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The unique piezoelectric potential of piezoelectrics could lead to performance gains for electrochemical
catalysis. Here, a cuboid-like NagsBigsTiOs (NBTO) piezoelectric micron crystal was synthesized by
a hydrothermal process. The piezocatalytic and visible light assisted piezo-photocatalytic activities of

NBTO were investigated. Surprisingly, under ultrasonic vibration and visible light irradiation, the NBTO

exhibited four times faster degradation rate than that under ultrasonic vibration only, although the NBTO
doesn't absorb visible light. An efficient coupling between piezoelectric effect and visible light
photoexcitation in NBTO was directly demonstrated. The improved piezo-photocatalytic performance is
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attributed to the piezoelectric potential and the decrease of bandgap of NBTO micron crystal due to

strain induced by ultrasonic vibration. A new fundamental mechanism for the improved degradation of
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1. Introduction

Semiconductor photocatalysts that can directly convert solar
energy into chemical energy offers a promising effective route to
solve the worsening global environmental pollution and energy
crisis, which has received increasing attention in the past few
decades.”® Nevertheless, the conversion efficiency of photo-
catalyst strongly relies on the efficiency of light absorption, the
competition of separation and recombination of photoexcited
electron-hole pairs, and the efficiency of oxidation-reduction
reaction on the surface of photocatalyst.»**” Traditional pho-
tocatalysts are more or less subjected to these factors, and thus
their photocatalytic efficiency is usually prohibited. To improve
the photocatalytic efficiency, strategies such as elemental
doping, metal catalyst loading, band gap engineering, surface
passivation and heterojunction nanocomposites have been
developed recently.>”"* Among these strategies, efficient use of
the photoexcited electrons and holes is the crucial motivation.
However, the improvement of photocatalytic efficiency for the
currently developed photocatalysts is still limited to a certain
extent due to the restrictions imposed by material synthesis,
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organic dye has been proposed for piezoelectric and photoexcitation coupling. This work extends the
application of wide band gap piezoelectric materials in the visible light area.

material stability and low quantum efficiency.**"* Therefore,
there is still a high desire to look for an effective way to
manipulate the photoexcited charge carriers and improve the
photocatalytic efficiency of semiconductor photocatalysts.
Besides natural solar energy, mechanical energies such as
wind energy, hydroenergy and vibration energy are also amply
available in the environment. The application of mechanical
energy is another promising choice in the catalysts area.
Piezoelectrics are a class of functional materials that could
create an electric field (ie. piezoelectric field) within the
piezoelectrics in response to mechanical deformation (vibra-
tion), such piezoelectric field is created due to the separation
between the positive and negative charge centers as the piezo-
electric material is strained.”*"” This piezoelectric field can be
directly acted as a natural driving force to promote electro-
chemical reactions, which could lead to performance gains for
electrochemical catalysis, and thus a new concept called pie-
zocatalysis has been developed.”**” Different from photo-
catalysis, the piezoelectric material has the ability to directly
convert mechanical energy to chemical energy, which also can
be used to mechanically driven water splitting and degradation
of organic dye pollutants.'>*” After the preliminary experiments
showed an evolution of H, and O, by piezoelectric BaTiO; and
ZnO through mechanically vibration,™ piezocatalytic activities
have been extensively demonstrated by various piezoelectric
crystals.”?” In addition, coupling of piezocatalysis with photo-
catalysis processes, the catalytic performance can be improved
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when the piezoelectric materials were subjected to both
mechanical vibration and light irradiation simultaneously.
However, either ultraviolet (UV) or sun light was used in these
reports due to the fact that all the related piezoelectric materials
were wide band gap semiconductors.”®**? Considering that there
are large amounts of visible light in the solar energy reaching
earth's surface, if piezocatalysis and visible light driven photo-
catalysis can be coupled in a single piezoelectric material, which
will extend the application of piezoelectric material in the
visible light field. Notably, it was reported that when a semi-
conductor was subjected to a strain, such strain will reduce the
symmetry of the material and finally result in significant change
in the electronic energy bands.**** Especially, both experi-
mental and theoretical investigations have shown that the
bandgaps of semiconductors can be decreased by strain.**"*
This implies that wide band gap piezoelectric material could
absorb long wavelength light (i.e. visible light) with the help of
strain. Therefore, we are interested in whether visible light
could lead to piezocatalysis performance gains when wide band
gap piezoelectric material under strain (ie. ultrasonic
vibration).

