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Abstract A Fe,0,—Bi,MoO heterojunction was synthe-
sized via a hydrothermal method. Scanning electron micro-
scopy, transmission electron microscopy, energy-disper-
sive X-ray, powder X-ray diffraction, Fourier transform
infrared spectroscopy and ultra-violet—visible near-infrared
spectrometry were performed to measure the structures,
morphologies and optical properties of the as-prepared
samples. The various factors that affected the piezoca-
talytic property of composite catalyst were studied. The
highest rhodamine B degradation rate of 96.6% was
attained on the 3% Fe,0,—Bi,MoO, composite catalyst
under 60 min of ultrasonic vibration. The good piezoca-
talytic activity was ascribed to the formation of a hierar-
chical flower-shaped microsphere structure and the hetero-
structure between Fe,O; and Bi,MoO,, which effectively
separated the ultrasound-induced electron—hole pairs and
suppressed their recombination. Furthermore, a potential
piezoelectric catalytic dye degradation mechanism of the
Fe,0;—Bi,MoO, catalyst was proposed based on the band
potential and quenching effect of radical scavengers. The
results demonstrated the potential of using Fe,0;—Bi,MoO,
nanocomposites in piezocatalytic applications.

Keywords piezocatalysis, Fe,0;,-Bi,MoQ,
decomposition, ultrasonic vibration
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1 Introduction

With the rapid growth of industrialization, the issue of
environmental water pollution has become increasingly
severe [1]. Consequently, green approaches must be
established to handle wastewater problems [2]. Notably,
photocatalytic technology [3,4] can utilize abundant light
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energy to resolve the wastewater issue, and it has
attracted much research attention. However, the low
photogenerated charge separation efficiency under visible
light and the inefficacy in the dark hinder the practical
utilization of photocatalytic technology.

Therefore, an alternative method of dealing with dye
wastewater problems must be explored. Similar to light
and heat energy, mechanical energy is an extremely
abundant energy resource [5]. Piezoelectric materials can
convert mechanical vibration energy into -electrical
energy. The piezoelectric potential can induce the
separation of charge carriers on the piezoelectric material
surface, which can react with H,O and O, to form active
species. The formed species are adsorbed on the catalysts
surface, consequently degrading the dye molecules. The
whole process is called piezoelectric catalysis [6—8]. At
present, piezoelectric catalytic technology is eliciting
much attention and has achieved certain progress.
Piezoelectric materials, including ZnO materials (nano-
rods, nanowires, and nanoparticles) [9-11], perovskite
materials (BaTiO; and SrTiO;) [12,13], 2D ultra-thin
materials-sulfides (WS,, CdS, and MoS,) [14-16], and
layered bismuth-based materials (BiOCl, Bi,WO,
BiOIO,, Bi,Ti;0,,, BiFeO,, and Bi, sNa, sTiO,) [17-24],
have attracted increasing interest.

Layered bismuth-based materials have been widely
applied in the field of piezoelectricity. However, pure
catalysts exhibit low piezoelectric catalytic performance
due to their small specific surface area or low dielectric
constant [25]. Therefore, many researchers have focused
on improving piezoelectric catalytic performance by
constructing special morphologies and heterojunctions
[26-29]. The construction of heterojunctions facilitates
the separation of electrons and holes, thereby enhancing
the degradation efficiency of dyes. Singh et al. [30]
reported that the degradation ratio of 5 mg-L™' methylene
blue (MB) solution over the V,0,/BiVO, composite
catalyst can reach 80.0% under ultrasonic vibration for
240 min. Compared with the dye degradation
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performance of pure V,05 and BiVO, particles, that of
the V,05/BiVO, heterojunction is enhanced by 22.0%
and 13.0%, respectively. During the piezocatalytic
reaction, the energy band of catalysts is bent, which is
favorable for the transfer of free electrons and holes. The
electrons can be transferred from the conduction band
(CB) of BiVO, to that of V,Os, thus helping reduce the
recombination of charge carriers and promoting piezo-
electric catalytic activity. The construction of heterojun-
ctions enhances the separation and utilization of piezo-
electrically induced electron—hole pairs, thus enhancing
the piezoelectric catalytic activity in rhodamine B (RhB)
degradation. Similarly, Li et al. [31] prepared
CoO/BiFeO, nanocomposites through the light deposition
method. When ultrasonic vibration was applied for 90
min, the degradation ratio of the 10 ppm (107%) RhB
solution was 82.0%.

