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The manipulation of charge-carrier conduction characteristics
is a critical attribute governing the operation and efficiency of
photovoltaic, catalytic, and other energy-converting systems
that are based on electrochemical principles."™ This manip-
ulation is often accomplished through the application of
electrical-potential gradients by an external power supply
and/or the creation of electronic-state discontinuities by
heterojunction-interface engineering.'>¥ For example, in
electrochemical systems, the transport of charge across
chemical phases is governed by the energy and density of
electronic states within the disparate phases as well as any
existing bias between said phases.>!°!

Piezoelectric materials have long been used as a source of
bias and mechanical displacement, relying on their mechan-
ical to electrical coupling character for applications in
sensors,['"l actuators,'® and energy harvesters."*?? In contrast
to this historical precedent, contemporary integration of
piezoelectric materials in semiconductor heterostructures
capitalizes on the capability of the piezoelectric potential to
manipulate charge carriers (i.e., piezotronics).”?* For
instance, the straining of a piezoelectric element in order to
change its semiconducting properties has recently been
investigated in zinc oxide nanomaterials,”>*! which have
opened the doors to strain-gated logic operations and new
possibilities for microelectronic circuitry elements. Straining
effects in piezoelectric photoelectrochemical cells have also
been shown to result in performance enhancements through
manipulation of interface energetics.*"]

In principle, the piezoelectric modulation of charge
carrier energetics should extend beyond the bounds of the
buried electronic interfaces explored to date, thus allowing
the direct enhancement or suppression of electrochemical
processes that occur at the interface of a piezoelectric
material and a solution (i.e., piezocatalysis). Preliminary
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experiments have shown an evolution of H, and O, from
mechanically agitated piezoelectric BaTiO; and ZnO micro-
structures in an aqueous sonication bath.*'l In order to
elucidate the intriguing piezocatalytic phenomenon, we
report a systematic study of the piezoelectric-potential-
driven electrochemical H, evolution process that takes place
at the electrodes located on the surface of the material. The
results compliment the general trends expected from the
combinatorial assemblage of piezoelectricity and electro-
chemistry. The H, evolution rates were dependent upon the
oscillation frequency and amplitude of the piezoelectric
material, in accordance with the combination of the direct
piezoelectric effect and electrochemical reactions.

A study of the piezocatalytic effect was conducted on
a single-crystalline ferroelectric Pb(Mg;;3Nb,;)O3-32PbTiO;
(PMN-PT) cantilever in a sealed chamber (see Figure S1 in
the Supporting Information). The voltage output of the
PMN-PT slab was first characterized in air (Figure 1a). The
cantilever was mechanically oscillated with a fixed frequency
and amplitude. When the piezoelectric cantilever was tran-
sitioned to the deionized water environment, the voltage
amplitude decreased while the mechanical oscillation fre-
quency and amplitude remained constant. In order to
encompass the entire piezocatalytic system into a cohesive
entity, an analogous circuit was constructed (Figure 1b). In
this circuit, opposite and iteratively alternating sides of the
piezoelectric material serve as both the working and counter
electrodes, respectively. A strained piezoelectric material can
be considered a charged capacitor, and thus the change in
measured voltage is correlated with a change in piezoelec-
tricity-induced surface charge (AQ,). When a strained piezo-
electric material is placed within an aqueous medium of finite
conductivity and polarizability, its piezoelectricity-induced
surface charge can be depleted through two primary path-
ways: Faradic (J;) and capacitive (I,=dC,V4/dt, in which C,
and V, are the double layer capacitance and voltage drop
across the double layer, respectively) currents:

AQ, = /1( dt+C,V, (1)

The capacitive current leads to the formation of double
layers in the vicinity of piezoelectric surfaces, thus screening
the surface charge. The Faradic current involves charge
transfer between the solution and piezoelectric surfaces,
which is possible under bias and responsible for electro-
chemical reactions.

Figure 1c shows a means by which piezoelectric potential
is sufficient to create a favorable energetics landscape for
generating Faradic currents on opposite electrode surfaces,
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Figure 1. Fundamentals and preliminaries of piezocatalysis. a) Effect of
environment on the measured piezoelectric potential. A marked
decrease in potential difference is observed when the piezoelectric
cantilever is moved from air to being submerged in deionized water.

b) Proposed equivalence circuit based upon a first approximation
combination of both a piezoelectric circuitry element and a charge-
transfer/double layer analog for an electrochemical system. c) Pro-
posed mechanism for the occurrence of piezoelectric-potential-driven
Faradic currents at the piezoelectric/water interface.