Na, 5Biy sTiO3 (NBTO) piezoelectric crystal is a typical semi-
conductor with wide band gap, large remanent polarization,
high Curie temperature and high piezoelectric coefficient.**** In
particular, it features excellent chemical stability and high
conductivity.*® In this work, NBTO was synthesized by hydro-
thermal process, both piezocatalytic and piezo-photocatalytic
activities of NBTO were investigated by the degradation of
Rhodamine B (RhB) dye. NBTO exhibited high piezocatalytic
activity under ultrasonic vibration only. Interestingly, piezo-
photocatalytic performance gains were observed under both
ultrasonic vibration and visible light irradiation as expected.
The working mechanism of coupling the piezocatalytic effect
and photoexcitation in NBTO micron crystals has been
proposed. It is hoped that our work could understand the
mechanism for performance gains in wide band gap piezo-
electric material under ultrasonic vibration and light
irradiation.

2. Experimental section
2.1 Synthesis of NBTO micron crystals

NBTO sample was synthesized by hydrothermal method. All the
chemicals used in this work were analytical purity without
further purifications. Firstly, stoichiometric Bi(NOj3);-5H,0 was
dispersed in 30 mL deionized water under magnetic stirring for
1 h at room temperature. After that, an appropriate amount of
Ci6H3604Ti was added to the solution under vigorously
magnetic stirring for 2 h at 60 °C. Then, an appropriate amount
of NaOH solution was slowly dispersed to the above solution to
adjust the concentration of NaOH to 15 mol L™". Finally, after
vigorous stirring for 2 h, the suspension solution was trans-
ferred to a 40 mL Teflon stainless steel autoclave and heated at
200 °C for 48 h. After natural cooling down to room tempera-
ture, the obtained precipitates were filtered and washed with
distilled water for five times. The final products were collected
after drying in a dry box at 80 °C for 10 h.
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2.2 Materials characterizations

The crystal structure of sample was determined by powder X-ray
diffraction (XRD) with Cu K, (g, = 0.154186 nm) (Rigaku
SmartLab diffractometer). The morphology and microstructure
were investigated by scanning electron microscopy (SEM, ZEISS,
Sigma 500) and transmission electron microscopy (TEM, JEOL
JEM 2100F) operated at 200 kV. Energy dispersive X-ray spec-
troscopy (EDX) was used to analyze the elemental composition
of the sample. X-ray photoelectron spectroscopy (XPS) was
carried out on an Escalab 250Xi spectrometer with an Al-Ka
(1486.6 eV) (ThermoFisher Scientific, USA). The ultraviolet-
visible (UV-vis) diffuse reflectance spectrum was measured
using an UV-vis spectrophotometer (Shimadzu, UV-2450) in the
wavelength range of 200-800 nm with BaSO, as a reference.

