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For the first time, piezocatalysis activity has been observed in bismuth-based MOFs (ultrasound vibration
treatment) with two different morphologies, namely FCAU-17 (flakes) and CAU-17 (rods). CAU-17 and FCAU-17
were synthesized by solvothermal and ultrasonic methods, respectively, with the same organic ligand (1,3,5-
benzenetricarboxylic acid) and metal salt (Bi(NO3)3-5H20). Among these, the apparent rate constant k of CAU-17
in piezo-photocatalysis is 3.9 x 1072 min~!, which is ~3.9 and ~ 1.5 times of those in photocatalysis and

piezocatalysis, respectively. CAU-17 showed much high piezo-photocatalytic activity during degradation of RhB.
Efficiently coupling between piezocatalysis and photocatalysis has been realized in rod-like CAU-17 (ultrasound
vibration treatment). Our results provide a new strategy to improve catalytic performance of Bi MOFs through an
efficient synergistic piezo-photocatalysis approach for environmental remediation.

1. Introduction

Environmental pollution and energy crisis hinder the sustainable
development of human society. Photocatalysis is considered to be an
effective solution to environmental pollution problems [1,2]. Never-
theless, the high recombination rate of photoinduced free electrons and
holes severely restrains its catalytic activity [3,4]. In order to enhance
the separation efficiency of photoexcited charges, the introduction of
defects in the lattice, nanostructured morphology maneuvering, cocat-
alyst decoration and the formation of composite semiconductors, etc
[5-9], have been developed. Among them, built-in electric field has
been considered as a driving force to achieve better charges separation
[10,11]. Piezo-photocatalysis, which is subject to both light irradiation
and mechanical stress, has been a research priority [12,13].

A number of inorganic piezoelectric materials including BaTiO3
[14], BizWOe [15], BiOX (X = Cl, Br) [12,16,17], ZnO [13],
BigsNag sTiOs [18], Ba(ZryTi;_)O3 [19], ZnSnO3 [20], UiO-66-NH2
(Hf) [21,22] have demonstrated notable catalytic activity. BiOCl cata-
lyst decomposed 99% rhodamine B after lighting and vibrating for about
96 min, while 26% and 72% decomposition efficiencies were obtained
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with piezocatalysis only or photocatalysis only, respectively. The
improved decomposition efficiency of piezo-photocatalysis was attrib-
uted to piezoelectric potential generated by the mechanical strain under
vibrations, which increases the light-induced separation between
electron-hole pairs [12]. The degradation efficiency of BigsNagsTiO3
(BNT) nanorods for RhB solution reached 95% within 30 min, and the
decomposition performance of BNT nanorods significantly outdid that of
nanospheres [18]. On the other hand, the different crystal face exposed
by catalyst with different morphology has important influence on the
decomposition reaction activity. Zihan Kang et al. synthesized BWO
nanosheets with tunable Bi vacancies in a template hydrothermal
method, the BWO nanosheets with the highest content of Bi vacancies
exhibited significantly enhanced piezocatalytic degradation efficiency
compared to RhB, which demonstrated the effect of metal oxygen va-
cancies on piezoelectric materials [23].

Recently, high hydrogen production activity of UiO-66-NHy(Hf) has
been achieved for the first time as the result of the strong piezoelectric
response (ultrasound vibration treatment) [22]. A novel UiO-66(Zr)-F4
metal-organic framework (MOF) nanosheet for piezoelectric catalytic
hydrolysis was fabricated by Shiyin Zhao et al. The hydrogen
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Fig. 10. Schematic illustration for the synthesis and piezo-photocatalysis of FCAU-17 (flakes) and CAU-17 (rods).

precipitation rate far exceeds that of the pristine UiO-66 host, which
provides a feasible strategy for tuning the piezoelectricity of UiO-66
MOFs [24]. Compared with inorganic bismuth-based materials, Bi-
MOFs have relatively low thermal and chemical stability, but the large
pore size and surface area, certain unsaturated metal sites, and ease of
design of bismuth-based metal-organic frameworks, all make Bi-MOFs a
potentially good solid catalyst material [25-27]. However, there is no
reports on the piezoelectric or piezo-photocatalysis of Bi MOF. To date, a
more efficient synthetic approach to MOFs still remains a challenge.
Compared with the high reaction temperature, high pressure, and long
reaction time of hydrothermal, solvothermal, and microwave-assisted
methods, ultrasonic synthesis is considered to be an efficient, low-cost,
and environmentally friendly simple method for preparing MOFs
[28,29]. In present study, the piezo-photocatalysis two different mor-
phologies, FCAU-17 (flakes) and CAU-17 (rods)were studied (Scheme 1)
for the first time. Results suggested that rod-like CAU-17 gives 96.7%
decomposition efficiency in 80 min with the rate constant of 3.9 x 1072
min~! under simultaneous photo-irradiation and ultrasound vibration
treatment.