The Bi,MoOy catalyst can obtain special morphologies
through simple preparation methods [32]. Owing to its
intrinsic ferroelectricity [33], Bi,MoO is piezoelectric
and can be used as a piezocatalyst. Cheng et al. [34]
prepared HT-Bi,MoO, microspheres via the hydrother-
mal method and evaluated their piezocatalytic perfor-
mance. Although the microspheres exhibit an acceptable
degradation performance at low RhB concentrations, only
22.2% of the RhB degradation ratio can be obtained at a
concentration of 15 mg-L~! under ultrasonic vibration for
45 min. According to these examples, the construction of
heterostructures is an efficient means to enhance the
piezocatalytic activity of bismuth-based materials.
Accordingly, the piezocatalytic activity of Bi,MoO, can
also be improved by decorating it with a material with an
appropriate band potential. Fe,O, is a promising candi-
date material [35] because it is environmentally benign,
inexpensive, and has a narrow energy band. Hence, Fe,O,
has been adopted in the field of photocatalytic
degradation [36,37]. Chai et al. [38] studied a Fe,O,/
PVDF-HFP porous film and degraded 50 mg-L™' of TC
solution via piezoelectric catalysis; they found that the
addition of Fe,O; can greatly improve the piezoelectric
catalytic performance of PVDF-HFP porous films.
However, the piezoelectric properties of Fe,O, have
rarely been studied, and no research has been conducted
on the piezoelectric degradation of dyes by Fe,O,—
Bi,MoOQ, catalysts. The decoration of Fe,O; on Bi,MoOg
could produce a type-II heterojunction and efficiently
reduce the recombination of charge carriers, thereby
facilitating the piezocatalytic reaction.

In this study, a Fe,0;—Bi,MoOg heterojunction was
synthesized through the hydrothermal method, and the
effects of Fe,O; content, catalytic reaction conditions,
catalyst dosage, type and concentration of dyes, and
ultrasonic machine power on the piezocatalytic property
were investigated. In addition, the piezoelectric catalyst
mechanism was inferred by combining the performance
and characterization results.
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2 Experimental

The Fe,0,—Bi,MoO, composite catalysts were prepared
by a hydrothermal method. The as-synthesized Fe,O;—
Bi,MoO, composite catalysts with different Fe,O,
contents were labeled as 1% Fe,0,—BM, 3% Fe,0,—BM
and 5% Fe,0,—BM, and the pure Bi,MoO, catalyst was
denoted as BM.

The catalytic activity of the Fe,0;—BM catalyst was
evaluated for the degradation of different dyes (50 mL of
15 mg-L™' RhB, MB or methyl orange (MO) solution). In
addition, the piezoelectric catalytic experiment was
conducted in an ultrasonic cleaner (JP-020S) with a
frequency of 40 kHz and power of 120 W.

The detailed information about the preparation and
characterization of catalysts, piezocatalytic experiments,
and free radical trapping experiment procedures is provi-
ded in the Electronic Supplementary Material (ESM).

