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Electrochemical nitrate reduction reaction (NO3RR) is a promising alternative technique for NH3

generation toward the energy-consuming Haber-Bosch process. Nevertheless, it remains hindered by
the competitive hydrogen evolution reaction (HER). Herein, the piezoelectric effect of electron-rich
BaTiO3 with oxygen vacancies is introduced to promote NO3RR performance. Combining with metal
particles (Ru, Pd and Pt), the catalyst achieves a maximal Faradaic efficiency of 95.3% and NH3 yield
rate of 6.87 mg h�1 mgcat.

�1 . Upon piezoelectricity, the interface betweenmetal nanoparticles and BaTiO3

is effectively modulated from Schottky contact to ohmic contact, which leads to unobstructed electron
transfer. Abundant hydrogen radicals (�H) can be then produced from the collision between plentiful
electrons and polar water molecules adsorbed on the polar surface. Such �H can significantly facilitate
the hydrogenation of reaction intermediates in NO3RR. Meanwhile, this process suppresses the Volmer-
Heyrovsky step, therefore inhibiting the HER within a wide range of external potential. This work
suggests a new strategy for promoting the performance of multi-electron-involved catalytic reactions.

Keywords: Electrochemical NO3
� reduction; Piezoelectric effect; Ohmic contact; Charge collision; Hydrogen radicals
Introduction
Ammonia (NH3) is an essential chemical as an indispensable
feedstock in synthesizing nitrogen fertilizers and meanwhile
regarded as a promising hydrogen-rich fuel [1–6]. Nevertheless,
the Haber-Bosch route carried out to produce industrial-scale
NH3 currently consumes mass energy due to the requirement
of high temperature and pressure, accompanied by releasing vast
amounts of greenhouse gases [7–9]. Lately, aqueous-based elec-
trochemical nitrogen reduction reaction (NRR) has attracted
widespread attention as a potential alternative strategy, which
can synthesize NH3 from N2 under mild conditions [10–14].
However, due to the high bond energy (940.95 kJ/mol) of
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N�N, intensive competitive reaction of hydrogen evolution reac-
tion (HER), and extremely low solubility of N2 in solutions, the
NH3 yield rate is 2�3 orders of magnitude inferior to that of
Haber-Bosch process [15–19]. In contrast, nitrate (NO3

�) ions,
which are abundant in environmental pollutants as a nitrogen-
containing alternative, could be decomposed into deoxidizing
substances with comparatively low dissociation energy (204 kJ/-
mol) [20–22]. Therefore, electrochemical reduction of NO3

� into
NH3 may contribute to solving both energy and environmental
issues. The electrochemical nitrate reduction reaction (NO3RR)
associates a multi-electron and proton transfer process, which
leads retarded kinetics and inevitably generates various byprod-
ucts such as NO2

� and N2H4 [23–25]. Additionally, part of elec-
tron donors is meaninglessly consumed in HER, thus leading to
17
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an unsatisfactory NH3 yield rate and Faradaic efficiency [26,27].
Typically, commonly used metal catalysts just manifest good
NH3 selectivity at low potentials but poor Faradaic efficiency at
high potentials on account of severe hydrogen evolution com-
petitive reaction [28,29]. Hence, it is fundamentally important
to inhibit the competitive reaction and explore highly selective
NO3RR strategies.

Piezoelectric materials are featured by generating an internal
polarization field under strain owing to the non-zero dipole
moment, which is typically induced by the non-overlapping
structure of the anion and cation centers. The materials can
release a large number of piezoelectric charges, which availably
adjust the charge distribution state and the amplitude of the
depletion zone [30–32]. Since the conception of energy conver-
sion utilizing piezoelectric zinc oxide nanowires was firstly pro-
posed [33], piezoelectric catalysis has been studied by
employing the characteristics of piezoelectric materials to realize
the conversion from mechanical energy to chemical energy, as
well as trigger and tune redox reactions [34–37]. This strategy
possesses excellent potential in inducing catalytic behavior and
boosting catalytic performance. For instance, the piezoelectric
effect was adopted to enhance photocatalysis by introducing
the polarization electric field to improve the separation of photo-
generated carriers [38–41]. Meanwhile, as an intermediate layer,
piezoelectric materials could promote the transfer of carriers at
adjacent interfaces to improve catalytic performance [42]. These
works verify the synergistic enhancement of multiple catalysis
and expand the application of piezoelectric materials.

However, there are few research on the application and mech-
anism analysis of piezoelectricity in multi-electron-involved elec-
trocatalytic reactions. Therefore, it is highly promising to employ
the piezoelectric effects to improve the electrocatalysis perfor-
mance of metal catalysts targeting a high selectivity and yield
rate in the NO3RR. In addition, the piezoelectric effect can adjust
the contact state and the amplitude of the depletion zone, there-
fore regulating the electron transmission behavior. Accordingly,
introducing more electrons can effectively take advantage of
the modulation effect of piezoelectricity. Oxygen vacancies can
act as donor doping and provide plenty of free electrons, which
may facilitate catalytic performance [43–45].