2. Experimental
2.1. Materials

1,3,5-Benzenetricarboxylic acid (HsBTC, 98%, Aladdin reagent Co.,
Ltd.), Bi(NOs3)3-5H20 (99%, Sinopharm Chemical Reagent Co., Ltd.) and
Methanol 99.5%, Tianjin Fengchuan Chemical Reagent Technology Co.,
Ltd.) were used without further purification.

2.2. Preparation of samples

(1) Bi-MOFs-1 (FCAU-17) microflakes were synthesized under soni-
cation. 0.42 g (2.0 mmol) 1,3,5-benzenetricarboxylic acid was
dissolved in 50 mL methanol. Then 0.97 g (2.0 mmol) Bi
(NO3)3-5H20 was added to the solution and sonicated (40 kHz,
300 W) for 1 h.

(2) The Bi-MOFs-2 (CAU-17) microrods were synthesized with
modifications according to the previous report [30]. 1,3,5-benze-
netricarboxylic acid (0.42 g, 2.0 mmol) was dissolved in meth-
anol (50 mL). Then Bi(NOg3)3-5H20 (0.97 g, 2.0 mmol)) was
added to the solution. Afterwards, mixture was transferred to
100 mL teflon lined stainless steel reactor. The reactor was heated
at 120 °C for 24 h.

2.3. Characterizations

The Bi-MOFs were measured by Fourier transform infrared spec-
troscopy (FTIR Tracer-100, SHIMADZU). X-ray diffraction (XRD,
Smartlab-3KW + UltimalV3KW, Cu Ka radiation) was used to charac-
terize the crystal structure of the CAU-17 and FCAU-17 (10°-min " from
5° to 80°). The chemical states and surface chemical composition of the
Bi-MOFs were characterized with an X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi, Thermo-Fisher, America). The specific surface
area and structural parameters of the samples measured were obtained
by N3 adsorption-desorption method (BET, Quantachrome, USA) at 77 K
(Fig. S1, Table S1). The structure and detailed morphology of the sam-
ples were obtained by scanning electron microscopy (SEM, HITACHI S-
3400 N). Transmission electron microscopy (TEM) images were recor-
ded on a FEI corporation G2 F30. The piezoelectric response of the
samples was characterized by Bruker Multimode 8 piezoresponse force
microscope (PFM, Germany). UV-vis adsorption spectra were carried
out using a Shimadzu UV-vis spectrophotometer UV-3600. The total
organic carbon (TOC, Shimadzu, Table S2) was determined by multi N/
C 2100. The photoluminescence (PL) spectra were characterized by F-
4500 fluorescence spectrometer (Hitachi, Japan) to obtain the separa-
tion efficiency of holes and electrons. The photoelectrochemical mea-
surements were obtained by an electrochemical workstation (CHI760E)
in a standard three-electrode system and 0.1 M NaySOy4 electrolyte so-
lution. A saturated calomel reference electrode served as the reference
electrode, Pt was used as the counter electrode and the working elec-
trode was prepared by coating the catalyst on indium tin oxide (ITO)
glass. The electron paramagnetic resonance (EPR) spectra were inves-
tigated on a Bruker model A300-10/12 spectrometer under photo-
irradiation and ultrasound vibration.

2.4. Piezo-photocatalysis experiments

The piezo-photocatalytic property of CAU-17 and FCAU-17 were
measured by decomposition of RhB. In the experiments, a xenon lamp
(300 W, wavelength > 420 nm) as the illuminant and an ultrasonic
cleaner (300 W, 40 kHz) to offer periodic ultrasonic vibrations. The
experiments were conducted by adding 100 mg of catalyst to 5 mg/1 of
100 ml rhodamine B solution in a 500 ml beaker at room temperature.
The stirring speed was fixed for each experiment. The suspension was
stirred continuously in the dark for 40 min prior to illumination and
ultrasonic vibration to achieve adsorption-desorption equilibrium. Sus-
pension of 3.0 ml was withdrawn every 10 min through a syringe during
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the degradation experiments. The concentration of dyes was analyzed by

absorbance values at

Purkinje General, China).

Fig. 2. XPS spectra of the FCAU-17 and CAU-17 in the: survey (a), C 1 s (b), O 1 s (c) and Bi 4f (d).