3 Results and discussion

3.1 Catalyst characterization

The phase structures the Fe,O,—BM catalysts with
different Fe,O, contents were examined through X-ray
diffraction (XRD). As shown in Fig. 1, the pristine BM
catalyst showed apparent diffraction peaks at 260 = 28.31°,
32.53°, 46.74°, 55.44°, which matched the (131), (200),
(202), and (331) planes of orthogonal Bi,MoO, (JCPDS
21-0102), respectively [32]. For the pure Fe,O;, obvious
diffraction peaks were observed at 26 = 24.14°, 33.01°,
35.97°, 40.35°, 49.41°, 54.04°, 62.29°, and 63.98°
corresponding to (012), (125), (208), (128), (318), (324),
(238), and (330) crystal planes, respectively, which are
consistent with the characteristic peaks of Fe,O; (JCPDS
33-0664). The XRD patterns of the Fe,0,—BM catalysts
displayed only the characteristic peaks of BM without
distinct Fe,O, diffraction, which may be due to the small
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Fig.1 X-ray diffraction patterns of the Fe,O,—BM catalysts.
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amount of Fe,O, and its uniform distribution on the BM
surface.

The Fourier transform infrared (FTIR) spectra of the
Fe,0,—BM catalysts with different Fe,O, contents are
presented in Fig. S1 (cf. ESM). For the pristine BM
sample, the characteristic peaks at 542 and 723 cm™! were
attributed to Bi—O and Mo—O stretching vibrations, respec-
tively [39], and the peaks at 3430, 1636 and 1380 cm™!
originated from O-H vibration [40]. The characteristic
absorption peak of the Fe,0;—BM composite catalysts
was almost identical to that of the pristine BM, indicating
that the compounding of Fe,O; had no effect on the
structure of BM.

The morphology of the 3% Fe,O,—BM catalyst was
analyzed via scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) (Fig.2). As
illustrated in Figs. 2(a)-2(c), the catalyst presented a
flower-like microsphere structure composed of regular
nanosheets. The morphology of the flower-like micro-
sphere was also observed in the TEM photograph in
Fig. 2(d), and the edges of the microspheres were rough.
The microstructure of the catalyst was further examined
through high-resolution TEM (HRTEM), and the results
are shown in Figs. 2(e) and 2(f). Small nanoparticles were
observed on the nanosheets with clear lattice fringes. The
interplanar spacing of the nanosheets was 0.315 nm,
which corresponded to the (131) plane of the BM catal-
yst, and the lattice fringe spacing on the nanoparticles is
0.276 nm, which belonged to the (104) crystal plane of
the Fe,O, catalyst [35-38]. The HRTEM results further
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proved that Fe,O, nanoparticles were tightly loaded on
the BM surfaces, indicating that the Fe,O,—~BM composite
catalysts were successfully prepared via the hydrothermal
method. Moreover, the energy-dispersive spectroscopy
(EDS) diagrams of the 3% Fe,0,—BM catalyst shown in
Figs. 2(g)-2(j) implied that the elemental composition
distributions of Bi, Mo, O and Fe elements in 3% Fe,O,—
BM catalyst were similar, indicating that Fe,O, was
uniformly distributed on the BM surface. Although no
information about Fe,O; was observed in the XRD
patterns and IR spectra, the HRTEM and EDS results
clearly revealed the compound of Fe,O; with BM.

The ultra-violet—visible spectroscopy (UV-Vis)
absorption diffuse reflectance spectroscopy (DRS) spectra
of the as-prepared catalysts are presented in Fig. 3. The
absorption edges of the pristine BM and Fe,O; were
located at about 454 and 614 nm, respectively. The
loading of Fe,O, remarkably expanded the absorption
region compared with the pristine BM. With the increase
in Fe,O; content, the absorption edge of the Fe,0,—BM
catalysts exhibited red shift. According to the Tauc
diagram, the band gaps of 1%, 3%, and 5% Fe,0;—BM is
evaluated to be 2.67, 2.54 and 2.53 eV, respectively.

