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ABSTRACT

Ultrasound-stimulated piezo-electrocatalysis has been studied for a period; however, the mechanism is still unclear mainly due to the coexis-
tence with other multiple effects like sonocatalysis, which was usually ignored. In this work, with the non-piezoelectric H2Ti3O7 nanowires
following the same experimental process in piezo-electrocatalysis, the sonocatalytic reduction performance of CO2 is investigated. By apply-
ing vibration under the excitation of ultrasound with various frequencies and powers, it is found that CO is the ultimate product with a selec-
tivity of 100%, and the optimal CO yield of 8.3lmol g�1 h�1 is achieved with the addition of sacrificial agents. The H2Ti3O7 catalysts are
also found to present a good recycling utilization ability. This work indicates that the sonocatalysis effect may exist in the piezo-
electrocatalytic process using the ultrasonic excitation, which is suggested to be taken into consideration when exploring the mechanism of
piezo-electrocatalysis in the future.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0130990

Converting the excessive CO2 emission into value-added fuels
has been attracting great interest due to its potential of mitigating fossil
combustion and abating carbon emissions.1 Over the past decades, sci-
entists have made enormous efforts to explore techniques to harvest
various renewable energies, such as electricity-driven electrocatalysis,2

light-driven photocatalysis,3 and heat-driven thermocatalysis.4 These
techniques have attracted unprecedented research enthusiasm and
demonstrated great potential in terms of dealing with the environmen-
tal crisis and the growing demand for clean energies. In addition to the
above-mentioned renewable energy sources, utilization of dispersed
and extensive mechanical energy in catalysis draws relatively little
attention.

The piezoelectric effect, discovered by the Curie brothers in 1880,5

demonstrates the electricity generation ability of piezoelectric materials
when subjected to mechanical vibration and vice versa. Based on this
electromechanical property, piezoelectric materials were used to be
extensively exploited as the ignition source for cigarette lighters,6 nano-
generators,7 sensors,8 inkjet printing,9 and ultrasonic imaging.10 In
2010, Hong et al. expanded the piezoelectricity to electrochemical func-
tionality and proposed a piezoelectrochemical system (i.e., piezo-
electrocatalysis) for hydrogen generation from pure water by using

ultrasound as a mechanical excitation source.11 Afterward, many piezo-
electrocatalytic applications were developed, including degradation of
pollutants,12,13 organic synthesis,14 tooth whitening,15 tumor therapy,16

and generation of reactive oxygen species.17 Recently, we reported the
piezo-electrocatalysis for a CO2 reduction technique, opening an ave-
nue for CO2 utilization by harvesting the mechanical vibration
energy.18 Several high-quality reviews have systematically summarized
and discussed the advanced procedures from the perspective of material
design and applications.19 However, the mechanism of piezo-
electrocatalysis is still unclear,20 which can largely be ascribed to its
coexistence with multiple other effects, e.g., the sonocatalysis effect.
Sonocatalysis may cause an effect on the catalytic performance.

Sonocatalysis is activated by the ultrasonic cavitation-induced
sonoluminescence effect,21 in which the electron–hole pairs can be sepa-
rated to conduction band (CB) and valence band (VB), respectively.
Being similar to the mechanism of photocatalytic semiconductors, these
electrons/holes on the proper CB/VB positions can initiate the reac-
tions. Actually, piezo-electrocatalysis and sonocatalysis have the same
experimental process. To specify, the catalysts are added into the solu-
tion with some reactants or bubbled with reaction gases, which is sealed
in a reactor and subsequently subjected to the ultrasonic excitation to
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detect the ultimate products. The difference between the two catalytic
techniques lies in their crystal structures. Piezo-electrocatalysis demands
that the materials must be non-centrosymmetric, while sonocatalysis
seems to be independent of the non-centrosymmetric crystal structure
but related to proper band positions. In addition, piezoelectric materials
are generally insulators, implying that they possess appropriate band
structures and can exhibit the sonocatalysis effect themselves. Taking
the typical piezoelectric BaTiO3 as an example, it has a bandgap of
�3.3 eV, CB potential of ��1.3 eV, and VB potential of �2 eV vs the
normal hydrogen electrode (NHE).22 The CB potential of BaTiO3 satis-
fies the redox potential�0.53 eV of CO2-to-CO and�0.41 eV of H2O-
to-H2, implying that BaTiO3 can potentially achieve these reactions via
the sonocatalysis effect. However, the sonocatalysis effect is usually
ignored in the investigation of piezo-electrocatalysis.

