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[20_TD$DIFF]A B S T R A C T

Photocatalysis technology has been proved to be a potential strategy for removal of organic dyes,
however high-power light sources are generally necessary to initiate photocatalytic reaction. In this
work, we employed an excellent photocatalyst of Bi2WO6 with visible light harvest and meanwhile an
intrinsic ferroelectricity, which realized the efficient degradation of organic dye via the synergetic
photopiezocatalysis. Through coupling the illumination by a low-power (9 [21_TD$DIFF]W) LED and the ultrasonic
vibration (120 [22_TD$DIFF]W) by an ultrasonic cleaner, the nanoflower-like Bi2WO6 composed of ultrathin
nanosheets showed a much more enhanced photopiezocatalysis performance for purification of organic
dye than the individual photocatalysis and piezocatalysis. Furthermore, the high mineralization
efficiency and the good durability of the Bi2WO6 catalyst were demonstrated. The possible mechanism of
photopiezocatalysis was finally proposed, where the ultrasound-induced piezoelectric field in Bi2WO6

drove photo-generated electrons and holes to diffuse along opposite directions, consequently promoting
the separation efficiency of charge carriers. This work indicates that the synergetic photopiezocatalysis
by coupling irradiation and ultrasonic vibration is a promising strategy to purify organic pollutants in
wastewater.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.

Semiconductor photocatalysis technology has attracted exten-
sive research interests because it is an environmentally friendly
and energy-saving process for converting photo-energy to chemi-
cal energy [1–3]. Nevertheless, due to the insufficient utilization of
sunlight and the low quantum efficiency of photoconversion, the
photocatalytic activity of current photocatalysts is not satisfactory
enough to guarantee its practical applications [4,5]. Especially,
photocatalysis investigation in the laboratory is usually initiated by
a high-power light source with a high percentage of UV light, such
asmercury lamp and xenon lamp,which is absent in nature light or
indoor illumination. Consequently, it is highly desirable to develop
new strategies to achieve high photocatalytic activity under low-
power light source irradiation.

Very recently, a new concept of piezocatalysis has been
proposed based on the piezoelectric effect, which realizes the
conversion from mechanical energy to chemical energy [6–8]. In
principle, the strain-induced piezoelectric polarization will result
in the accumulation of bound positive and negative charges on
opposite surfaces of the piezoelectric crystal. To balance these

bound charges, some opposite charges will be adsorbed on the
surface, and therefore be involved in surface redox reaction driven
by the piezoelectric potential [9–11]. On the other hand, some
researchers consider that the piezocatalysis originates from the
phonon-excited free charges that are accumulated on opposite
surfaces of piezoelectric semiconductor from the oriented migra-
tion with the built-in piezoelectric field [12–14].

It has been demonstrated that coupling light excitation and
piezoelectric polarization is an effective pathway to greatly
enhance the catalytic performance [15–17]. In general, there are
two methods to realize this coupling in catalyst systems (Fig. S1 in
Supporting information). One is combination of a photocatalyst
with a piezoelectric material, the polarized piezoelectric material
acts as an external piezoelectric field, whose bound charges on the
interface will attract photo-excited carriers with opposite charge
and simultaneously exclude those bearing same charge, conse-
quently promoting the separation of photo-generated electrons [23_TD$DIFF]

(e�) and holes (h+) in photocatalyst [18,19]. The other is use of a
semiconductor material that simultaneously possesses piezoelec-
tric and photo-response properties. The formed built-in piezo-
electric field can drive the internal photo-produced e� [24_TD$DIFF] and h+ to
migrate to opposite surfaces [20,21]. In comparison with the
composite, the piezoelectric photocatalyst provides more surface
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loaded charge carriers for a redox reaction to produce reactive
oxygen species (ROS, e.g., photo-induced hole, hydroxyl radical and
superoxide radical) [22–25].