The elemental composition and chemical state of BM
and the 3% Fe,0;—BM catalysts were characterized via
X-ray photoelectron spectroscopy (XPS) (Fig. 4). The Bi
4f XPS spectra in Fig. 4(a) show two peaks at 159.2 and
164.4 eV, which are consistent with those of Bi 4f,, and
Bi 4f;, [41]. In Fig. 4(b), the peaks located at around
232.5 and 235.6 eV originated from Mo 3ds, and Mo

BM (131)
0.315 nm

Fig. 2 SEM (a—), TEM (d—f) images, and corresponding element mapping images (g—j) of 3% Fe,0;—BM catalyst.
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Fig.3 (a) UV—Vis absorption spectra and (b) Tauc plots of different Fe,0;—BM catalysts.
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Fig. 4 XPS spectra of BM and Fe,0;—BM: (a) Bi 4f, (b) Mo 3d, (c) O 1s, (d) Fe 2p.

3d,,, respectively [42]. Figure 4(c) demonstrates that the
O 1s spectra displayed peaks at 530.1 and 531.5 eV,
which could be ascribed to the lattice oxygen and
bridging hydroxyl species [43]. Compared with the O 1s
binding energies of the pristine BM catalyst, those of the
3% Fe,O,—BM catalyst were reduced by 0.2 and 0.8 eV,
which could be attributed to the fact that the tightly
loaded Fe,O, nanoparticles on the BM surface occupied
part of the adsorption sites for hydroxyl species. In
addition, the Fe 2p,,, and Fe 2p,,, peaks were located at
709.9 and 723.1 eV (Fig. 4(d)), indicating that the Fe
element in the sample was in Fe>" state [35].

Generally, the piezoelectric current response is effec-
tive evidence of charge separation. Therefore, a 390 s

piezoelectric current response experiment was conducted
on the pristine BM and different Fe,O,—BM catalysts by
using ultrasonic machinery with vibration “on” and “off”
cycle patterns. As shown in Fig. 5, the Fe,O;—BM
catalysts exhibited higher piezocurrent than pristine
Fe,O, or BM, indicating that the introduction of Fe,O,
was beneficial to improving the piezoelectric catalytic
performance. The 3% Fe,O,—BM catalyst showed the
highest piezoelectric current response, suggesting its best
free charge separation ability. However, 5% Fe,0,—BM
showed a weak piezoelectric current response probably
because that the excessive Fe,O, content resulted in
accumulation and a decrease in the contact interface, thus
affecting the piezoelectric performance.
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In addition, the dielectric constants of the Fe,0;—BM
catalysts with different Fe,O; contents were measured
through electrochemical impedance spectroscopy (Fig. 6).
Figure 6(a) indicates that arc radius of the 3% Fe,O,—BM
catalyst was smaller than that of BM or Fe,O;, which
meant it had better conductivity and smaller charge
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Fig.5 Piezoelectric current response of different Fe,0,—BM
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transfer resistance. Obviously, the added Fe,O, facilitated
the transfer and separation of the electron—hole pairs of
BM by forming a heterojunction structure. As shown in
Fig. 6(b), the 3% Fe,0,—BM composite had the lowest
dielectric constant and was easily polarized.

3.2 Piezoelectric catalytic performance

The piezocatalytic activities of the as-prepared catalysts
were assessed by degrading RhB solution under ultraso-
nic vibration, and the results are given in Fig. 7. The RhB
solution was hardly degraded without any piezocatalyst
after vibrating for 60 min, indicating that the piezoca-
talyst played an extraordinary role in degrading dye.
Compared with the piezoelectric activity of pristine BM,
that of the Fe,0,—BM catalyst increased significantly due
to the loading of Fe,O,. With the increase in Fe,O,
content, the degradation rate of the dye initially increased
then decreased. The highest degradation percentage of
96.6% was achieved on the 3% Fe,O,—BM catalyst under
ultrasonic vibration for 60 min. The RhB degradation
ratio of 0.041 min~' was 8.2 and 3.2 times higher than