3. Results and discussion
553 nm with an UV-Vis spectrometer (UVT6,
3.1. Synthesis and characterization

The XRD patterns of CAU-17, FCAU-17and simulated CAU-17 are
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Fig. 3. SEM images (a) and EDS mapping images (b) of CAU-17; SEM images (c), and EDS mapping images (d) of FCAU-17.

shown in Fig. 1 (a). The pattern of CAU-17 is consistent with that pre-
viously reported [30,31]. Three main peaks around 6.46°, 7.46° and
9.86° corresponding to the (030), (240) and (111) face of CAU-17 (CCDC
number: 1426169) [25]. The position of diffraction peaks in pattern
FCAU-17 do not agree with that in the pattern CAU-17, indicating that
the morphology of MOFs synthesized by ultrasonic method changes
distinctly. On the other hand, the synthesis time in ultrasonic method
has been decreased to 1 h compared with 22 in traditional solvothermal
method [22], which indicates that ultrasonic method is an effective
process to prepare MOF [32].

The infrared spectrum of H3BTC was shown in Fig. 1(b), similar IR
spectrum has been obtained for CAU-17 and FCAU-17. vp_y peak located
at 3400-2200 cm ™}, vg_o peak located at 1730-1680 cm ™}, and 8o.4
peak located at 950-890 cm™!. The FT-IR spectra of CAU-17 was
consistent with the previous reports [33]. In the FT-IR spectra FCAU-17,
the characteristic peaks associated with vg_y, 8o.y of raw material
H3BTC disappeared and the characteristic peaks of the O-Bi-O group
appeared at 400-500 cm ', which indicated that COOH of H3BTC has
coordinated with the Bi metal ionby electrostatic interaction [34]. The
FT-IR spectrum of FCAU-17 agree with that in the pattern CAU-17,
indicating that both the MOFs samples have the same functional groups.

The surface chemical composition and chemical status of CAU-17
and FCAU-17were measured by XPS. Fig. 2(a) shows the survey scans
of CAU-17 and FCAU-17, which demonstrate the presence of C, O and Bi
elements in both samples. The C 1 s (Fig. 2(b)) spectra at 284.78 eV,
286.18 eV and 288.68 eV correspond to C=C, C—C and C=O0 in FCAU-
17, respectively [33]. The O 1 s (Fig. 2 (c)) peak of FCAU-17 appear at
531.68 and 533.38 eV, which are related with H,O, and the O in bis-
muth—oxo clusters, respectively. The Bi 4f spectra of FCAU-17 (Fig. 2
(d)) is located at 159.83 eV (Bi 4f;,,) and 165.13 eV (Bi 4f5,2) with AE =
Bi 4fs/, — Bi 4f;/5 of 5.3 eV, implying the presence of Bi>ion [34,35].
Similar peaks could be observed for CAU-17 [26,36].

The crystallization, morphology and elemental distribution of CAU-
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17 and FCAU-17 were investigated (Fig. 3). As shown in Fig. 3 (a), CAU
-17 (rod) is a hexagonal prism with a diameter of about 2.5 pm and a
length of about 10.0 pm. This rod is close to literature 22, but larger than
the previous rod of literature (about 1.2 pm in dimeter and 4.5 pm in
length) [23]. This morphology difference should be ascribed to the
different hold time at the designed temperature. In addition, Bi, O, and C
elements were distributed uniformly in CAU-17 (Fig. 3b). By contrast,
thin flake has been obtained in the ultrasonic synthesis. To our knowl-
edge, this is the first report on the formation of Bi MOF flake by ultra-
sonic method. The diameter and thickness are 2-8um and 300-500 nm.
This flake is larger and thicker than that (2.5 um diameter) synthesized
in solvothermal method using anhydrous methanol [27].The flake
shorten the way of charge diffusion to the surface. The EDS image in-
dicates that the elements Bi, O and C are also uniformly distributed
(Fig. 3d). Compared with the flake shape of FCAU-17, the thin rod of
CAU-17 is more susceptible to be stretched or deformed by external
mechanical vibration, which will generates the formation of piezoelec-
tric potentials and thus induces band shift [14,18]. Fig. S3, 4 shows the
TEM and HRTEM images of CAU-17 and FCAU-17.

