) difference in the H, generation
rate is attributed to the induced motion, which leads to
enhanced mixing and convection and thus to a steady supply
of fuel at the catalytic surface, compared to the diffusion
limited process of the static particles. The autonomous motion
of the catalyst also minimizes blocking of the catalytic sites by
the NaBO, reaction by-product.” It was also found that the
H, gas bubbles generated adhere to the static catalyst and
detach very slowly, hence hindering the continuous fuel
supply to the catalyst surface.

Finally, the practical utility of the hydrogen-generating
micromotors was demonstrated by powering a hydrogen—
oxygen fuel cell model car by on-board co-generation of H,
and O,. While the use of H, for powering fuel cells has
significant advantages, its storage and transportation remain
major challenges. The present approach is based on the
micromotor-driven catalytic generation of H, and O,, from
NaBH, and H,O, fuels, respectively, in separate compart-
ments using the same novel Pt-black/Ti micromotors.

Figure 4 A shows the actual car powered by the micro-
motor generated energetically rich gases and outlines the
different components needed to power the engine and LEDs.
Figure 4 B shows a schematic representation of the reactions
involved in the micromotor-driven production of both
gaseous fuels and simultaneous conversion to electrical
energy by a proton-exchange membrane (PEM) hydrogen—
oxygen fuel cell. The fuel for the PEM is H, and the charge
carrier is the H* (proton). At the anode, the H, generated by
the micromotors is split into H" ions and electrons. At the
cathode, O, produced by the micromotors combines with the
electrons and H* to produce water. The H* ions permeate
across the electrolyte to the cathode while the electrons flow
through an external circuit and produce electric power.
Video S3 illustrates the ability of these motors to co-generate
sufficient H, and O,, even at low motor density, to power the
model car. Further details of the fabrication and function of
the micromotor-driven vehicle are provided in the Exper-
imental Section. Such on-board gas generation supplies fuel
directly to the two electrodes and requires no gas storage.
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Figure 4. A) The micromotor-driven fuel-cell car based on “on-board”
production of H, and O, using NaBH, and H,0,, respectively:

a) NaBH, reservoir, b) H,0, reservoir, c) dry micromotor powder,

d) motor-based hydrogen—oxygen fuel cell (as shown in inset), and

e) electric motor; B) schematic representation of the hydrogen—oxygen
PEM fuel cell based on co-generation of H, and O, from the micro-
motor-driven catalysis of NaBH, and H,0,, respectively.

In conclusion, we present the first use of self-propelled
catalytic micromotors for mobile H, generation and the first
demonstration of micromotors propelled by NaBH, fuel. The
micromotor-based generation of energetically rich gas prod-
ucts was used for powering a small car prototype with a fuel-
cell involving in situ H, and O, generation. The autonomous
motion of the Pt-black microparticles in the presence of
NaBH, leads to enhanced fluid transport and to a greatly
increased H, generation rate compared to that possible with
static catalytic particles. The present findings demonstrate the
importance of micromotor movement for rapid and efficient
H, production. This approach represents a departure from
traditional H, production methods, could address challenges
associated with H, storage, transportation and delivery, and
opens the door to on-site energy generation systems with low
environmental impact.

Experimental Section
Reagents and Apparatus: NaBH, (Sigma—Aldrich, USA), NaOH
(Sigma—Aldrich, USA), Pt-black particle (<20 um, Sigma-Aldrich,
USA), Syringe (BD, USA), PEM fuel cell car (Horizon, Singapore).
Preparation of the Micromotors: The catalytic Pt-black/Ti Janus
micromotors were fabricated using Pt-black particles as the base. Pt-
black particles were dispersed in isopropanol (100 uL) and then
spread onto the glass slides and dried under room temperature. The
microparticles were coated with a thin, inert Ti layer using a Denton
Discovery 18 sputter system. The deposition was performed at room
temperature with a DC power of 200 W and an Ar pressure of
2.5mTorr for 60s. To obtain a uniform Janus half-shell coating,
rotation was turned off and the sample slides were set up at an angle
parallel to the Ti target. For the static micromotors (control experi-
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ments), the Ti layer (20 nm) was deposited by e-beam and then
subsequently a Ni layer of 50 nm was added. For comparison to
smooth Pt Janus particles, silica particles were half-coated with
a smooth Pt layer using a Denton Discovery 18 sputter system. The
deposition was performed at room temperature with a DC power of
200 W and an Ar pressure of 2.5 mTorr for 90 s.

Propulsion of Janus Micromotors: The propulsion of Pt-black
micromotors was performed in the NaBH, fuel solution. An inverted
optical microscope (Nikon Instrument Inc. Ti-S/L100), coupled with
a 20 x and 10 x objective, a Photometrics QuantEM 512/SC camera
(Roper Scientific) and a MetaMorph 7.6 software (Molecular Devi-
ces) were used for capturing videos at a frame rate of 30 frames per s.
The speed of the micromotors was tracked using a MetaMorph
tracking module and the results were statistically analyzed using
Origin software.

Measurement of Hydrogen Gas Evolution: To measure the
evolved hydrogen gas by micromotors and static particles, a pneu-
matic trough consisting of a reaction vessel, a 10 mL top fitted syringe
sealed with wax, and an inverted trap filled with and immersed in
water was used (Figure S1). The micromotors were kept in a sealed
Eppendorf tube and the syringe was used to inject the alkaline NaBH,
inside the Eppendorf. A piece of plastic tubing was placed in a hole in
the stopper at the top of the Eppendorf. This tubing fed the generated
gas into the graduated cylinder filled with water and by measuring the
height of displaced water, the volume of generated H, gas was
measured. The gas collection chamber was calibrated to within
0.1 mL by a graduated cylinder, graduated beaker, and calibrated
pipette.

PEM model car: A modified Horizon brand proton exchange
membrane fuel cell car (model FCJJ-11) was use for demonstrating
the utility of the research. The operation is based on on-board
generation of energy, where micromotors were stored in two separate
Eppendorf tubes mounted on the model car, with a syringe used to
inject NaBH, and H,O, into their respective compartments, to
produce H, and O, gas bubbles. A piece of plastic tubing was placed in
a hole in the stopper at the top of the Eppendorf tubes which fed the
generated gas into the PEM.

Keywords: sustainable chemistry - fuel cell - hydrogen -
micromotors - sodium borohydride
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