As one of the simplest members of Aurivillius oxides, Bi2WO6

has a layered structure with alternating bismuth oxide (Bi2O2)2+

and octahedral (WO4)2� sheets (Fig. 1A), which is favorable for
charge transfer. Besides the promising photocatalytic behavior,
Bi2WO6 simultaneously possesses unique physical properties such
as ferroelectricity associated with large spontaneous polarization
[26–28]. In this work, we revealed the synergetic enhancement of
Bi2WO6 photopiezocatalysis through the coupling of visible-light
irradiation and ultrasonic vibration. A 120 [25_TD$DIFF]W ultrasonic cleaner
was used to provide the external mechanical force to the vibration
of the Bi2WO6 sample, and a low-power white LED (9 [21_TD$DIFF]W) was
employed as a light source to generate free charge carriers. Driven
by the internal piezoelectric field, these photo-excited e�[26_TD$DIFF] and h+

migrated along opposite directions, resulting in greatly suppress-
ing the recombination of these e� [27_TD$DIFF] and h+. The synergetic
photopiezocatalysis of Bi2WO6 showed significantly increased
activity for the removal of organic dye in comparison with the
single photocatalysis and piezocatalysis. We also studied the
stability and durability of the catalyst, and finally proposed a
possible mechanism of the photopiezocatalysis to explain the
activity improvement of Bi2WO6.

The crystal phase of Bi2WO6 was analyzed by the X-ray
diffraction (XRD) technology (Fig. 1B). The diffraction peaks of
Bi2WO6 could be indexed to the orthorhombic Bi2WO6 phase
(PDF# 73–2020). No peaks belonging to other phases are observed,
indicating the high purity of the catalyst. The optical property of
the as-prepared Bi2WO6 catalyst was measured by UV–vis diffuse
reflectance spectroscopy (DRS). The Bi2WO6 exhibits an intensive
absorption onset located at �450 [28_TD$DIFF]nm (Fig S2A in Supporting
information), implying the possibility of utilizing sunlight on this

catalyst to drive the photocatalytic reaction. Meanwhile, its band
gap ([29_TD$DIFF]Eg) valuewas calculated to be�2.64 [30_TD$DIFF]eV (Fig. S2B in Supporting
information). The morphologic features of the catalyst were
characterized by scanning electron microscope (SEM) and
transmission electron microscope (TEM). SEM image of Bi2WO6

(Fig. 1C) shows that most sample particles present spherical
shapes, and their particle size is about 3 [31_TD$DIFF]mm (Fig. 1D). The Bi2WO6

particle is composed of numerous 2D nanosheets that vertically
align on the particle surface, just like a “nanoflower” where these
nanosheets act as petals. The thickness of Bi2WO6 nanosheets is
further determined as 10�20 [32_TD$DIFF]nm, meanwhile possessing a large
lateral size of several hundred nanometers (Fig.1E). This typical 2D
structure with large aspect ratio is expected to be easily bended as
an external mechanical force is performed, like the reported 1D
and 2D nanostructure piezocatalysts or photopiezocatalysts
[8,10,11,29]. Fig. 1F depicts a single Bi2WO6 particle that has
similar diameter to the SEM result and possesses lots of flash burrs
on the surface. These flash burrs are further determined to 2D
Bi2WO6 nanosheets from the high-magnification TEM image
(Fig. 1G). Fig. 1H illustrates the high-resolution TEM (HRTEM)
image of the Bi2WO6 catalyst. Two mutually perpendicular sets of
clear fringes are observed. The calculated d spacing values are
0.274 [33_TD$DIFF]nm and 0.273nm, respectively corresponding to the (200)
and (020) planes of the orthorhombic Bi2WO6 (inset of Fig.1H).PDF

The photopiezocatalytic performance of Bi2WO6 was estimated
through degradation of rhodamine B (RhB) under simultaneous
illumination by a 9 [34_TD$DIFF]Wwhite LED and vibration by 120 [25_TD$DIFF]Wultrasonic
cleaner. Fig. 2A compares the RhB degradation efficiencies under
different catalyticmodes, and the related absorption spectra of RhB
are shown in Fig. S3 (Supporting information). With the absence of
the catalyst, a slight decrease of RhB concentrationwas taken place
under ultrasound treatment for 60 [35_TD$DIFF]min, which can be ascribed to
the activation of water initiated by ultrasound [30]. In the

[(Fig._1)TD$FIG]

Fig. 1. Structural characterizations of Bi2WO6: (A) Crystallographic structure model, (B) XRD pattern, (C, D, E) SEM, (F, G) TEM and (H) HRTEM images.
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meantime, no RhB except for the surface adsorption effect was
removed by the Bi2WO6 catalyst without vibration treatment. After
60 [35_TD$DIFF]min of treatment, the RhB removal ratio is 49% for photo-
catalysis and 100% for piezocatalysis. The synergetic photo-
piezocatalysis has a much higher activity, where > 70% RhB was
removed in the first 10 [36_TD$DIFF]min, and a complete removal was achieved
after 30 [37_TD$DIFF]min simultaneous illumination/vibration treatment. The
apparent rate constant (k) was calculated as the slope of the
ln(C/C0) against time (t) plot, on the basis of the pseudo-first-order
kinetics. The terms C and C0 are the instantaneous and initial
concentrations of RhB at 554 [38_TD$DIFF]nm, respectively. The observed k
value (Fig. 2B) of photopiezocatalysis is 0.141 [39_TD$DIFF]min�1, which is 17.5
and 2.1 times of those from photocatalysis and piezocatalysis,
respectively. To reveal the mineralization of RhB, the TOC values of
RhB concentration before and after photopiezocatalysis were
measured (Fig. 2C). It can be seen that the TOC value drops from the