3.2. Piezoelectric and optical properties

The piezoelectric response of FCAU-17 microflakes and CAU-17
microrods were characterized by the PFM of contact mode. Topo-
graphic images, piezoelectric response and phase diagrams of CAU-17
and FCAU-17 were showed Fig. 4 and Fig. S4, respectively. Both
FCAU-17 and CAU-17 exhibit a very rough surface. The clear contrst in
amplitude and phase indicate that there are different polarization in
CAU-17 powder. CAU-17 show a stronger and clearer contrast compared
to those of FCAU-17 in PFM amplitude and phase images, which implies
that CAU-17 has a stronger ferroelectric property [37-39]. As shown in
Fig. 4 (d) and Fig. S4 (d), typical amplitude-voltage butterfly loops were
exhibited and well-defined 180° phase-reversal hysteresis loops are
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obtained for both CAU-17 microrods and FCAU-17 microflakes. All
ferroelectrics are piezoelectrics. This result justifies the piezoelectric
nature of Bi-MOFs. The maximum PFM amplitude of CAU-17 microrods
is nearly seven times higher than that of FCAU-17 microflakes [40].
Hence, the higher piezoelectric response of CAU-17 is more favorable for

photo-induced electron-hole separation and has higher catalytic activity
[17,41].

Light absorption properties are important for photocatalysis. UV-vis
diffuse reflectance spectra (UV-vis DRS) of the FCAU-17 and CAU-17
were shown in Fig. 5. Both FCAU-17 and CAU-17 show strong absorp-
tion in the region of about 225-300 nm. The edge of the absorption band
of FCAU-17 was around 317 nm. The band gaps (Eg) of FCAU-17 can be
evaluated based on the Tauc’s plots [42,43].

o (hv) = A (hv — Eg)"/2

(€)]
where « is the absorption coefficient, h is Planck’s constant, v is the light
frequency, A is a constant, E; is the band gap energy, and n is estimated
from the optical transition of the semiconductor. According to Eq. (1),
the band gap of FCAU-17 was estimated to be 3.75 eV. Similarly, the
band gap of the prepared CAU-17 is estimated as ~3.83 eV [44,45].

3.3. Catalytic activity

As shown in Fig. 6 (a, c), the RhB removal efficiencies of single
piezocatalysis, single photocatalysis and piezo-photocatalysis by FCAU-
17 are 78.6%, 87.0% and 92.1%, respectively. On the other hand, the
removal efficiencies of RhB by CAU-17 were 90.1%, 71.4% and 96.1%,
respectively. Fig. 6 (b, d) shows that the catalytic process fits pseudo-
first-order kinetic equations. Among these, the apparent rate constant
k of CAU-17 in piezo-photocatalysis is 3.9 x 102 min~! under simul-
taneous photo-irradiation and ultrasound vibration treatment, which is
1.5 and 3.9 times of those in bare piezocatalysis and photocatalysis,
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respectively. It should be stressed that notable piezoelectric catalytic
activity have been observed for the first time. The higher piezocatalysis
of rod-like CAU-17 could be ascribed to the easily deformed nature
compared with FCAU-17 flake [14,46]. On the other hand, the larger
size of CAU-17 might have more recombination of electron and hole
than FCAU-17, which leads to its relatively low catalytic activity under
irradiation of light. The higher intensity of PL peak indicates the high
recombination of electron and hole in semiconductor. Fig. 6 (f) verify
that the FCAU-17 can enhance effectively the separation rate of the
photogenerated electron-hole pairs. It can be explained by the shorter
diffusion distance to the plate surface.

Under the combination of ultrasound and light, the piezoelectric
potential built in CAU-17 boost the e-h separation and further enhance
the bi-catalytic activity (96.1%). However, the stiffness of FCAU-17
might only produce much weak synergetic effect and the no further

increase of bi-catalytic has been achieved.

The UV-vis absorption spectra of CAU-17 and FCAU-17 catalysts
during the degradation of RhB were shown in Fig. 7. Apparently, the
characteristic absorption wavelength of RhB is at 553 nm. As shown in
Fig. 7 (a, b), FCAU-17 exhibited slightly higher photocatalytic efficiency
than CAU-17 due to the higher separation rate of photoexcited electro-
n-hole pairs in FCAU-17 (Fig. 6f). However, CAU-17 exhibited higher
piezocatalytic activity than FCAU-17 under ultrasound vibration treat-
ment (Fig. 7 ¢ and d). This higher piezocatalytic activity of CAU-17
might originate from the large piezoelectric potential, as the micro-
rods are easily deformed [14,46].

In particular, RhB could be effectively degraded by the CAU-17
under synergism ultrasound vibration and photo-irradiation (Fig. 7 (e,
f)). The enhanced bicatalysis activity could be attributed to the more
effective synergetic effect between photocatalysis and piezocatalysis in
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deformable CAU-17 microrods.