Herein, we introduced the piezoelectric effect originating
from electron-rich BaTiO3 with oxygen vacancies (BTO-OVx, x
represents annealing time and x = 0.5 h, 1 h, and 2 h, corre-
sponding to different concentrations of oxygen vacancies) to
facilitate the electrochemical NO3RR for NH3 generation on
metal (Ru, Pd, and Pt) catalysts. The piezoelectric polarization
of BTO-OVx nanocrystals under an ultrasonic environment could
modulate the interface contact state, which could significantly
reduce the electron transport barrier from BTO-OVx to metal
nanoparticles. A large number of electrons collide, which leads
to the decomposition of the water molecules adsorbed on the
polar interface during the transport process. This induces abun-
dant hydrogen radicals (�H) and polar surface directly, which
can boost the hydrogenation in the NO3RR and suppress the
Volmer-Heyrovsky step. With the ultrasonic excitation, the elec-
trocatalysts maintain a remarkably weakened hydrogen evolu-
tion competitive reaction in a wide potential range and result
in a substantial promotion in electrochemical NO3RR, leading
18
to superior NH3 Faradaic efficiency (95.3%) and yield rate
(6.87 mg h�1 mgcat.

�1 ).
Results and discussion
As shown in the scanning electron microscope (SEM, Fig. S1a)
and transmission electron microscope (TEM, Fig. S2a) images,
the pristine BTO nanocubes possess a smooth surface. Notably,
after introducing oxygen vacancies by vacuum heat treatment,
the morphological characteristics and microstructures of the
samples were well maintained (Fig. 1a and Fig. S1b), which is
crucial to investigate the effect of oxygen vacancies on piezoelec-
tric activity without other interferences. Compared with the pris-
tine BTO in Fig. S2b, the high-resolution TEM (HRTEM) in
Fig. 1b exhibits evident darkness in some regions, which is due
to oxygen vacancies. Moreover, the lattice defects could be
observed in the inverse fast-Fourier-transform images (the insets
in Fig. 1b), which may originate from the oxygen vacancies [46].
Taking the BTO-OV1 as an example, the Ru nanoparticles homo-
geneously distribute on the surface of the BTO-OV1 particles,
which is evidenced by Fig. 1c (SEM image is shown in
Fig. S1c). The HRTEM image in Fig. 1d shows that Ru nanoparti-
cles and BTO-OV1 nanocubes are well crystallized. The measured
lattice distances are 0.283 nm and 0.206 nm, corresponding to
the (110) plane of BTO and (101) facet of Ru, respectively, which
could be confirmed by the following X-ray diffraction (XRD)
measurement. The seamless contacting heterostructures formed
by the preferential crystalline orientations of the two crystals
may promote electron transfer at the interface [40]. The spatial
distribution of the Ti, Ba, O, and Ru elements in the Ru/BTO-
OV1 was revealed by scanning TEM (STEM) and energy dispersive
spectroscopy (EDS) mapping images (Fig. 1e), confirming the
homogenous loading of the Ru element on the BTO-OV1 sub-
strates. The crystal structures of the samples were then confirmed
by XRD measurement (Fig. 1f and Fig. S3). The characteristic
peaks of BTO, BTO-OV0.5, BTO-OV1 and BTO-OV2 could be well
indexed to tetragonal phase BTO (P4mm, JCPDS: 05-0626),
which exhibits that the crystal structure with high crystallinity
remains basically unchanged after being treated by vacuum heat.
After the precipitation of Ru, the additional diffraction peak can
be assigned to the (101) plane of hexagonal Ru crystals (P63/
mmc, JCPDS: 06-0663).

Fig. 1g manifests the electron paramagnetic resonance (EPR)
spectroscopy of the BTO-OVx. All the samples demonstrate a sim-
ilar signal (g = 2.002) produced by the electrons trapped in oxy-
gen vacancies [47]. The signal intensity improves as the
annealing duration prolongs, indicating the increase of the oxy-
gen vacancy concentration. Furthermore, the ultraviolet–visible
(UV–Vis) absorption spectra (Fig. S4a) were employed to confirm
the effects of the oxygen vacancies. With the annealing time
increasing, the absorption edge of the samples occurs redshift
while the absorption intensity improves, which are typical man-
ifestations of oxygen vacancies [48]. Correspondingly, a reduced
band gap is exhibited in Fig. S4b (the details of the calculation
are shown in supplementary information), confirming the exis-
tence of doping level due to the oxygen vacancies. The band
structure of the samples was further investigated by ultraviolet
photoelectron spectroscopy (UPS, hm = 21.22 eV, Fig. S5). The