thus promoting both the reduction of protons in solution
(evolving H,) and the oxidation of water. In the limit in which
the piezoelectric material is a perfect dielectric, the appear-
ance of piezoelectric potential induces a linear shift of the
Fermi level. The electron energy levels of both electrodes
follow the shift, and the difference is the observed piezo-
electric voltage output (V,,). Because neither of the electro-
des is grounded, their absolute electrochemical potentials are
considered “floating” and in intimate electrical contact with
the pure water environment. Thus V,, will shift the potential
of both Au electrodes by an equal and opposite amount of
1/2eV,, and —1/2eV,, respectively (solid lines in Au electro-

pz>
des in Figure 1c). This electronic perturbation, which is
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induced by the mechanical deformation, modifies the energy
level of electrons in the Au electrodes and moves it away from
equilibrium. The difference in electrochemical potentials
between the electrode and the solution are a driving force for
electron transfer across the electrode/solution interface and
thus induce electrochemical reactions. This process is similar
to the one that occurs in an electrolysis system, in which an
applied bias disrupts the equlibrium of the fermi level across
the interface, thus resulting in a driving force for electro-
chemical reactions.

When the potential on the negative electrode exceeds the
proton-reduction potential (right Au electrode in Figure 1c),
electrons of sufficient energy could transfer from the elec-
trode to protons on or near the surface, thus producing H,.
Similarly, when unoccupied electron energy levels of the
electrode are made sufficiently positive in potential so as to
exist below the water oxidation potential (left Au electrode in
Figure 1c), electrons could transfer from water molecules to
the electrode, thus producing O,. Such piezoelectric-poten-
tial-driven electrochemical reactions create Faradic currents
in the electrolyte and deplete piezoelectricity-induced surface
charge. Therefore, the piezoelectric potential drops accord-
ingly and eventually the reactions cease when the electron
energy levels are no longer energetically favorable for net
charge transfer (dashed lines in Au electrodes in Figure 1c¢).
The Faradic capability of piezoelectric potential was exper-
imentally demonstrated by characterizing the electrode
potential relative to a saturated calomel electrode (SCE)
through a potentiostat. Even with the solution resistance (Rg)
of deionized water and with modest strain, the potential
present on the electrode is sufficiently negative to thermody-
namically engage the H, evolution reaction (Figure S2a—d in
the Supporting Information).

Having verified that piezocatalyzed proton reduction is
thermodynamically accessible, H, gas evolution was mea-
sured as a function of time, during mechanical oscillation of
the piezoelectric cantilever in deionized water at given
frequencies (Figure 2a). The strain amplitude was kept
constant, generating a piezoelectric potential of 20V
throughout the entire experimental set. The triangles in
Figure 2 a represent H, concentrations in the reactor when the
piezoelectric cantilever was oscillating at 10 Hz. Higher H,
concentrations can be clearly observed at longer oscillation
times. A linearized fit indicates the rate of H, concentration
increase was approximately 0.22 ppbs™'. By raising the
oscillation rate to 20 Hz, the H, concentration was strikingly
higher at given sampling times, though the data also exhibited
a much wider distribution (solid diamonds in Figure 2a). The
rate of increase of H, concentration suggested by the
linearized fit was about 0.68 ppbs™'. These H, production
rates far exceeded (by at least one order of magnitude) that
exhibited for the control, which consisted of a nonpiezo-
electric (silicon) cantilever that was manufactured in an
identical manner and mechanically oscillated at equal ampli-
tude and frequency (circles in Figure 2a).

Figure 2b shows all the acquired data from both 10 Hz
and 20 Hz oscillation rates normalized by the number of
oscillation cycles. Although a wide distribution (from =~ 0.01
to ~0.08 ppbloscillation) was obtained, the rate of H,
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Figure 2. H, evolution correlated with the direct piezoelectric effect.
a) H, concentrations measured as a function of oscillating time of the
piezoelectric beam in deionized water with a frequency of 10 Hz
(triangles) and 20 Hz (diamonds). A Si cantilever with identical
configuration was used as a control (circles). b) H, production per
oscillation derived from experiments shown in (a). Inset shows a box-
whisker plot of the data given in (b) representing a reference for the
dispersion. c) H, production per oscillation as a function of peak
piezoelectric potential. An exponential dependence was identified
(dashed line), consistent with the application of the Bulter-Volmer
relationship. Inset shows the corresponding piezocatalytic efficiency
calculated as a function of peak piezoelectric potential.

production remained within a constant range throughout an
operation time that exceeded three hours (or >220000
cycles), thus indicating a stable H, evolution capability from
the piezoelectric material. The H, production data were also
analyzed by the Box-Whisker plot (inset of Figure 2b). The
sample median has a value of approximately 0.024 ppb/
oscillation. The upper and lower borders of the gray box
represent the largest 25 % and smallest 25 % of the observa-
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tions, thus corresponding to upper and lower limits of 0.034
and 0.017 ppb/oscillation, respectively. The data points out-
side the solid lines are classified as outliers.

