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ABSTRACT We propose a mechanism, a piezoelectrochemical effect for the
direct conversion of mechanical energy to chemical energy. This phenomenon is
further applied for generating hydrogen and oxygen via direct water decomposi-
tion by means of as-synthesized piezoelectric ZnO microfibers and BaTiOs micro-
dendrites. Fibers and dendrites are vibrated with ultrasonic waves leading to a
strain-induced electric charge development on their surface. With sufficient
electric potential, strained piezoelectric fibers (and dendrites) in water triggered
the redox reaction of water to produce hydrogen and oxygen gases. ZnO fibers
under ultrasonic vibrations showed a stoichiometric ratio of H,/O, (2:1) initial gas
production from pure water. This study provides a simple and cost-effective
technology for direct water splitting that may generate hydrogen fuels by scaven-
ging energy wastes such as noise or stray vibrations from the environment. This
new discovery may have potential implications in solving the challenging energy
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and environmental issues that we are facing today and in the future.

SECTION Energy Conversion and Storage
tilization of hydrogen energy has many attractive
l I features, including energy renewability, flexibility,
and zero green house gas emissions. In recent years,
photocatalytic water splitting using oxide semiconductors
under irradiation has received great attention.' > However,
the number of available photocatalysts is currently limited,
and their performance is hampered by their effectiveness,
efficiency, and usage life. The demand for new mechanisms of
direct water splitting to yield greater energy efficiency is
rapidly increasing. In this study, we report the discovery of a
phenomenon — the direct conversion of mechanical energy
to chemical energy — termed the piezoelectrochemical
(PZEC) effect. The mechanism of the water decomposition
via the PZEC effect relies on the piezoelectric properties of the
materials. Although the piezoelectric effect has been known
for over 100 years and has been demonstrated in many
fields,* little work has been done to address its application
in wet conditions (such as in solution) and particularly in the
direct conversion of mechanical energy to chemical energy.
We report here the findings of our research on barium
titanate (BaTiO5) and zinc oxide (ZnO). Tetragonal BaTiO5
and hexagonal ZnO with wurtzite structure display unique
ferroelectric and piezoelectric properties.® The crystals are
commonly used in transducer and actuator devices.”® Recent
study of ZnO nanowire arrays has indicated a direct conver-
sion of mechanical to electrical energy by applying an oscillat-
ing force.” " Yet, few of the studies have demonstrated a
direct conversion from mechanical energy to chemical energy
in aqueous conditions. In this study, we use microfibers of
ZnO and dendritic BaTiO5 to initiate a phenomenon and drive
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a nonspontaneous redox reaction, the formation of H, and O,
gases from water, by using mechanical energy. Here, we show
the capabilities of these materials for scavenging energy
waste from the environment, such as noise and vibration,
to generate hydrogen and oxygen gases.

SEM images of hydrothermally synthesized BaTiO5 den-
drites are shown in Figure 1a. Crystalline BaTiOs with perov-
skite structures were synthesized at 200 °C in an autoclave
(see Experimental Methods for details). The crystalline
BaTiO5 exhibits a homogeneous dendritic morphology. The
primary branches of the BaTiOs dendrite are typically
~10 um long rods that grow along [001], while secondary
branches develop along a different direction than the primary
rod. The secondary branches are a few micrometers in length
and have a similar width and height as the primary branches.
Figure 1b is a transmission electron microscope (TEM) image
of one synthesized BaTiO5 dendrite. The inset electron dif-
fraction pattern indicates that all of the branches in the
dendrite have the same crystallographic orientation. Each
dendrite is a single crystal of BaTiO5. The high-resolution TEM
(HRTEM) image (Figure 1c) shows (001) and (110) lattice
fringes. Similarly, Figure 1d shows a SEM image of the as-
synthesized ZnO fibers. From the figure, it is evident that the
Zn0O product consists mainly of straight, smooth, and crystal-
line microfibers. TEM images obtained for ZnO fibers grown
on Si wafers are shown in Figure 1e. All fibers exhibit uniform
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Figure 1. (a) SEM and (b) a typical TEM image of BaTiO5 dendrites grown on a glass substrate; (c) HRTEM image of one BaTiO5 crystal in the
dendrite showing (001) and (110) lattice fringes. (d) SEM images and (e) TEM showing the typical morphology and crystal direction of ZnO
fibers grown on a Si(100) wafer, in which the ZnO fibers were elongated along the c-axis with a diameter around 0.4 um; (f) schematic
diagrams showing shapes of a single ZnO fiber (upper) and BaTiO5 dendrite (lower).