FIGURE 1

Characterizations of BTO-OV1. (a,c) TEM and (b,d) HRTEM images of BTO-OV1 and Ru/BTO-OV1. The insets in (b) are inverse fast-Fourier-transform images of
the corresponding areas. (e) STEM and EDS elemental mapping of Ru/BTO-OV1. (f) XRD pattern of the samples. The inset shows the crystal structure of BTO-
OV1. (g) EPR spectra of BTO, BTO-OV0.5, BTO-OV1 and BTO-OV2. (h) High-resolution XPS of Ba 3d, Ti 2p, O 1s and Ru 3d in Ru/BTO-OV1.
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work function (WF) was calculated by WF = hm-Ecutoff, in which
Ecutoff signifies the secondary electron edge, and the valance band
maximum (VBM) can be obtained through VBM = hm-(Ecutoff -
Eonset) [49,50]. Combining with the band gap, the band positions
of the samples are finally confirmed, and all the calculated results
are summarized in Table S1. The results show that, as a donor
doping, the oxygen vacancies supply abundant electrons and
introduce a doping level nearby the conduction band. Moreover,
the work function decreases with the vacancy concentration
increases. The high electron density and low work function pro-
mote the transfer of electrons from the BTO-OVx substrate to the
metal particles, potentially reducing their activation barrier as
catalysts [51]. Meanwhile, the X-ray photoelectron spectroscopy
(XPS) spectra are shown in Fig. 1h, Figs. S6 and S7, in which the
Ba 3d3/2 and 3d5/2 characteristic peaks at 794.2 eV and 778.9 eV
are originated from Ba2+, while Ti 2p peak is consist of 2p1/2

and 2p3/2 peaks of Ti4+ at 464.1 eV and 458.2 eV, respectively.
The slight positive shift of these peaks after loading Ru nanopar-
ticles could be attributed to the electron transfer from BTO-OV1

to Ru, which is consistent with previous reports [52–54]. For
instance, Ostojic et al. investigated that when Au147 is in contact
with the SnO1.9, the Au 4f peaks display a negative shift while the
Sn 3d shows a positive shift, demonstrating the electron transfer
from the SnO1.9 to Au147 nanoparticles [54]. The O 1s peak could
be deconvoluted into the peaks, which are assigned to the lattice
oxygen (�529.9 eV), oxygen vacancies (�531.3 eV), and
chemical-absorbed oxygen (�532.0 eV), respectively [55,56].
Moreover, the oxygen vacancy ratios are determined to be
6.90%, 12.32%, 16.87%, and 24.40% for BTO, BTO-OV0.5,
BTO-OV1 and BTO-OV2, respectively (Figs. S7c-f), which reveals
the concentration of oxygen vacancy increase as the annealing
duration prolongs. Except for the C 1s peak generated by car-
bonaceous impurities located at around 284.2 eV, the Ru 3d peak
is composed of 3d5/2 (279.5 eV) and 3d3/2 (283.8 eV) peaks origi-
nating from metallic Ru with a spin-orbital splitting.

To verify the ferroelectricity of the as-prepared BTO-OV1, Kel-
vin probe force microscopy (KPFM) was performed to intuitively
understand the surface potential by examining the contact
potential difference between the probe and the sample. As exhib-
ited in the topography image (Fig. 2a), the nanoparticles hold a
uniform distribution of sizes, which is in consistent with the
SEM and TEM results. In Fig. 2b, the potential homogeneously
distributes on the surface of BTO-OV1 nanoparticles. This evi-
dences that the polar surface adsorbs a large number of space-
19
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FIGURE 2

Ferroelectricity properties and piezo-electrocatalytic NO3RR performances. (a) The atomic force microscope (AFM) topography image of BTO-OV1. (b) KPFM
image of BTO-OV1 demonstrates the distribution of surface potential. (c) LSV curves of the samples. (d) NH3 Faradaic efficiency and (e) yield rate of Ru/BTO-
OV1 + U and Ru/C. The inset in (e) is the yield rate at �0.1 V vs. RHE and �0.2 V vs. RHE. (f) The cycling stability test of Ru/BTO-OV1 carried out at �0.6 V vs.
RHE and each cycle takes 1 h. (g) 1H NMR spectra of the electrolytes after the measurements and the referenced spectrum of (15NH4)2SO4. (h) The NH3 yield
rate and Faradaic efficiency of Ru/BTO-OV1 + U measured by NMR and UV–Vis methods for a quantitative comparison. (i) Comparison of NH3 Faradaic
efficiency and yield rate between M/BTO-OV1 + U and reported catalysts (NHCP is N-doped hollow carbon polyhedrons, GDY is graphdiyne, CFP is carbon
fiber paper, Vo is oxygen vacancy and PTCDA is 3,4,9,10-perylenetetracarboxylic dianhydride).
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free charges, confirming the excellent ferroelectric properties of
the BTO-OV1.