:ré
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Fig. 6 (a) Electrochemical impedance spectra and (b) dielectric constants of different Fe,0;—BM catalysts.
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that of pristine BM and Fe,O; catalyst, respectively. In
comparison, the physical mixture (3 wt % Fe,0; + 97 wt %
BM) showed lower activity (85.7%), suggesting that the
close contact between Fe,O; and BM contributed to the
enhancement of piezocatalytic performance [44].
However, the 3% Fe,0,—BM catalyst exhibited negli-
gible piezocatalytic activity in the absence of vibration,
revealing that ultrasonic vibration was crucial for dye
decomposition. The piezoelectric material BM was
deformed by ultrasonic vibration, which helped induce
the catalyst to generate free charged electrons and holes.
Under the action of mechanical stress, the free electrons
and holes generated a piezoelectric potential, which
attracted the heat-excited free charges in the BM catalyst
towards the opposite directions of the crystal surfaces.
The separated free electrons and holes accumulated at the
interface and reacted with O, to generate active species to
degrade the dye molecules. The loaded Fe,O; could
capture free charges on the BM surface, further promo-
ting charge separation. An appropriate Fe,O, content was
determined to be conducive to the separation of free
charges, whereas an excessive Fe,O, content resulted in
accumulation and a decrease in the contact interface.
Figure 8 showed the effect of catalyst amount, RhB
concentration, and power on the piezoelectric catalytic
degradation performance. The effect of the 3% Fe,O,—
BM catalyst amount on the piezoelectric decomposition
of the RhB solution is presented in Figs. 8(a) and 8(b).
With the increase in catalyst amount, the piezoelectric
catalytic performance improved to a certain degree. When
the catalyst amount increased to 10 mg, the piezoelectric
catalytic degradation ratio could reach 96.6%. Owing to
the increase in the catalyst amount, more active sites were
supplied for the reaction, thereby stimulating the degra-
dation of the dye molecules. Further increasing the amo-
unt of the catalyst, however, led to a decrease in piezo-
electric catalytic efficiency down to 87.5%, which could
be attributed to the fact that too much catalyst increases
the collision frequency and in turn gives rise to the recom-
bination of free charges on the catalyst surface. Conse-
quently, the active species are correspondingly reduced,
and the piezoelectric catalytic efficiency decreases.
Figures 8(c) and 8(d) reveal the effect of dye concen-
tration on the decomposition property of piezoelectric
catalyst. When the concentration of the RhB solution
increased from 5 to 15 mg-L~!, the decomposition rate
slightly decreased. When the concentration of the RhB
solution increased to 20 mg-L~!, only 19.3% of the
degradation ratio was obtained after 60 min. Excessive
dye concentration led to a decrease in piezoelectric
catalytic performance, which may be due to the large
amount of dye molecules adsorbed on the catalyst surface
covering the active sites on the catalysts surface, therefore
reducing the piezoelectric catalytic performance.
The influence of power on the piezoelectric catalytic
property is presented in Figs. 8(e) and 8(f). With the

enhancement of ultrasonic power, the piezoelectric
catalytic performance was considerably enhanced because
increasing the ultrasonic power resulted in increased
stress, thus causing the catalyst to deform to a greater
degree and producing more free electrons and holes. A
strong piezoelectric potential is conducive to the
separation of free charges, which react with O, and H,0O
to produce numerous active species, hence accelerating
the rapid decomposition of dye molecules.

The stability and repeatability of the 3% Fe,0,—BM
catalyst were evaluated through piezocatalytic decompo-
sition RhB cycle experiments. For each cycle experiment,
the catalyst was recovered by centrifugation, washed with
distilled water and ethanol, dried in a vacuum, and reused
for the degradation of fresh dye solution. As demonstra-
ted in Fig. S2 (cf. ESM), after four cycles, the catalytic
activity did not decrease considerably, indicating that the
3% Fe,0,—BM catalyst had good durability and repeata-
bility.

Figure S3 (cf. ESM) presents the time-dependent
absorption spectra of RhB, MB and MO solutions in the
presence of the 3% Fe,O,—BM catalyst and its piezoe-
lectric catalytic degradation activity. The color of the
three dye solutions gradually lightened under ultrasonic
vibration for 60 min. The 3% Fe,0,—BM catalyst
exhibited excellent piezoelectric catalytic performance of
96.6%, 96.5% and 92.4% in the decomposition of
15 mg-L~! RhB, MB and MO dyes, respectively.