In this work, the centrosymmetric H2Ti3O7 nanowire, as the pre-
cursor of synthesizing barium titanate, is found to present the sonoca-
talysis effect in CO2 reduction. Under the conditions of applying
ultrasound energy and sacrificial agents, the non-piezoelectric
H2Ti3O7 can convert CO2 into CO with a maximum yield of
8.3lmol g�1 h�1. Our work indicates that the sonocatalysis effect may
exist in the piezo-electrocatalytic process under the ultrasonic excita-
tion, which is suggested to be taken into consideration when exploring
its mechanism in the future.

Structural and morphological characterization results of the
H2Ti3O7 nanowires are shown in Fig. 1. X-ray diffraction (XRD) pat-
tern is used to determine the structure phase of the H2Ti3O7 nano-
wires as shown in Fig. 1(a), where the observed strong diffraction
peaks at 2h ¼ 10.9�, 25.0�, and 48.7� can be indexed as the (200),
(202), and (114) planes of monoclinic H2Ti3O7 (JCPDS 47-0561, space
group C2/m).23 The XRD pattern presents only the characteristic
peaks of H2Ti3O7 without other phase, suggesting the preparation of
the H2Ti3O7 catalysts. Figure 1(b) shows scanning electron micros-
copy (SEM) image of the H2Ti3O7 nanowires, from which their aver-
age length of >10lm can be determined. The nanowire morphology
is also shown by low-magnification transmission electron microscopy
(TEM) image in Fig. 1(c), and more detailed crystal structure of the
nanowires is revealed by high-resolution TEM characterization as pre-
sented in Fig. 1(d). It is apparent that the H2Ti3O7 nanowires are the
single crystalline structure with lattice distances of 0.215 and 0.338 nm
[Fig. 1(e)] corresponding to the d-spacing of (204) and (111) planes,
respectively. Figure 1(f) shows the selected-area electron diffraction
(SAED) pattern of the H2Ti3O7 catalysts which further proves its crys-
tal structure. In addition, elemental mapping measured by energy dis-
persive x-ray spectroscopy in Fig. 1(g) indicates that Ti and O are
uniformly distributed throughout the nanowires.

X-ray photoelectron spectroscopy (XPS) analysis was performed to
further investigate the element composition and chemical states of the
as-synthesized H2Ti3O7 catalysts. Clear Ti 2p and O 1s peaks can be seen
in the survey spectrum shown in Fig. 2(a), and the high-resolution core
level spectrum of the Ti 2p is illustrated in Fig. 2(b), where two main
characteristic peaks located at 464.5 and 458.8 eV are ascribed to Ti 2p1/2
and Ti 2p3/2, respectively. This result reveals the Ti

4þ oxidation state.24

Figure 2(c) shows the non-symmetric XPS spectra of O 1s which can be
fitted to two peaks, among them the peak at 531.8 eV can be attributed
to two cases, i.e., the Ti–OH bond25 and oxygen in OH- species absorbed
on the surface of H2Ti3O7.

23 The peak at 530.1 eV is assigned to the O�2

oxidation state, associated with the lattice oxygen Ti–O bond.

FIG. 1. Structure and morphology characterization of H2Ti3O7: (a) XRD pattern, (b)
SEM image, (c) TEM image, (d) high-resolution TEM image, the corresponding (e)
magnified image and (f) SAED, (g) elemental mapping.