thickness and length. The fibers are ~0.4 um in diameter, and
the length ranges from 4 um to greater than 10 um. There is
no secondary phase obtained in the interior of the grain or at
the grain boundary. Each individual ZnO fiber is a single
crystal growing along the [001] direction (see the inset
electron diffraction pattern).

The performance of direct water splitting was further
investigated, showing the capabilities of the ZnO fiber and
BaTiO5 dendrites for scavenging vibrational energy wastes
from urban environments to generate hydrogen and oxygen
gases from pure water. In order to first measure hydrogen gas
production, ultrasonic wave vibrations using a Branson 5510-
MT ultrasonic cleaner were applied to 5.0 mL of DI water in a
Pyrex glass tube to determine the results of the piezoelec-
trochemical effect on as-synthesized ZnO fibers prepared on a
Si(100) wafer of 1 x 1 cm®. The results for hydrogen gas
production are shown in Figure 2a. A control experiment was
also conducted with a cleaned Si wafer (1 x 1 cm?), without
ZnO fibers in the system. In the first period when external
vibration was used (0—40 min), rapid hydrogen production
was obtained at an initial rate of 3.4 x 10 > ppm/s. The
reaction cell was then evacuated at the 40th min, allowing a
fresh run beginning at the 41st min. Ultrasonic wave vibration
was turned off at the beginning of the 41st min, and the H,
production was measured again. It was found that hydrogen
generation stopped when the ultrasonic wave vibration was
turned off, leading to a negligible H, production rate
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(<0.0001 ppm/s). This is similar to the control experiment
(0—40 min). A possible reason for the low gas concentration
in the experiments without ultrasonic vibration or the control
experiment could be due to contamination from air in the
room.

The oxygen production performance of ZnO fibers via the
piezoelectrochemical effect was also investigated. Oxygen
concentration was measured in solution as a function of time,
as shown in Figure 2b. The response of the ZnO fibers to
external vibrations was demonstrated by turning the ultra-
sonic wave in the system on and off. Consistent with the
hydrogen production test, when ultrasonic waves were ap-
plied to ZnO fibers, the oxygen concentration grew rapidly at
an initial rate of 1.7 x 107 ppm/s. Oxygen production
stopped in the 41st—80th min, corresponding to when the
ultrasonic waves were turned off. ZnO fibers in DI water with
applied ultrasonic vibrations evolved hydrogen and oxygen
gases with a stoichiometric equivalence of H,/O, = 2:1. As
with the previous experiments, no oxygen production was
observed for the Si wafer control experiment.

Validation of the piezoelectrochemical effect was also
demonstrated by applying ultrasonic vibrations to synthetic
BaTiO5 dendrites in pure water to generate H, gas. Figure 2¢
shows the evolution of H, from as-synthesized BaTiO5 den-
drites (dendrite mass = 7.5 x 10 g), with an average rate of
H, evolution of approximately 1.25 x 10~ ppm/s in the first
vibration event (0—50 min, Figure 2c). Gas generation
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Figure 2. Evolution of (a) H, and (b) O, as a function of time,
showing the performance of as-synthesized ZnO fibers on a
Si(100) wafer (1 x 1 cm?) in water responding to the ultrasonic
waves; (c) H, evolution performance of as-synthesized BaTiOs
dendrite with an effective mass of 7.5 x 10~ g in the system.