2.3 Photo-/piezocatalytic activities evaluation

The photo-/piezocatalytic performances of the NBTO sample
were evaluated by the degradation of RhB dye (major absorption
peak at 554 nm). The visible light was supplied by a 500 W
xenon lamp equipped with a 420 nm cutoff filter. An ultrasonic
cleaner with a power of 120 W and a frequency of 40 kHz was
used to apply periodic local mechanical strain to the sample.
Briefly, 0.2 g sample was dispersed to 50 mL of 10 mg L' RhB
aqueous solution. Prior to visible light irradiation and ultra-
sonic vibration, the mixture solution was magnetically stirred in
the dark for 30 min aimed to achieve an adsorption-desorption
equilibrium between RhB and sample. The RhB concentration
after equilibration was denoted as the initial concentration (Cy).
Subsequently, the mixture solution was exposed to visible light
irradiation or ultrasonic vibration under magnetic stirring. In
the degradation process, after every 20 min, 4 mL of the above
suspension was collected and then centrifuged, the residual
concentrations (C,) of RhB at the degradation time ¢ was
measured using UV-vis spectrophotometer around the wave-
length of 554 nm and plotted as a function of degradation time.
The percentage of residual concentrations of RhB was indicated
as C;/C,. To test the stability of the sample, the tested samples
were collected and repeated the catalytic process for three times
under the same experimental conditions.

3. Results and discussion

3.1 Structure, elemental distribution and morphology

Fig. 1 shows powders XRD §-26 pattern of NBTO sample. All the
observed diffraction peaks can be indexed according to the
monoclinic structure of NBTO (JCPDS card no. 46-0001). No
other diffraction peaks can be detected within the limit of the
instrument sensitivity, indicating that the obtained sample is
desired single-phase compound. The lattice parameters were
calculated to be @ = 5.537 A, b = 6.682 A and ¢ = 5.513 A, which
are consistent with the standard values of NBTO.

XPS investigations were used to check the surface chemical
states and elemental compositions of the NBTO sample, as
shown in Fig. 2. Fig. 2(a) displays the entire XPS spectrum of the
sample. Besides weak C 1s peak due to carbon tape, all desired
elements of Na, Bi, Ti and O were detected, confirming that the

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 X-ray diffraction pattern of Nag sBip5TiOs powder sample.

60 70 80

as-prepared sample consists of Na, Bi, Ti and O elements.
Fig. 2(b)—(f) give the high resolution XPS spectra for Na 1s, Bi 4f,
Ti 2p, O 1s and C 1s, the binding energies for the former four
elements are calibrated with the C 1s peak (284.6 eV). Fig. 2(b)
shows the Na 1s spectrum of the NBTO sample. The binding
energy peak located at 1070.75 eV attributes to Na' ions in the
sample.* Fig. 2(c) reveals the Bi 4f spectrum, where two char-
acteristic binding energy peaks located at 158.85 eV (Bi 4f;),)
and 164.15 eV (Bi 4f;,) correspond to Bi** chemical state in the
sample.* The Ti 2p spectrum is provided in Fig. 2(d), where two
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main peaks at 457.85 eV and 464.05 eV are ascribed to the Ti
2psp, and Ti 2p,), transitions, respectively. It indicates that Ti
ions in the sample are Ti*" chemical state.*® Fig. 2(e) displays
the O 1s spectrum which could be fitted with two Gaussian-
resolved peaks. The main peak located at 529.4 eV corre-
sponds to lattice oxygen O, ions in the NBTO sample. The
weak peak at 530.95 eV probably results from the surface
hydroxyl groups under the effect of hydroxylation due to the
samples are usually exposed to ambient atmosphere.** The XPS
investigations and the XRD result confirm that the as-prepared
NBTO sample is single-phase compound.

The morphology and elemental distribution of the NBTO
were observed by SEM and EDX elemental mapping images, as
shown in Fig. 3. The product exhibits cuboid-like morphology
and the diagonal length of these cuboids range from 0.6 to 2.5
um, as displayed in Fig. 3(a). Fig. 3(c)-(f) display the EDX
elemental mapping images of an individual cuboid-like crystal
(Fig. 3(b)), confirming that the Na, Bi, Ti and O elements are
uniformly distributed in the cuboid-like crystal. According to
EDX measurement, semi-quantitative elemental analysis
reveals that the atomic ratio of Na:Bi:Ti:O is
9.76 : 10.09 : 18.16 : 61.99, which is very close to the theoretical
stoichiometric ratio of NBTO.