FIG. 2. XPS spectra of H2Ti3O7. (a) Survey spectrum, high resolution core level
spectra of (b) Ti 2p and (c) O 1s.
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To evaluate the CO2 sonocatalytic reduction performance of the
as-synthesized H2Ti3O7, CO2 reduction experiments were carried out
under the ultrasonic stimulation as illustrated in Fig. 3. In principle,
the prompt recombination of positive and negative charges generated
in the sono-reduction reaction severely inhibits the catalytic activi-
ties.26 Since CO2 reduction is a negative-charge consuming reaction,27

sacrificial agent sodium sulfide and sodium sulfite are subsequently
introduced to neutralize the positive charges in the initial experimental
design. In Fig. 3(a), with the addition of positive charge sacrificial
agent, the CO2 is converted into CO, exhibiting a trend of enhanced
yield with the increase in the ultrasonic stimulation time. After experi-
encing 2 h of catalytic time, an average value of 8.3lmol g�1 h�1 is
achieved. To verify that the CO product originates from sonocatalytic
CO2 conversion process, a controlled experiment of H2Ti3O7 catalysts
in Ar atmosphere was performed, and there was no detectable CO
observed; this indicates that the CO is indeed the product of sonocata-
lytic CO2 reduction.

It is reported that ultrasonic vibration itself possesses the sono-
chemistry effect,28 i.e., ultrasonic induced high pressure and tempera-
ture directly cause the self-decomposition of CO2 or other molecules
such as water. To rule out the influence of sonochemistry on the CO2

reduction reaction, a controlled experiment was performed without
the addition of H2Ti3O7 catalysts. It turns out that the CO yield is neg-
ligible, indicating that the sonochemistry effect is weak in the present
situation. In addition, a blank experiment was carried out with
H2Ti3O7 catalysts but without ultrasound stimulation; the result shows

no CO yield either. These experiments confirm that the CO yield origi-
nates from the ultrasonic vibration enhanced catalytic effect.

To explore the re-usability of H2Ti3O7 catalysts, the recycling
CO2 reduction tests were performed under the optimum reaction con-
ditions. As shown in Fig. 3(b), the H2Ti3O7 catalysts still possess stable
catalytic activity after four consecutive cycles. The structure and mor-
phology results in Figs. S1 and Fig. S2 of the supplementary material
show that there is a little difference between fresh and used nanowires.
Ultrasonic frequency and power are two factors that directly affect the
sonocatalytic activities.29 Therefore, CO2 sono-reduction performance
of the H2Ti3O7 catalysts was quantified on the basis of their CO yield
upon the irradiation of various ultrasonic frequencies and power,
respectively. Figures 3(c) and 3(d) show that the sonocatalytic CO
yield as a function of ultrasonic frequency and power. To specify,
when the ultrasonic frequency increases from 28 to 80 kHz, the CO
yield rate improves from 0.28 to 8.3lmol g�1 h�1. This enhancement
may be attributed to the reinforced mass-transfer effect via boosting
ultrasonic frequency.30 With the improved ultrasonic power, the CO
yield also exhibits an enhanced trend; this is due to the fact that the
cavitation density is magnified at high ultrasonic power.31

To uncover the underlying mechanism of CO2 sono-reduction, the
fundamental process of sonocatalysis was analyzed. Figure 4(a) presents
the UV–Vis absorption spectrum of the H2Ti3O7 catalysts in the wave-
length range of 200–800nm, where the absorption edge at �440nm
can be identified. Based on the equation (ah�)2 ¼ A(h� � Eg),
where a, h�, and A are correspondingly the absorption coefficient,