stopped when the ultrasonic wave vibrations were turned off
(561—100 min, Figure 2c). This shows that the reduction
reaction of the water was induced by external mechanical
energy and not by other forms of energy. BaTiO5 will not react
with water to generate hydrogen and oxygen without external
stresses. After evacuating the reaction system and starting
the ultrasonic waves again, a similar H, average production
rate was obtained. A rate of nearly 9.13 x 10> ppm/s was
obtained in the second period of vibration (101—150 min,
Figure 2c). Results from both hydrogen and oxygen produc-
tion tests using ZnO fibers and BaTiO5 dendrites in water have
successfully demonstrated the direct conversion of mecha-
nical energy to the chemical energy via ultrasonic wave
vibration. This energy production overcomes the standard
oxidation—reduction potential of water for generating H,
and O,.

The physics and chemistry of generating hydrogen and
oxygen gases from pure water arise from the combination of
piezoelectric properties of ZnO fibers and BaTiO5 dendrites
and the redox reaction of water. Both ZnO and BaTiO5 are
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well-characterized piezoelectric materials. The piezoelectri-
city of each material arises from the lack of inversion sym-
metry in their crystal structures. Any deformation or strain
acting on the material, such as the deformation of the Zn—0O
tetrahedra (Figure 3a) due to variation of the relative Ti—O
positions (Figure 3b) will cause a nonzero dipole moment in
the crystal lattice. Consequently, a strain-induced charge
potential is produced on the surface of the material. Specific
morphological aspects of ZnO and BaTiOs such as fibers and
dendrites will acquire electric potentials on their surfaces if an
external mechanical energy is applied that results in a bend-
ing (deformation) of the fibers or dendrites. The strain-
induced electric potential formed on the fiber or dendritic
surface in wet conditions (i.e., in pure water) is available for
the reduction and oxidation reaction via charge transfer to
species such as water molecules adsorbed on the surface
(Figure 3c). Note that the developed potential must be greater
than the standard redox potential of water (1.23 eV) to make
electrons available to initiate the redox reaction in this
experiment (Figure 3d). Residual charges or potentials lower
than 1.23 eV will not participate in reactions to form H, and
O, from water (Figure 3e).

Similarly, when the external mechanical input is turned off,
electrical charges will no longer accumulate on the fiber
surface. Thus, no sufficient potential can be used to reduce
or oxidize the water molecules into hydrogen and oxygen,
respectively. This is evidenced by the fact that we did not
observe a rapid gas growth rate without vibration compared
to the vibrational mode.

Note that the early proposed work of the mechanocatalytic
effect using binary transition-metal oxides to split water was
demonstrated based on the oxidation of metals as well as the
reduction of the metal oxide in the reaction driven by mecha-
nical energy forming H, and O,.">'* Although the works
claimed a direct conversion from mechanical energy to che-
mical energy, the water decomposition mechanism was differ-
ent from the piezoelectrochemical process. It was reported that
metals formed during reaction are responsible for hydrogen
production.'” In the PZEC effect, the catalyst (i.e., ZnO and
BaTiOs5) participated in the direct water splitting reaction by
donating strain-induced electrons and holes without been
oxidized, reduced, or decomposed. Our TEM and XRD obser-
vations show that no metal species nor other extra phases
appeared in our experiment samples before and after the
reactions (see Supporting Information for XRD patterns). Our
conclusions are that both ZnO fibers and BaTiO5 dendrites
show good responses to the application of ultrasonic vibrations
by generating H, and O, directly from water. On the basis of the
gas production tests above, we have confirmed the piezo-
electrochemical effect by using the ZnO and BaTiOs5 fiber in
wet conditions and not just the sample decomposition.