H, output per oscillation was further investigated as
a function of the piezoelectric potential. The H, production as
a function of voltage is nonlinear and indeed follows an
exponential relationship (Figure 2c). This observation is
indicative of a case that is not limited by diffusion, likely
because of the low current density (or H, production rate) and
oscillation-self-induced agitation. The dependency of current
density j on applied potential # is similar in form to that given
by the Bulter-Volmer equation.*”

. anFy

J=Jjoe 2)

Fitting the data to such an exponential dependence gives
an exchange current j, of 0.4 mA cm~? and a cathodic transfer
coefficient a, of 0.002651. The small a. possibly suggests that
high overpotential would be necessary to drive the piezoca-
talytic process in the deionized water environment.’”! The
agreement between the trend implied by theory and the
experimental results is in accordance with basic principles.
However, the time-dependent voltage—current relationship
throughout an oscillation cycle would require a more com-
plex, dynamic-j analysis to give the piezocatalysis mechanisms
and kinetics with higher precision.

The electrical-to-chemical energy conversion efficiency
(i.e., piezocatalytic efficiency) was estimated by comparing
the total surface charge generated on the strained piezo-
electric material to the amount of H, produced (inset of
Figure 2¢). The efficiency per oscillation is less than 0.7 %,
even under the favorable condition of high piezoelectric
potential. Possible reasons for this inefficiency are: 1) voltage
losses due to a capacitive current; and 2) an inability to carry
out the electrochemical reaction to completion because of the
insufficient time allotted for the piezoelectricity-induced
surface charge to fully diminish through Faradic and/or
capacitive currents.

If the time between one straining action to the next is less
than the time necessary for the available energized surface
charges to fully take part in the reaction, the ability of these
charges to generate reaction products will be retarded. In
order to demonstrate this influence toward the piezocatalytic
efficiency, a new straining procedure was devised (Figure S3
in the Supporting Information). In this instance, the piezo-
electric cantilever was put through a straining action in time
t1, held statically in the strained state for a time #,, unstrained
in a time #;=t;, and held for a time #,=t,. A typical voltage
output by this manner of operation is shown in the inset of
Figure 3a, where t, =t;=50 ms, and #,=t,=2s. Holding the
strain for an extended period of time (~2s) allowed the
piezoelectricity-induced surface charge to fully deplete before
the occurrence of an opposite strain and thus the revival of
piezoelectric potential. The voltage-drop curve during one
straining cycle is shown in Figure 3a. The majority (90 %) of
voltage decrease occurred within the first approximately
0.06 s, with 99 % voltage drop having occurred by 1.46 s. To
reveal the holding-time-dependent H, evolution, a series of
experiments were conducted with various #, (=t,) ranging
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Figure 3. H, evolution correlated with the piezoelectric charge release.
a) Piezoelectric potential curve obtained from the piezoelectric beam,
when it was held under a constant strain in deionized water. Inset
shows a typical piezoelectric potential profile with a strain holding
time of two seconds. The dashed box shows the potential-decreasing
cycle shown in (a). b) Total quantity of released charge (triangles) and
corresponding number of produced H, molecules (diamonds) as
functions of the strain holding time (peak piezoelectric potential was
kept at ~10 V). Inset shows the piezocatalytic efficiency of H,
evolution per straining as a function of holding time.

from 0.05 to 2 s and a fixed ¢, = ;=50 ms to ensure the same
strain rate. From the output voltage profiles (Figure S4 in the
Supporting Information), the quantity of charge that was
depleted from each straining action was calculated (see
Figure S5 in the Supporting Information for details) and
plotted as a function of strain holding time (triangles in
Figure 3b). The number of H, molecules produced during
each straining cycle is also depicted on this plot as a function
of holding time (diamonds). As a result of the rapid voltage
drop, small variations of the released charge were observed at
t,> 0.2 s; whereas the ability of the piezoelectric potential to
drive the H, evolution reactions markedly improved as ¢,
increased beyond 0.5 s, and approached its asymptote when
t,>~1s. The discrepancy between the amounts of released
charge and produced H, molecules at shorter ¢, indicates that
the initial voltage drop may be mostly attributed to capacitive
current, while Faradic charge transfer would occur in a steady
but slow manner, and may only become dominating after the
double layer has formed.
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A comparison of the values of released charges to
produced H, molecules gave the piezocatalytic efficiency
per straining action as a function of ¢, (inset of Figure 3b). The
efficiency results are consistent with those of reaction kinetics
hindering the productivity of hasty oscillations, which clearly
shows that the introduction of a holding period largely
facilitated the H, generation. Given the same peak piezo-
electric voltage (~10 V), a holding time of 50 ms improved
the piezocatalytic efficiency from about 0.02% to more than
0.2%. With longer t, (1-2s), the piezocatalytic efficiency
reached approximately 2-2.4 %. These values exceeded those
of the 20 Hz oscillations by two orders of magnitude.