initial 41.4 [40_TD$DIFF]mg/L to 8.39mg/L, obtaining an effective TOC removal
rate of about 79.7%. This result indicates that most RhB molecules
were completely degraded to CO2 and H2O. Considering the
reusability and stability of the catalyst are important for practical
application, five successive degradation tests were conducted. A
similar level of activity (Fig. 2D) is maintained after five cycles,
suggesting the high stability and reusability of the Bi2WO6 catalyst
under ultrasonic vibration and light irradiation. Moreover, the XRD
patterns before and after photopiezocatlaysis confirm the crystal
structure of Bi2WO6 is remained (Fig. S4 in Supporting informa-
tion). SEM images of the used Bi2WO6 (Fig. S5 in Supporting
information) show no significant size change (�3 [41_TD$DIFF]mm) compared
with the fresh Bi2WO6 in Fig. 1D, but the microsphere structure
slightly collapsed after violent ultrasound treatment.

The synergetic photopiezocatalysis mechanism of Bi2WO6 is
discussed in Fig. 3. The Bi2WO6 has a relatively small [42_TD$DIFF]Eg value and
then can harvest a portion of visible light to excite e�[43_TD$DIFF] from the
valence band (VB) to the conduction band (CB), therefore leaving h+

[44_TD$DIFF]

on VB (Fig. 3A). Though the Bi2WO6 has a built-in electric field (E1)
due to the intrinsic ferroelectricity, opposite charges will be
adsorbed from solution onto the surface to balance the bound
charges. These adsorbed charges will provide an external electric
field (E2) that is equivalent but antiparallel to the built-in electric
field. Thus, the inner net electric field of Bi2WO6 is zero, which
results in most of these photo-generated e� and h+ attempt to
recombine before diffusing to the catalyst surface. This low photo-
quantum efficiency combinedwith the lowpower of thewhite LED
lamp induces the weak photocatalytic performance of Bi2WO6. In
the piezocatalysis mode, the ultrasound-induced strain causes the
intensity change of Bi2WO6 polarization. Fig. 3B gives an example
of the polarization increase, inwhich the built-in piezoelectric field
in Bi2WO6 (E1) is larger than the external electric field (E2). Driven
by the built-in piezoelectric field, the excited free e� and h+ are
efficiently separated, but the concentration of the phonon-excited
free charge carriers is quite low.When coupling these two catalytic
modes, the photo-generated e� and h+ in Bi2WO6 will diffuse
towards opposite directions, therefore promoting the separation of
charge carriers (Fig. 3C), which was further demonstrated by
testing the current responses under different catalytic modes

[(Fig._2)TD$FIG]

Fig. 2. (A) Catalytic efficiencies, (B) pseudo-first order kinetics of RhB degradation
by Bi2WO6 under various catalytic conditions. (C) TOC changes of RhB solution. (D)
Cycling stability of Bi2WO6 for photopiezocatalysis of RhB.

[(Fig._3)TD$FIG]

Fig. 3. Band diagrams of Bi2WO6 at various catalytic modes: (A) Photocatalysis, (B) piezocatalysis and (C) photopiezocatalysis. (D) Schematic illustration for the
photopiezocatalysis of Bi2WO6 under the visible light irradiation/ultrasonic vibration treatments.
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(Fig. S6 in Supporting information). It is obviously found that the
synergetic irradiation/ultrasonic treatment exhibited a much
higher current response than those under the single irradiation
and ultrasound conditions. Based on the above discussion, the
feasibly photopiezocatalytic mechanism of Bi2WO6 for removing
RhB is schematically presented in Fig. 3D. Bi2WO6 is a piezoelectric
semiconductor and its piezoelectricity originates from the coher-
ent deviation of W atoms in WO6 octahedron parallel to the planer
surface [31]. The nanoflower-like Bi2WO6 sample is composed of
numerous 2D nanosheets that easily produce strains by the so-
called “cavitation phenomenon” in the ultrasonic treatment [32].
The strain-induced polarization change provides an electric field
force to drive photo-generated e� and h+ to transfer towards
opposite surfaces of Bi2WO6, greatly suppressing the bulk
recombination of charge carriers. These free charges accumulated
on different surfaces have strongly redox ability to produce various
reactive oxygen species (ROS), such as superoxide radicals (