Figure 4a shows the H, evolution from pure water by as-
synthesized ZnO fibers with different average fiber lengths (L)
under ultrasonic wave vibration. The PZEC efficiency due to
different average fiber lengths is shown in Figure 4b. The
observed chemical energy output by a single ZnO fiber with
L = 5.7 umin one vibration event was~1.6 x 10~'°], and the
effective mechanical energy input applied on the fiber was
~23 x 107'° ] (see Supporting Information for detailed
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Figure 3. Schematic diagrams showing the charges developed on (a) a ZnO fiber surface through bending with ultrasonic vibration. When
deformed, the Zn—O tetrahedron changes its relative position, leading to a nonzero dipole moment. (b) By the same analogy, the charge
development on the elongated BaTiO» microcrystals is due to its piezoelectric property in which the Ti—O distance changes under bending. (c) H,
and O, are produced by deforming a ZnO fiber or BaTiO5 dendrite in water via oxidation—reduction reactions. (d) En—pH diagram showing the
stability field of water. Two heavy lines indicate a condition with 1 atm of pressure of hydrogen and oxygen gases, which shows that the required
potential for water decomposition at standard condition is 1.23 V.'? (e) Procedures of piezoelectrochemical reactions through fiber bending,
showing that only the induced potential greater than that of standard reduction potential of water will trigger the reaction.

calculations). The PZEC mechanical to chemical efficiency
was found to be ~6.9% . Increasing the ZnO fiber length to
L = 7.8 um increased reaction efficiency to ~18%. An in-
crease in the efficiency can be explained by the strain-induced
voltage related to the curvature of the fiber. Fibers with greater
lengths (L) exhibit a greater bending curvature than that of
shorter fiber lengths when under the same applied force in a

W © XXXX American Chemical Society

1000

vibration event." Due to this property, in our ZnO fiber trials
with equal mechanical vibration, longer fibers built up a
higher number of voltages that exceed the water reduction
potential. Therefore, the trials with a longer fiber length
demonstrated an increased hydrogen production perfor-
mance, providing higher efficiency for mechanical to chemi-
cal energy conversion.
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Figure 4. (a)Hydrogen evolution of the ZnO fibers under standard condition with various average fiber lengths: (I) control or no fiber, (II) 5.7
um, (1) 6.3 um, (IV) 7.3 um, and (V) 7.8 um. (b) Efficiency of the piezoelectrochemical effect for converting mechanical energy into

chemical energy as a function of ZnO fiber length.

The PZEC efficiency of BaTiO5 dendrites in water was also
demonstrated through our experiments. Here, the H, produc-
tion test obtained a production rate of 1.25 x 102 ppm/s. In
addition, on the basis of SEM images, the density (6.08 g/cm?)
and the volume of a single BaTiO5 dendrite branch, the overall
BaTiO5; dendrites mass (7.5 x 107~ g), and the estimated
number of the dendrites in the system, the mechanical to
chemical conversion efficiency of the BaTiO5 dendrites with
an average length of 10 um was found to be 3.2 % . BaTiO5
dendrites intrinsically have a slightly greater electromechani-
cal coupling coefficient value (k) (Rss patio, = 0.49; Rs5 zno =
0.408) and, extrinsically, a larger aspect ratio than that of ZnO
fibers. This indicates a higher efficiency from the BaTiOs
dendrites expected. However, BaTiOs dendrites are com-
posed of branch-like structures which may limit the degree
of deflections of each individual BaTiO5 branch with applied
vibrations. Unlike ZnO fibers, which spread freely through a
given space, BaTiO5 dendrites are bundled together in groups.
As a result, the dendrites are more likely to be in contact with
each other when deformation occurs, leading to partial charge
cancellations and a lower gas production rate from the
reaction. Morphologically, we anticipate that performance
will be greatly increased by selecting chemically stable fiber
and dendrite materials with greater k values, a larger aspect
ratio, and surface areas and ensuring that the fiber and
dendrites are spaced out for more bending space to avoid
charge cancellations.

Using fibrous ZnO and dendritic BaTiO5 catalysts with
piezoelectric properties, we have demonstrated the PZEC
effect for generating H, and O, from water. We have success-
fully verified a direct conversion of mechanical energy to
chemical energy. Finding an optimum fiber length and intro-
ducing the resonance frequency of ZnO and BaTiO5 for the
direct water splitting process, it may be possible to obtain a
much greater H, and O, production rate. Utilizing the piezo-
electric fibrous samples, the phenomena demonstrated could
usher in a new era in the field of recycling environmental
energy wastes. Vibrational energy waste generated in the
environment from noise, wind power, running water, or water
wave action can be scavenged or harvested as a driving force
for direct water splitting, thereby forming H, and O, by
means of PZEC fiber arrays implanted on a substrate. The
fiber arrays can also be used to harvest artificial energy wastes
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such as traffic noise and vibrations and convert them into
hydrogen and other chemical energies. The principle of the
PZEC effect using these fibers could be a very important step
forward in nanotechnology that recycles the energy wastes
from the environment into precious alternative chemical
energy. This work will open a new field of study on hydrogen
generation, redox reactions, and energy recycling.