The microstructure of the cuboid-like NBTO crystal was
further observed by TEM. Fig. 4(a) shows a typical TEM image of
two NBTO cuboids. Fig. 4(b) is a typical selected-area electron
diffraction (SAED) pattern and Fig. 4(c) is the corresponding
high-resolution TEM (HRTEM) image. Both of them were taken
from the cuboid-like crystal indicated with a red dotted circle in
Fig. 4(a). The SAED pattern shown in Fig. 4(b) can be indexed as
[221] of monoclinic-structured NBTO. The SAED pattern
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Fig. 2 XPS spectra for Nag 5Big s TiO3 of (a) survey scan, (b) Na 1s spectrum, (c) Bi 4f spectrum, (d) Ti 2p spectrum, (e) O 1s spectrum and (f) C 1s

spectrum.
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Fig. 3

exhibits regular and sharp diffraction spots, demonstrating the
single crystal nature of the cuboid-like crystal. In the HRTEM
image of Fig. 4(c), the two crystalline planes with lattice spac-
ings are about 0.394 and 0.279 nm and make an angle of
~88.65°, corresponding to the (110) and (102) planes of NBTO.
In fact, many cuboid-like crystals were rotated in our TEM
observation. The contrast of grain boundary or defect was not

(a)

400 nm

Fig. 4
dotted circle in (a).
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500nm

(a) SEM image of NBTO. (c)-(f) EDX elemental mapping images of a single Nag sBig s TiO3 micron cuboid shown in (b).

observed, confirming that these cuboid-like crystals are single
crystal.*®

3.2 Optical properties, piezo-/photocatalytic performance

The UV-vis diffuse reflectance absorption spectrum of the NBTO
sample was measured to determine its optical band gap energy
(E,), as shown in Fig. 5. The estimated E, value of the present

(a) TEM image of Nag sBig5TiO3. (b) SAED pattern and (c) the corresponding HRTEM image recorded from the area marked with a red

This journal is © The Royal Society of Chemistry 2020
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NBTO sample is ~3.14 eV (inset of Fig. 5), according to the plot
of (ahv)* as a function of photon energy hv using Tauc's equa-
tion.*® This E, value is very close to the previously reported
values of bulk NBTO.**® The optical properties demonstrate
that the NBTO sample is a wide band gap semiconductor and
almost can not response to visible light. The piezo-/
photocatalytic performances of the NBTO sample were evalu-
ated by the degradation of RhB solution under different reac-
tion conditions: (i) visible light irradiation, (ii) ultrasonic
vibration, and (iii) both ultrasonic vibration and visible light
irradiation. The degradation efficiency curves are exhibited in
Fig. 6(a), meanwhile, the corresponding plots of In(C,/C,) versus
reaction time showing rate constant k values are displayed in
Fig. 6(b). As provided in Fig. 6(a), in the absent of NBTO catalyst,
the self-degradation of RhB dye can be negligible under both
ultrasonic vibration and visible light irradiation after 180 min.
When the NBTO was used as catalyst just under visible light
irradiation only, except weak absorption (4%), almost no
degradation reaction was observed within 180 min. These
results directly confirm that the NBTO can not absorb visible
light as revealed by the UV-vis diffuse reflectance absorption
spectrum measurement. However, 59% of the RhB dye in the
solution was degraded by NBTO under ultrasonic vibration only
after the same time, demonstrating that the present NBTO
sample has obvious piezocatalytic activity. Surprisingly, the
degradation efficiency can be significantly improved when both
ultrasonic vibration and visible light irradiation were applied to
the NBTO simultaneously, the finally degradation efficiency
reached as high as 98% in the same time. Obviously, by
combining ultrasonic vibration and visible light irradiation, the
NBTO sample exhibits four times faster degradation rate (k of
0.01855 min~") than that under ultrasonic vibration (k of
0.00436 min~ ') only, as shown in Fig. 6(b). Visible light assisted
piezo-photocatalytic effect was directly demonstrated by NBTO
micron crystals, although NBTO can not response to visible
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Fig.5 UV-vis diffuse reflectance absorption spectrum and the inset is
the plot of (ahw)? as a function of the photon energy hv around the
absorption edge of Nag 5Big 5TiOs sample.
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light under static condition. The mechanism for the enhanced
piezo-photocatalytic performance will be discussed below. Note
that this finding is very important for extending the applica-
tions of piezoelectric catalysts in the long-wavelength field.