For evaluating the catalytic properties of the samples and
determining the role of the piezoelectric effect, we investigated
NO3RR with a series of electrochemical measurements. The elec-
trochemical active surface area (ECSA) was first proceeded based
on the double-layer capacitance (Fig. S8), in which the Ru/BTO-
OV1 exhibits a slightly larger ECSA of 188.3 cm2 than that of
BTO-OV1 (157.0 cm2), verifying the increased electrochemical
active sites. Besides, the linear sweep voltammetry (LSV) curves
(Fig. 2c, Figs. S9 and S10) demonstrate that in the electrolyte
containing NO3

�, the Ru/BTO-OV1 in ultrasonic circumstance
(Ru/BTO-OV1 + U) shows a larger geometric area- and ECSA-
normalized current than that of the Ru/C within the measured
range. Moreover, in Fig. 2c and Fig. S11a, when introducing
NO3

� in the electrolyte, the Ru/BTO-OV1 + U reveals a more sig-
nificant current increase than Ru/C and BTO-OV1, manifesting
a better NO3RR selectivity. Furthermore, the current of Ru/
BTO-OVx (Fig. S11b) increases initially and then decreases as
the annealing duration prolongs. This may result from that
excessive oxygen vacancies could form a large number of defec-
tive dipoles. The excess dipoles can obviously pin the electrical
domains and make it difficult for the domain walls to move in
the material, leading to a suppressed catalytic performance
20
[57]. On the basis of the LSV results, the time-dependent
chronoamperometry (Fig. S12) measurement was carried out in
an H-type cell, in which all the current densities at different
applied potentials suggest favorable stability.

Then we quantified the generated products by UV–Vis spec-
trophotometry (Figs. S13-S15) to further evaluate the catalytic
performance of the NO3RR. As shown in Fig. 2d and e, the
Ru/BTO-OV1 + U achieves a maximum NH3 selectivity of 95.3%
at �0.6 V (Fig. 2d) with a yield rate of 5.47 mg h�1 mgcat.

�1

(Fig. 2e). A gradual promotion of NH3 yield rate occurs from
the trace amounts at low potentials to a superior yield rate of
6.87 mg h�1 mgcat.

�1 at �0.7 V vs. RHE, distinctly greater than that
of Ru/C (1.31 mg h�1 mgcat.

�1 at �0.7 V vs. RHE). The Ru/BTO-
OV1 + U also shows a smaller Tafel slope of 196 mV dec�1

(Fig. S16) than that of the Ru/C (256 mV dec�1), verifying the fas-
ter reaction kinetics. Additionally, almost no hydrazine was
detected in the byproducts of Ru/BTO-OV1 + U and Ru/C sam-
ples (Figs. S15c and d). As for the other side reaction of NO3

�-
to-NO2

�, the Ru/BTO-OV1 + U suggests a faster conversion of
NO2

�-to-NH3 (Fig. S17). Eventually, the total NO3
� conversion effi-

ciency (including NO3
�-to-NH3, NO3

�-to-NO2
� and NO3

�-to-N2H4)
of Ru/BTO-OV1 + U grows to 98.9% at �0.6 V vs. RHE (Fig. S18)
along with the remaining Faradaic efficiency of 1.1% belongs
to HER, indicating an observably restrained hydrogen evolution
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competitive reaction compared to that of the Ru/C. This inhibi-
tion can be further verified in the test using electrolyte without
NO3

� (Fig. S19), in which Ru/BTO-OV1 + U reveals a decreased
current density (Fig. S19b), an enhanced Tafel slope (the inset
in Fig. S19b), and a slower hydrogen evolution rate (Fig. S19c)
compared with Ru/BTO-OV1, directly manifesting that the piezo-
electric effect suppresses the kinetic activity of HER in the sys-
tem. For the NO3RR performance of pure piezoelectric material
BTO-OV1 and BTO-OV1 + U (Fig. S20), due to the participation
of piezo-generated electrons induced by piezoelectric material
BTO-OV1 under an ultrasonic environment, the LSV (Fig. S20a)
and NH3 yield rate (Fig. S20c) reveal significant enhancement,
but the ultrasonic environment has a negligible effect on the
NH3 Faradaic efficiency (Fig. S20b). This indicates that pure
piezoelectric material without loading metal nanoparticles does
not affect the selectivity of NO3RR and highlights the necessity
of studying their contact state. To confirm the enhancement
may be contributed by the piezoelectric effect in essence rather
than the influence of the ultrasonic environment, Ru/TiO2 were
manufactured by loading Ru nanoparticles on TiO2 substrate
without piezoelectric property. As shown in Fig. S21, a slight
increase in LSV under an ultrasonic environment is observed
due to the extra energy input but it is worth noting that there
is no significant difference in NH3 Faradaic efficiency. The perfor-
mance of Ru/C (Fig. S22) under ultrasonic conditions was also
evaluated (Fig. S23), which reveals similar trends to those of
Ru/TiO2 + U. This phenomenon demonstrates that this energy
input has no effect on the selectivity of NO3