3.3 Possible piezoelectric catalytic mechanism

The active species during the piezoelectric decomposition
process were determined through free radical trapping
experiments. Figure 9 shows that the addition of scaven-
gers retarded the piezocatalytic reaction, revealing that
the reactive species were conducive to the piezocatalytic
reaction. The inhibitory effect on RhB degradation
followed the order of triethanolamine (TEA) > benzo-
quinone (BQ) > isopropyl alcohol (IPA), which meant
that the significance of the reactive species in the piezo-
catalytic reaction was in the order of h* > -0, > -OH.

A possible piezoelectric catalytic mechanism of the
Fe,0,—BM composite catalyst for degrading RhB solution
was speculated based on the above-mentioned results, as
presented in Fig. 10. Under ultrasonic vibration, the
cavitation effect induced a high-frequency mechanical
shock on the catalyst and triggered the generation of a
built-in electric field [45,46], which was conducive to the
production of abundant electrons and holes on the catalyst
surface. Under the action of the piezoelectric potential,
the thermally excited free charges accumulated on the
piezocatalyst surface and reacted with hydroxyl or
dissolved oxygen to form reactive species, which then
induced the surface piezocatalytic degradation of dye
molecules. In addition, some researchers deem that the
“hot spot” produced by the ultrasonic cavitation effect in
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degradation performance.

a water medium can reach a very high temperature (about
5000 °C) [47]. The catalyst can generate free charges
under such a high temperature, which then migrate to the
surface and facilitate the formation of active species
[48,49]. However, regardless of where the free charges
come from, the composite of Bi,MoO4 and Fe,0O;
undoubtedly promotes the separation of electrons and

holes. In the current study, the CB and valence band (VB)
potentials of Bi,MoO, and Fe,O, were calculated based
on Mulliken electro-negativity, and further determined by
valence-band ~ X-ray  photoelectron  spectroscopy
spectroscopy (VB-XPS). The results are described in Fig.
S4 (cf. ESM). Given that the CB position of Fe,O; is
higher than that of BM, free electrons tended to
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accumulate on the CB side of BM. On the other hand, the
VB position of Fe,0, is lower than that of BM, so holes
tend to accumulate on the Fe,O, VB side. Therefore, the
matched band structure of Fe,O; and BM facilitated the
separation and utilization of piezoelectric-induced charge
carriers. The VB value of the as-prepared Fe,O, catalysts
was 1.30 eV, which is lower than £, ((OH/OH™ = 2.38
eV) [50], indicating that the holes could not easily react
with OH/H,O to form -OH. Consequently, a large
quantity of holes accumulated on the VB side of Fe,O,
and directly degraded the dye molecules [35]. At the
same time, these free electrons reacted with O, to form
O, active species, which were adsorbed on the catalyst
surface and further degraded the dye molecules. The main
reaction routes of piezoelectric catalysis of the Fe,0;—BM
composite catalysts are as follows:

Fe,O; —BM — Fe,0; —BM(e™ +h") €))
O,+e — -0, (2)
-0, (or h*) + dye — decomposition 3)
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4 Conclusions

In this work, the Fe,O,—BM composite catalyst
synthesized via a hydrothermal method showed a better
piezocatalytic property for the degradation of RhB
compared with pure Fe,O, or BM. The improvement was
attributed to its flower-shaped microsphere structure
composed of nanosheets, which facilitated the generation
of a strong piezoelectric field under ultrasonic vibration
and the separation of free charges on the material surface.
The free electrons reacted with the dissolved O, in the
water to form active species with a strong oxidizing
ability and these species were adsorbed on the catalyst
surface, thereby further degrading the dye molecules at a
staggering rate. This research provides a promising
piezocatalyst and encourages further research on the
rational utilization of abundant mechanical energy to treat
dye wastewater and improvement of piezocatalytic
material activity by constructing heterostructures.
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