FIG. 3. CO2 sono-reduction results using H2Ti3O7. (a) CO yield through sonocatalytic CO2 conversion. (b) Recycling CO2 reduction tests. CO yield under ultrasonic vibration
with various (c) vibration frequencies and (d) power. Error bars represent mean 6 s.d. obtained from at least two independent experiments.
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the incident light energy, and constant,13 and the inset of Fig. 4(a)
illustrates the Tauc plot, from which the optical bandgap Eg is esti-
mated to be �2.8 eV. The Mott–Schottky plot is further measured to
obtain the flatband potential (Efb) of H2Ti3O7, as shown in Fig. 4(b),
where the positive slope indicates its n-type semiconductor nature.
Efb is estimated to be �0.84V vs Ag/AgCl by extrapolating the linear
tangent of abscissa. Through the Nernst equation ENHE ¼ EAg/AgCl
þ 0.197V,32 Efb can be converted into �0.64V vs NHE. For many
n-type semiconductors, Efb is close to the CB potential ECB.

33 Thus,
ECB and valence band potential EVB are correspondingly calculated to
be �0.64 and 2.16 eV. The band structure of H2Ti3O7 is accordingly
illustrated in Fig. 4(c), being thermodynamically favorable for CO2

reduction to CO. A possible mechanism is subsequently proposed. By
using ultrasonic vibration as the stimulation to trigger sonocatalysis, a
sonoluminescence effect will occur due to the collapse of cavitation
bubbles, releasing an emission of light with a wide wavelength range
(200–700nm) and a relatively high intensity.21 The sonoluminescence-
induced light can excite the electrons to CB, leaving holes in CB. The
electrons on the suitable CB positions can directly react with CO2 and
convert it to the ultimate product CO as shown in Fig. 4(d).

Piezoelectric materials are generally insulators which may possess
proper band structures leading to the sonocatalysis effect under the

excitation of ultrasonic vibration, suggesting that the sonocatalysis
effect may co-exist in the piezo-electrocatalysis. To exclude the role of
the sonocatalysis effect in the piezo-electrocatalysis, two strategies can
be considered from the perspective of catalysts and reactions. For
piezo-electrocatalysts with identified CB or VB positions, it is sug-
gested to select some reactions whose reduction (oxidation) potentials
are much higher (lower) than the CB (VB) position. For reactions
which have the clear requirements of reduction/oxidation potentials, it
is suggested to look for some piezo-electrocatalysts whose CB or VB
are far from meeting the potential requirements in these reactions. In
addition, the possible band edge position shift accompanied by the
strain, which may enable catalytic reactions by the initially unavailable
band structures, should also be taken into consideration.

In summary, the H2Ti3O7 nanowire is synthesized via a hydro-
thermal method and used for sonocatalytic CO2 reduction. The band
structure of H2Ti3O7 is determined, in which the CB potential is
�0.64 eV, being thermodynamically favorable for CO2 reduction to
CO. Thus, under the ultrasonic vibration with the same experimental
process as reported in piezo-electrocatalysis, the non-piezoelectric
H2Ti3O7 catalyst converts CO2 into CO with a selectivity of 100%.
When the ultrasonic frequencies vary from 28 and 40 to 80 kHz, the
CO yield correspondingly reaches 0.28, 7.1, and 8.3lmol g�1 h�1 with

FIG. 4. Mechanism of CO2 sono-reduction using H2Ti3O7. (a) UV–vis absorption spectrum. The inset is a Tauc plot. (b) Mott–Schottky plot, (c) band structure, and (d) sche-
matic of CO2 sono-reduction.
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the addition of sacrificial agents. In addition, CO yield increases with
the increasing ultrasonic power. Note that most piezo-electrocatalysts
also possess suitable band structures and may have the sonocatalysis
effect, which may be one of the reasons for the disputes in piezo-
electrocatalytic mechanisms. This work suggests taking account of and
excluding the sonocatalysis effect via exploring the mechanism of
piezo-electrocatalysis in the future.

See the supplementary material for details regarding the material
preparation and characterization, electrochemical measurements,
sonocatalytic activity tests, and for the supporting figures of XRD,
SEM, TEM, and XPS.
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