�-to-NH3. However,
for the reaction involving BTO-OV1 with piezoelectric property,
the Faradaic efficiency of Ru/BTO-OV1 + U is significantly
improved (Fig. S24), indicating that the performance enhance-
ment in NO3RR of Ru/BTO-OV1 is attributed to the piezoelectric
effect. Meanwhile, the NH3 Faradaic efficiency and yield rate of
BTO-OV1 + U (Fig. S20d) and Ru/BTO-OV1 + U (Fig. 2f) reveal
fluctuation in each cycle but maintain overall stability in the
cycling stability test, which indicates the favorable stability of
the samples. To further confirm whether the ultrasonic environ-
ment could induce an influence on the structure and composi-
tion of the samples during the reaction, the morphological and
chemical information of the used samples were studied. As
shown in the TEM images of BTO-OV1 and Ru/BTO-OV1 after
the cycling stability test with an ultrasonic environment
(Fig. S25), there is no obvious change in morphology of the used
samples compared with the fresh-made samples (Fig. 1a and c),
indicates the structural stability of the samples. The STEM and
EDS elemental mapping of Ru/BTO-OV1 after reaction are also
characterized (Fig. S26), in which Ru element shows a homoge-
nous distribution on BTO-OV1 substrates. Furthermore, the XPS
analysis of the samples before (Fig. 1h) and after (Fig. S27) the
reaction reveals that the valence states of each element in the
sample remain unchanged. Consequently, we believe that the
samples are stable under reaction conditions. Moreover, to con-
firm the universality of piezoelectric catalysis in improving the
selectivity and yield rate in NO3RR, the catalytic performance
of Pd/BTO-OV1 + U and Pt/BTO-OV1 + U were evaluated
(Fig. S28), in which both samples deliver improved NH3 Faradaic
efficiency and yield rate compared with the control samples. The
NH3 Faradaic efficiency of Ru/BTO-OV1 also reveals a remarkable
increase after introducing ultrasound in different pH environ-
ments including the electrolyte of 0.05 M H2SO4 and 0.1 M
KOH (Fig. S29), further verifying the universality of the strategy.

To determine the nitrogen source in the conversion of NO3
�-

to-NH3, we employed 15N-labeled NO3
� as the feedstock and

obtained the product at the maximum Faradaic efficiency poten-
tial (�0.6 V vs. RHE) to conduct an isotope labeling experiment
by 1H nuclear magnetic resonance (NMR) detection. As shown
in Fig. 2g, the observed 15NH3 characteristic peaks in the product
spectra well correspond to the signals in the referenced spectra of
(15NH4)2SO4. To control the errors, the independent electrolysis
measurements of three samples were performed to calculate an
averaged signal area. Combining with the calibration curve
(Fig. S30), the 15NH3 yield rate and Faradaic efficiency are finally
recorded at 5.42 mg h�1 mgcat.

�1 and 94.7%, in line with the UV–
Vis results (Fig. 2h), testifying that the NH3 is actually produced
by nitrate electroreduction. To the best of our knowledge, the
NH3 yield rate and Faradaic efficiency of M/BTO-OV1 + U
(M = Ru, Pd, Pt) reported here are superior to previously reported
works for N2-to-NH3 and NO3

�-to-NH3 electroreduction in neu-
tral media (Fig. 2i; Table S2).

To reveal the favorable piezoelectric effect of the as-prepared
samples, the piezoresponse of Ru/BTO-OV1 was intuitively
detected by piezoresponse force microscope (PFM). The topogra-
phy displayed in Fig. 3a is well consistent with the results in SEM
and TEM of Ru/BTO-OV1 nanoparticles. In the piezoelectric
potential responsive image (Fig. 3b), the evident potential veri-
fies that the nanoparticles produce a favorable piezoelectric
response under pressure. Meanwhile, as shown in Fig. 3c, the
piezoelectric properties of Ru/BTO-OV1 nanoparticles are further
revealed by piezoelectric hysteresis loops. The typical well-
shaped butterfly loop is observed, and a variation of around
180� is testified in the phase angle, revealing the polarization
switching characteristic and splendid piezoelectric properties of
the sample [35,38]. In addition, we employ the finite element
simulation to reveal the surface potential of Ru/BTO-OV1 + U.
Based on the ultrasonic cavitation, the ultrasonic waves trigger
the vibration of a large number of minute bubbles in solution
that eventually collapse, which could release a tremendous
amount of energy and result in remarkable stress induced by
the huge instantaneous pressure (�10 MPa) on the immersed
object surface. This effect can cause a remarkable piezoelectric
potential in the BTO-OV1 [58]. Hence, the pressure of 10 MPa
is imposed on a BTO-OV1 nanocube along the negative direction
of the z axis during the COMSOL simulation. The results in
Fig. 3d exhibit an obvious polar surface on BTO-OV1 nanocube,
manifesting a favorable piezoelectric polarization, which corre-
sponds well to the PFM measurements.