EXPERIMENTAL METHODS

The BaTiO5 dendrite samples of the PZEC catalyst were
synthesized by a hydrothermal method.'” All of the chemicals
that were used as starting materials had a purity of 99.99 % .
The precursor Ti(OH), was prepared by adding 25 mL of
Ti(OC,Hs5)4 dropwise into 1.0 M acetic acid. The solution was
settled, allowing the precipitate to form in 72 h, and followed
by rinsing of the product with DI water and drying at 60 °C.
The as-synthesized Ti(OH), precursor and commercially
available Ba(OH),+8H,O were then added (Ti/Ba 1:1in
molar ratio) into 0.25 M NaOH. After that, the mixture in a
Teflon cup with 60 % capacity was stirred and sealed tightly in
a stainless steel autoclave. The closed bomb (Parr-type) was
maintained at 200 °C for 68 h for hydrothermal reaction. The
bomb was then cooled naturally to room temperature. The
resulting white precipitate was washed extensively with DI
water to remove any adsorbed impurities and finally dried at
room temperature.

A hydrothermal method was used to synthesize ZnO
fibers.'® Hexamethylenetetramine (C¢H;,N4) and zinc nitrate
hexahydrate (Zn(NOs),+6H,0) precursor solutions were
mixed together (1:1 molar ratio) in a Teflon cup with 60 %
capacity followed by magnetic stirring for 15 min. The
mixture was then sealed tightly in a stainless steel autoclave.
The closed bomb was heated at 95 °C for 48 h. After that, the
bomb was cooled naturally to room temperature. The finial
products were washed with DI water and dried at room
temperature.

Dried samples were characterized by using powder X-ray
diffraction using a Scintag Pad V diffractometer system with a
Cu Kot beam (4 = 0.1541 nm). Morphological observation
and electron diffractions (ED) on particles were confirmed on
a Philips CM 200UT transmission electron microscope (TEM)
with a spherical aberration coefficient (C) of 0.5 mm and a
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point-to-point resolution of 0.19 nm. The TEM was oper-
ated at an accelerating voltage of 200 kV. Scanning electron
microscopy (SEM) was also conducted with a Hitachi
S-3400N variable pressure microscope with a tungsten
filament that delivers at least 50 nA of beam current. The
experiment of water splitting to hydrogen and oxygen was
carried out using a sealed glass tube and samples in water
under a standard condition. Glass tubes, 0.5 in. in diameter
and 1 ft in length, were used for the experiment. The
reaction cell (glass tube) was filled with nitrogen gas after
adding the samples. To monitor the hydrogen concentra-
tion variation, the gas inside of the cell was extracted by
syringe and injected into an external hydrogen analyzer.
The amount of hydrogen gas (H,) produced from the water
splitting experiment was monitored using an AMETEC
Trace Analytical ta3000 gas chromatograph equipped with
a reduction gas detector (RGD) sensor for hydrogen detec-
tion. Nitrogen gas (Ny) of 99.998 % purity at a flow rate of
20 cc/min was applied as the carrier gas. The detection limit
of the H, analyzer was 10 ppb hydrogen. To monitor the
amount of oxygen produced from the system, the oxygen
concentration in solution was monitored as a function of
time by using an isolated dissolved oxygen meter 1SO,
equipped with an OXELP probe (World Precisions In-
struments).

SUPPORTING INFORMATION AVAILABLE Additional
materials about catalyst characterization and efficiency calcula-
tion. This material is available free of charge via the Internet at
http://pubs.acs.org.
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