According to Equation (1), the double-layer capacitance
(Cy) could also significantly impact the efficiency. Therefore,
in piezocatalytic systems, a concentrated electrolyte might
critically limit the effectiveness of the piezocatalytic process
through an increase in Cg4, and thus screening the piezoelectric
potential, detrimentally sapping the free energy available for
driving electrochemical reactions. In order to reveal the
influences of electrolytes in piezocatalytic systems, piezoca-
talyzed H, evolution was conducted in NaNOj solution with
concentrations varying from 1 um to 1 mm. All the experi-
ments were performed under the straining condition of
ti=t;=50ms and t,=t,=1s. Figure 4a shows the peak
piezoelectric voltages and corresponding H, production
rates as functions of electrolyte concentration, together with
the results from deionized water under the identical straining
conditions.

The H, production rate dropped monotonically with the
increase of electrolyte concentration. This clearly shows that
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Figure 4. H, evolution correlated with electrolyte concentration.
a) Peak piezoelectric voltage (triangles) and H, production rate (dia-
monds) as functions of electrolyte concentration. b) Corresponding
piezocatalytic efficiency of H, production per strain as a function of
electrolyte concentration.
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the increased screening charge that results from a large C; is
capable to severely subdue the free-energy difference
between the electrodes, and thus reduce the quantity of
work possible in the form of electrochemical processes. This
result is also manifest in the reduced maximum piezoelectric
voltage at higher electrolyte concentrations, thus indicating
a reduction in the number of surface charges. The calculated
piezocatalytic efficiency therefore still exhibited comparable
values (& 1-2 %, Figure 4b) as is the case in deionized water.
These significantly high efficiencies, given the low piezo-
electric voltages (3-5 V), are attributed to the improved R,
Therefore, because of the finite amount of energized surface
electrons and the charge-dictated potential amplitude, the
piezocatalyzed H, evolution is heavily influenced by the
magnitude of piezoelectric potential, the rate of charge
exchange, and the formation of double layers.

In summary, a piezocatalysis system can directly exert
energetic control over chemical species within its immediate
vicinity, thus producing H, by straining a piezoelectric
material in an aqueous solution. This discovery emboldens
a new strategy for mechanically tailoring interface energetics
and chemistry. Further exploration into how piezoelectric
potentials can modulate the electronic states at the surface of
the material may result in the facile enhancement of conven-
tional catalyst materials while engaging catalytic processes in
otherwise overlooked or discarded materials.

Experimental Section

A PMN-PT single crystal slab was used as the piezoelectric
component for the piezoelectric cantilever. The PMN-PT slabs were
poled along the (001) direction, and exhibit piezoelectric coefficients
of 2200-2700 pCN™". Cantilever construction and encapsulation was
accomplished with ECCOBOND® 45 epoxy. The entire assemblage
was emerged in deionized water and NaNO; electrolytes within
a sealed chamber with access ports for piezoelectric actuation and
monitoring, environmental purging, and atmospheric sampling.
Straining of the piezoelectric cantilever was achieved by a com-
puter-controlled vibrator (for high-frequency oscillation) and linear
actuator (for controlling straining state). The H, concentration was
determined by measuring the atmosphere sample in the reactor using
an AMETEK Analyzer ta3000F H, gas analyzer. A background
baseline for atmospheric H, concentration was established before
every experiment through a 10-minute nitrogen purging to the
apparatus. The piezoelectric potential and the surface electrochem-
ical potential were measured by a digital oscilloscope and a potentio-
stat, respectively.
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Piezocatalysis uses piezopotential to
modulate charge carrier energetics (see
picture), thus allowing the direct en-
hancement or suppression of electro-
chemical reactions that occur at a piezo-
electric material/solution interface. Such
a direct conversion of mechanical to
chemical energy is shown by the electro-
chemical H, evolution that is achieved by
straining a piezoelectric material in
aqueous medium.
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