In order to better verify the contribution of the piezoelectric
effect in electrochemical NO3RR, a field-effect transistors (FETs)
device (Fig. S31) was fabricated to confirm the contact state
between metal nanoparticles and BTO-OV1. In the initial state,
the I-V curve exhibits nonlinearity and asymmetry (Fig. 3e),
demonstrating a Schottky contact at the interface [59,60]. As
the pressure increases, the current of the device gradually rises
and finally presents a linear symmetrical curve, manifesting a dis-
appeared rectification characteristic. This phenomenon certifies
that the height of the barrier can be tuned by the piezoelectric
21
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FIGURE 3

Piezoelectric properties and the effects of piezoelectricity on adjusting the contact state. (a) Morphology, (b) piezoelectric potential responsive images and (c)
piezoresponsive phase (red) and amplitude curve (purple) of Ru/BTO-OV1. (d) Potential distribution of BTO-OV1 simulated by COMSOL. (e) I-V curves of M/
BTO-OV1 (M = Ru, Pd, Pt). (f) Energy band diagrams. Evac and EG are vacuum level and energy gap; EWF, EC and EV are work function, conduction and valence
band edge; EF, W and /Bn are Fermi energy, depletion region and Schottky barrier. (g) Nyquist and (h) Mott-Schottky plots of Ru/BTO-OV1 obtained with and
without ultrasound. The inset of (g) is the equivalent circuit.
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to change the contact state from Schottky contact to ohmic con-
tact, which can be further proved by the following derivation
and calculation. Since the conduction-band edge (EC) is dis-
turbed due to the piezoelectric charge, according to the energy
band and electric field diagrams of M/BTO-OV1 (M = Ru, Pd, Pt)
interface (Fig. 3f and Fig. S32), the change in electric field inten-
sity due to the presence of piezoelectric charges can be expressed
as [61]:

Ep ¼ � qqp Wp � x
� �
es

; for 0 � x � Wp ð1Þ

where q is the unit electronic charge in absolute value and es is the
relative dielectric constant, qp is the polarization charge density

and Wp is the width of piezocharges. Then we define the barrier
height when there is no piezoelectric charge as /Bn0. Due to the
effect of piezoelectric charges, the change of potential distribu-
tion Dwi and Schottky barrier height can be written as

Dwi ¼
qqpW

2
p

2es
ð2Þ
22
/Bn ¼ /Bn0 �
q2qpW

2
p

2es
ð3Þ

This means that as the appearance of polarization charge den-
sity (qp) due to triggering the piezoelectric effect, the barrier

height (/Bn) can be reduced (Equation (3)). The piezopotential
and barrier height could be adjusted by stress (induced by the
pressure in our case), which is well revealed by the results of I-
V curves shown in Fig. 3e.

The enhanced electric field intensity can effectively facilitate
the transfer of charges. The electrochemical impedance spec-
troscopy (EIS, Fig. 3g, Fig. S33 and Table S3) was performed to
demonstrate the charge transfer kinetics. The Nyquist plots were
well fitted by the equivalent circuit in which Rs (corresponding
to high-frequency intercept in the plots) represents a series resis-
tance mainly including intrinsic resistance of electrodes and elec-
trolyte resistance, R1 indicates the charge-transfer resistance, W1
is the Warburg impedance, and CPE1 is a constant phase ele-
ment. Among the samples, the tests with ultrasound exhibit
smaller semicircle diameters than those of control samples at
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the range of medium frequency, indicating the enhanced charge
transfer kinetics [62–64]. This can result from the adjusted barrier
height and the enhancement of the electric field. At the low-
frequency range, the linear curve reflects the Warburg diffusion
process [65]. The samples manifest a greater slope under an ultra-
sonic environment, which is a characteristic of the rapid diffu-
sion of ions to the electrode under the effect of an electric
field. Furthermore, all Mott-Schottky plots (Fig. 3h and
Fig. S34) present typical n-type positive slopes, and the charge
density (Nd) can be obtained as [66]:

Nd ¼ 2
ee0e

d 1
C2

dV

" #�1

ð4Þ

where e is the electron charge, e0 and e are the vacuum permittiv-
ity and relative permittivity of the material, respectively, C is the
capacitance of space charge, and V is the applied potential. The
Nd values of M/BTO-OV1 (M = Ru, Pd, Pt) are listed in Table S4,
in which the charge concentrations measured under an ultrasonic
environment are obviously higher than those of control samples,
verifying the contribution of the piezoelectric effect on catalysis.