�
[45_TD$DIFF]O2

�)
from the reduction reaction of adsorbed O2 molecules by the
photo-generated e� on CB, and hydroxyl radicals (

�
[46_TD$DIFF]OH) formed via

oxidizingwater by the photo-produced h+ on VB. These ROS aswell
as the photo-excited h+ have been widely reported to efficiently
oxidize organic dye molecules to small molecules (e.g., water and
CO2) [33,34].

To corroborate the photopiezocatalytic mechanism of Bi2WO6

for catalytic purification of organic dye, the production of ROS (
�
[47_TD$DIFF]O2

�

and
�
OH) was experimentally monitored. We employed the nitro

blue tetrazolium (NBT, 0.098 [48_TD$DIFF]mmol/L) method [35] to illustrate the
generation of

�
[49_TD$DIFF]O2

� radicals, which is demonstrated by the gradual
decrease of NBT characteristic absorption in the UV–vis spectrum
as prolonging the irradiation/ultrasonic vibration treating time
(Fig. 4A). It is well known that terephthalic acid (TA) can trap

�
[50_TD$DIFF]OH

radicals to form 2-hydroxyterephthalic acid (TAOH) that has a
unique fluorescence response centered at 425 [51_TD$DIFF]nm [23]. As shown
in Fig. 4B, with an excitation wavelength of 315 [52_TD$DIFF]nm, the
fluorescence intensity increases significantly, indicating the
efficient formation of

�
[49_TD$DIFF]OH radicals. Electron paramagnetic reso-

nance (EPR) analysis was also applied to identify the ROS (i.e.,
�
[19_TD$DIFF]OH,

�
O2

�) by using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as spin-
trapping agent. The peak signals of DMPO-

�
[53_TD$DIFF]OH (peak intensity ratio

of 1:2:2:1) and DMPO-
�
[53_TD$DIFF]O2

� (peak intensity ratio of 1:1:1:1) spin

adducts were observed in the photopiezocatalysis of Bi2WO6

(Fig. S7 in Supporting information). The essential roles of the
reactive species in the photopiezocatalytic degradation were
further explored by trapping experiments using benzoquinone
(BQ, 0.5 [54_TD$DIFF]mmol/L), tert-butyl alcohol (TBA, 6 [55_TD$DIFF]mmol/L), and disodium
ethylenediaminetetraacetate (EDTA-2Na, 6 [55_TD$DIFF]mmol/L), as scavengers
for

�
[56_TD$DIFF]O2

�,
�
OHand holes, respectively [36]. It is obvious in Fig. 4C that

the distinct inhibitions were observed for the degradation of RhB
when the scavengers were introduced into the reaction system.
And, the suppressing effect for RhB degradation follows the order:
BQ [57_TD$DIFF]>TBA> EDTA-2Na (Fig. 4D), which was further demonstrated
by quantitatively analyzing the production of

�
[47_TD$DIFF]O2

� and
�
OH radicals

(Fig. S8 in Supporting information). These findings further confirm
that ROS plays a crucial role in photopiezocatalytic reaction
process, suggesting these three active oxidants are responsible for
the removal of the dye molecules.

In summary, a high-performance catalytic activity of Bi2WO6

was realized through utilizing the synergetic photopiezocatalysis
via coupling the low-power white LED (9 [58_TD$DIFF]W) irradiation and the
ultrasonic vibration (120W). The ultrasound-induced build-in
piezoelectric field originating from piezoelectric polarization
could efficiently suppress the recombination of photo-excited e�

and h+. The photopiezocatalysis of Bi2WO6 realized the efficient
degradation of RhB dye, which reaction rate was 17.5 and 2.1 times
of those from photocatalysis and piezocatalysis, respectively. And
the Bi2WO6 exhibited long-term stability and reusability, main-
taining its photopiezocatalytic activity at 99% after recycling five
runs. We believe that this photopiezocatalysis approach provides a
possible strategy for environmental remediation and other
catalytic applications by harnessing low-power indoor illumina-
tion and the surrounding mechanical energy.
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