To investigate the role of the reactive species in the piezo-
photocatalytic process, trapping experiments were designed
and performed by purposefully introducing different scavengers
into the reaction solution. Fig. 6(c) shows the effects of different
scavengers on the piezo-photocatalytic efficiency of the NBTO,
meanwhile, the corresponding plots of In(Cy/C,) versus reaction
time showing rate constant k values are displayed in Fig. 6(d).
Notably, the piezo-photocatalytic efficiency of the NBTO
decreases slightly after the addition of disodium ethylenedi-
aminetetraacetate (EDTA-2Na, 2 mM, h" scavenger), while it is
obviously inhibited by the addition of tert-butyl alcohol (TBA,
2 mM, -OH scavenger) and benzoquinone (BQ, 0.5 mM, -O,"
scavenger) in the reaction solution. These results directly
demonstrate that both -OH and -0, active oxidative species
are in situ generated and responsible for the degradation of
RhB.

To explore the reusability of the NBTO catalysts, three recy-
cling experiments were evaluated with each reaction fixed for
180 min under ultrasonic vibration and visible light irradiation,
as displayed in Fig. 7(a). After three consecutive recycling
processes, the degradation efficiency declines from about 100%
to 80%. Two possibly reasons account for such decline, one is
the loss of the catalyst during the recycling experiments; the
other is the fatigue of the catalyst. During the recycling catalytic
process, the ferroelectric polarization value might decline due
to the well-known ferroelectric polarization fatigue,* which
results in the decreasing of the piezoelectric field, and thus the
degradation efficiency declined due to the charges separation
efficiency decreased. Fig. 7(b) shows the morphology of the
NBTO catalyst after three cycle tests. No evident change of the
morphology was observed. In addition, from its SAED pattern
shown in the inset of Fig. 7(b), the crystal structure of the NBTO
micron crystal was also unchanged, indicating that the NBTO
micron crystals are very stable in piezo-photocatalytic reaction
process.

3.3 Piezo-/photocatalytic mechanism

The piezocatalysis mechanism of NBTO micron crystals is
illustrated in Fig. 8(a). When the NBTO micron crystals were
subjected to compression stress induced by ultrasonic wave,
such stress leaded the deformation of NBTO micron crystals,
and thus a piezoelectric field (piezo-E) was created within the
NBTO micron crystal due to the separation between the positive
and negative charge centers. It is known that the occurrence of
piezocatalysis is strongly related to free charges in the piezo-
electric material, because the existence of free charges may
largely reduce the activation energy to drive these charges
transfer to the reaction surface of catalyst.”*****¢ For the
present NBTO micron crystals, it is reasonable that it contains
free charges due to defects in the crystal. Thus, the piezo-E
promoted these free charges to migrate to the surfaces of these
micron crystals. At this moment, these separated free charges

RSC Adv, 2020, 10, 7443-7451 | 7447
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(a) Degradation efficiency curves of Nag sBig 5TiO3 on the degradation of RhB solution under different reaction conditions and (b) cor-

responding plots of In(Co/Cy) versus reaction time. (c) Active species trapping degradation experiments for Nag sBig sTiO3 under simultaneous
ultrasonic vibration and visible light irradiation on the degradation of RhB and (d) corresponding In(Co/C;) versus reaction time with various

scavengers.

did not react with hydroxyl groups and O, during the
compression process as those free charges were shackled by the
piezo-E. When the NBTO micron crystals were free of stress, the
piezo-E disappeared and those separated free charges were free
indeed. Then, the electrons reacted with the dissolved O, in the
reaction solution to yield -O, , while the holes were finally
trapped by OH ™ at the surface of the crystals to form -OH
radicals. Finally, these radicals oxidized RhB dye molecules in
the aqueous solution, generating eco friendly CO, and H,O.