This phenomenon can be further testified based on the diffu-
sion theory. Due to the n-type semiconductor characteristics of
BTO, the carrier transmission in metal–semiconductor contact
is mainly dominated by electrons. Therefore, the current could
be expressed as [61]:

J ¼ J n ¼ qlnnE þ qDn
dn
dx

ð5Þ

in which J n represent the electron current density, ln and Dn are
the mobility and diffusion coefficient of electrons, n is the con-
centration of free electrons, q and E are the unit electronic charge
in absolute value and the electric field. Then, the solutions could
be derived as [61]:

Jn � JDexp � q/Bn

kT

� �
exp

qV
kT

� �
� 1

� �
ð6Þ

in which JD and /Bn are the saturation current density and the
height of Schottky barrier, k, T and V are the Boltzmann constant,
temperature and applied voltage. Therefore, defining JD as JD0

when piezoelectric charges are absent and combined with Equa-
tion (3), the current could be expressed as

Jn � JD0exp
q2qpW

2
p

2eskT

 !
exp

qV
kT

� �
� 1

� �
ð7Þ

In consequence, when the /Bn reduced owning to the intro-
duction of the pressure in our system, the electron current den-
sity can be improved (Equation (6)). In other words, the
increase of qp can also improve the current density at the same

time (Equation (7)). The polarization charge density could be
changed by adjusting the degree of stress (induced by the pres-
sure in our case), thus altering the total charge density in M/
BTO-OV1 (M = Ru, Pd, Pt).

Due to the regulated electron transmission behavior, the polar
water molecules adsorbed on the polar surface collide with plen-
tiful electrons and participate in the following chemical reaction
[32].

e� þH2O ! OH� þ �H ð8Þ
This process could generate abundant �H, which can partici-
pate in hydrogenation in the NO3RR process, and the existence
of �H is confirmed by EPR measurement utilizing the trapping
reagent (5,5-dimethyl-1-pyrroline-N-oxide; DMPO). The time-
dependent chronoamperometry was performed for 600 s in
0.1 M phosphate buffer solution (PBS) to achieve the dynamic
equilibrium of �H generation and quenching. In Fig. 4a and
Fig. S35, the EPR results of the mixture including the electrolyte
after reaction and DMPO exhibit nine characteristic signals
belonging to two intensities with the ratio of 1:2. The hyperfine
coupling constants further testify the existence of DMPO-H [67].
In the DMPO-involved EPR curves of the Ru/BTO-OV1 + U per-
formed electrocatalysis with a series of NO3

� concentrations in
0.1 M PBS under argon environment (Fig. S35), the EPR peak
intensity exhibits a weakening trend with the increase of NO3

�

concentration, which proves that �H participates in the hydro-
genation process of NO3RR. Meanwhile, with a constant NO3

�

concentration (0.05 M), more intensive signals were detected as
the ultrasonic intensity increased (Fig. 4a and Fig. S36), verifying
an improved �H concentration, which is attributed to that the
collapse of more tiny bubbles triggers more piezoresponse. Then
we recorded the variation of the current densities in NO3RR with
and without �H trapping reagent of DMPO to further reveal the
participation and promotion of �H (Fig. 4b), in which all the
NO3RR currents at �0.6 V vs. RHE manifest significant decrease
due to the consumption of �H after introducing DMPO. As
shown in the DMPO-involved current density (Fig. S37a) and
EPR curves (Fig. S37b) measured in 0.1 M PBS, Ru/BTO-OV1 + U
exhibits a smaller current density and a stronger DMPO-H signal
intensity, indicating the piezoelectric effect could suppress HER
and induce abundant �H through the collision effect. These
results clearly demonstrate that abundant �H directly participates
in the hydrogenation reaction and facilitate the kinetics in elec-
trochemical NO3RR for NH3 generation.

In addition to generating the �H for boosting NO3RR, the
piezoelectric effect could enhance electron transfer and thus reg-
ulate the catalytic process, which is further understood by den-
sity functional theory (DFT) calculations. As shown in electron
density difference mappings (Fig. 4c and Fig. S38), the Ru/BTO-
OV1 with pressure displays a stronger interaction between Ru
and BTO-OV1. Compared to the control sample, the enlarged
electron density (red) around Ru could be conducive to the cap-
ture of electrons by the NO3RR intermediate. Moreover, the free
energy diagrams (Fig. 4d and Fig. S39) were plotted to further
explore the mechanism during NO3RR procedure. The process
involves several deoxidation/hydrogenation reactions, which
occurs following the route demonstrated in Figs. S40 and S41.
*NO3 is obtained by absorbing NO3

�, and whereafter undergoes
N-O cleavage, thus successively generating *NO2, *NO, and *N,
which is followed by protonation reactions to produce *NH,
*NH2, and *NH3. Eventually, the *NH3 desorbs to release NH3.
Specifically, for the rate-determining step (RDS) in NO3RR from
*NO2 to *NO, the Ru/BTO-OV1 with pressure displays an obvi-
ously decreased free energy difference (DG = 0.41 eV to
0.07 eV), which indicates the promotion to NO3RR by the piezo-
electric effect.

Based on the experimental and theoretical calculations, the
enhancement of piezo- electrocatalysis NO3RR for NH3 genera-
23
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FIGURE 4

Generation of �H and theory calculations. (a) EPR results of the mixture containing DMPO and electrolytes after 600 s reaction in 0.05 M NO3
� and 0.1 M PBS

under argon with various ultrasonic power (W), in which the hyperfine coupling constants aN = 16.32 G and aH = 22.49 G. (b) NO3RR current density
measured with the existence and absence of DMPO. (c) Electron density difference mappings of optimized Ru/BTO-OV1 without (left) and with pressure
(right). (d) The Gibbs free energy diagram of Ru/BTO-OV1 in NO3RR with pressure, in which the insets are the optimized structures of the intermediates
adsorbed on Ru/BTO-OV1. (e) The schematic diagram of electrochemical NO3RR under ultrasonic environment. In (c) and (d), the gray, red, green, purple, blue
and white spheres represent Ti, O, Ba, Ru, N and H elements.
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tion is illustrated through a schematic diagram (Fig. 4e). With
ultrasonic vibrations, ohmic contact appears at the interface,
which could remarkably improve the charge transfer kinetics.
Therefore, due to the built-in piezoelectric electric field, the lar-
ger work function of the metal particles [68,69], and the effect
of the applied bias, plenty of electrons in the BTO-OV1 rapidly
transfer to the metal particles. The electrons collide with the
water molecules, resulting in the direct generation of abundant
�H, which can directly participate in the hydrogenation reaction
in the NO3RR process and reduce the reaction barrier. On the
other hand, the piezoelectric effect causes the modulation of
the electron density, which is beneficial to the various intermedi-
ates adsorbed on the metal particles capturing the electrons,
therefore reducing the free energy of the reaction, and realizing
the improvement of NO3RR performance. Meanwhile, the charge
redistribution leads to the weakening of the *H adsorption on the
surface of BTO-OV1 and *H desorption on the surface of metal
particles (Fig. S42). Since both too strong and too weak hydrogen
adsorption ability is not conducive to the performance of HER, it
shows that the piezoelectric effect is thermodynamically unfa-
vorable for HER in this system [70].
Conclusion
In summary, the piezoelectric effect is firstly introduced to multi-
electron-involved NO3RR and demonstrated to be highly effi-
cient in promoting the conversion of NO3

�-to-NH3. Among the
fabricated M/BTO-OV1 (M = Ru, Pd, Pt), Ru/BTO-OV1 + U exhi-
bits impressive suppression to hydrogen evolution competitive
reaction in a wide potential range and suggests a faster conver-
sion of NO2

�-to-NH3, achieving a superior NH3 Faradaic efficiency
24
of 95.3% and yield rate of 6.87 mg h�1 mgcat.
�1 . Furthermore, the

favorable universality proved by improved selectivity of Pd/
BTO-OV1 + U and Pt/BTO-OV1 + U electrocatalysts confirms the
effectiveness of the piezoelectric effect on improving catalytic
performance. The significant enhancement in NO3RR perfor-
mance originates from the adjustment of the barrier (from Schot-
tky contact to ohmic contact) at the interface between BTO-OV1

andmetal particles due to the disturbance of piezoelectric charge,
which boosts electrons to collide with polar water molecules,
thus generating plentiful �H directly to participate in the hydro-
genation of reaction intermediates.

This work suggests a superior approach by employing the
piezoelectric effect of electron-rich BTO-OV1 to realize the con-
version of mechanical energy to chemical energy and provides
a novel strategy for inhibiting HER and improving electrochem-
ical NO3RR selectivity. Meanwhile, this idea of modulating elec-
tron transfer behavior is promising to be carried out in other
catalytic processes designed for multi-electron-involved reac-
tions, such as electrocatalytic reduction reaction of CO2 and
O2, and hydrogenation of unsaturated aldehydes. Moreover, it
will also be valuable to investigate other piezoelectric catalysis
triggering modes widely existing in nature to promote
practicability.
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