In the piezocatalysis process, the following chemical reac-
tion processes occurred:*

NBTO micron crystals + ultrasonic vibration (compression)
— deformation of NBTO micron crystals — separation of
positive and negative charge centers — piezo-E — separation of
charges (free e~ and free h").

When the NBTO micron crystals were free of stress during
periodic mechanical vibrations,

12
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Fig.7

(a) The cycling performance of the Nag sBig 5 TiO5 for the degradation of RhB under both ultrasonic vibration and visible light irradiation. (b)

TEM image of the cycling used catalyst and the inset is a SAED pattern recorded from the area marked with a red dotted circle.
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When the NBTO micron crystals were subjected to ultrasonic
vibration and visible light irradiation simultaneously, the piezo-
photocatalytic mechanism of NBTO is schematically shown in
Fig. 8(b). Besides the above mentioned piezocatalysis process,
the possibility of visible light assisted piezo-photocatalytic
process is explained as follows. Considering that the band gap
of the present NBTO micron crystals is 3.14 eV, the electrons in
the valence band can not be excited to the conduction band by
visible light only because the energy (E,;s) provided by visible
light is too low. However, when the NBTO micron crystals were
subjected to ultrasonic vibration and visible light simulta-
neously, two reasons might account for the visible light
absorption by NBTO micron crystals. Firstly, the produced
piezo-E within the NBTO micron crystals can promote the
potential energy (Epi.) of these electrons in the valence band.
Secondly, strain engineering investigations have demonstrated

This journal is © The Royal Society of Chemistry 2020

that the electronic energy bands of semiconductors can be
significant changed by external strain.**** Take (FAPbI;)o gs(-
MAPDBTr3), 15,”> KNbO3,* BiFeO; (ref. 37) and ZnO* as exam-
ples, either experimental or theoretical investigations have
demonstrated that their electronic band structure could be
changed on account of the strain, contributing to a narrowed
bandgap. Similarly, the band gap of the present NBTO micron
crystal could more or less decreased (AE, represents the
decreased value) due to the strain derived from the ultrasonic
vibration. The effect of strain on the bandgap of NBTO will be
further investigated. If the sum of the value of E;, + Epj. was
larger than (3.14 — AE,) eV, the electrons in the valence band
could be photoexcited to the conduction band, and an equal
number of holes were left on the valence band. In addition, the
piezo-E within the micron crystals could also act as a driving
force to promote the photogenerated electron/hole pairs to
migrate to the surfaces of these micron crystals in the opposite
directions and thus reduce their recombination rate.****?% Thus,
more electron/hole pairs could be produced in the piezo-
photocatalytic process compared with the single piezocatalytic
process which increases the quantities of -OH and -O,"
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radicals, resulting in higher degradation efficiency in the
degradation of RhB dye.

4. Conclusions

The piezo-photocatalyst NBTO micron crystals were synthesized
by hydrothermal process. The as-prepared NBTO sample dis-
played high piezocatalytic activity under ultrasonic vibration
only. More importantly, although NBTO can not absorb visible
light due to its wide band gap, it exhibited four times faster
degradation rate under ultrasonic vibration and visible light
irradiation than that under ultrasonic vibration only. Visible
light assisted piezo-photocatalytic effect was directly demon-
strated by NBTO micron crystals. The improved piezo-
photocatalytic performance is attributed to the piezoelectric
potential and the decrease of bandgap of NBTO micron crystal
due to strain induced by the ultrasonic vibration. The piezo-
electric potential can promote the separation of photo-
generated charge carriers, which increases the quantities of
‘OH and -0, radicals, resulting in enhanced degradation
efficiency in the degradation of RhB dye. This work may be
extended to other piezocatalytic systems and offers a new option
for designing high-performance piezoelectric catalysts for
pollutant treatment.
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