Active species are important to understand the degradation mecha-
nism. In addition, EPR measurement was used to detect «OH and ¢O3
radicals over the CAU-17 under simultaneous photo-irradiation and ul-
trasound vibration treatment. As shown in Fig. 8 (a, b), six characteristic
peaks of DMPO-eO3 can be found after the light irradiation. The in-
tensity ratio of 1:2:2:1 can be classified as the characteristic peaks of
DMPO-eOH. The peak intensities increased with the irradiation.
Consequently, it can be concluded that the ¢OH and ¢O3 radicals play
important roles in the photocatalytic degradation of RhB. The higher
photocurrent density of FCAU-17 than CAU-17 implies stronger charge
separation efficiency than CAU-17 (Fig. 8 c). This is consistent with PL
results (Fig. 6 f). On the other hand, the EIS plot of FCAU-17 shows a

smaller arc than that of CAU-17 (Fig. 8 d), indicating a higher conduc-
tivity and a faster catalytic rate, which can well explain the decay cat-
alytic activity in Fig. 6.

The band structure of CAU-17 was important for the piezo-
photocatalysis mechanism. Although the band gap of the prepared
CAU-17 is ~3.83 eV, which is difficult to absorb the visible light
[44,47], RhB molecules can respond to visible light [48]. Thus, under
visible light, the catalytic system photoresponse of CAU-17 was
extended to the visible region by photosensitization. The photo-induced
electrons are transferred from the RhB molecule to the conduction band
of CAU-17 [12,49,47]. These electrons in the conduction band of CAU-
17 react with oxygen molecules to generate reactive substances that
further oxidize the RhB molecules(Fig. S6) [48]. Under ultrasonic
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Fig. 8. EPR spectra of ¢OH and O radicals (a) over CAU-17 under simultaneous photo-irradiation and ultrasound vibration treatment. Photocurrent responses (b)

and EIS plots (c) of the CAU-17.

condition, CAU-17 was subjected to periodic stress, and its internal
electric field changes as shown in Scheme 1. The conduction band (CB)
and valence band (VBM) potentials of CAU-17 are —1.8 eV and 2.03 eV,
respectively [44]. The CB of CAU-17 (—1.8 eV vs. NHE) was much more
negative than the standard redox potential of Oy/e03 (—0.33 eV vs.
NHE) [14]. However, the high degree of photoexcitation charges
recombination in the catalyst reduces the catalytic activity of CAU-17
[46]. Under ultrasonic vibration conditions, the catalyst was deformed
due to the pressure generated by the break of cavitation bubble (Scheme
1). Therefore, a piezoelectric field was established in CAU-17. Simul-
taneously, the conduction band and valence band are both tilted by the
piezoelectric potential [50]. The larger piezoelectric potential in CAU-
17 assists the electrons and holes easier and faster in reacting with
dissolved O, and OH™ to form eO5 and eOH radicals.

Under ultrasound, CAU-17 was subjected to periodic stress, and its
internal electric field changes as shown in Fig. 9. As shown in Fig. 9 (a),
the CBM of CAU-17 (—1.8 eV vs. NHE) was much more negative than the
standard redox potential of O5/e05 (—0.33 eV vs. NHE) [14], so that the
CBM electrons could be transported to the solution, enabling the
reduction of dissolved O3 to generate ¢O; radicals. On the other hand,
the VBM of CAU-17 (+2.03 eV vs. NHE) was more positive than the
standard redox potential of OH™ /eOH (+1.9 eV vs. NHE) [14], thus
allow the oxidation of OH™ by VB holes to generate e«OH radicals.
However, the high degree of photoexcitation charges recombination in
the catalyst reduces the catalytic activity of CAU-17 without ultrasound-
induced piezoelectric polarization [46]. Under ultrasonic vibration

conditions, the catalyst was deformed due to the pressure generated by
the break of cavitation bubble (Fig. 9 (b)). Therefore, a piezoelectric
field was established in CAU-17. Driven by the piezoelectric potential,
the free electrons and holes within the CAU-17 were attracted in
opposite directions towards the crystal surfaces. Simultaneously, the
conduction band and valence band are both tilted by the piezoelectric
potential [50]. The larger piezoelectric potential in CAU-17 assists the
electrons and holes easier and faster in reacting with dissolved O, and
OH™ to form 03 and eOH radicals. As the accumulated screen charges
are high enough to counteract the polarization charges within CAU-17,
the driving force for charge separation would disappear and the redox
reactions on the surface would be retarded (Fig. 9 (c)). The decrease in
polarization upon falling ultrasound-induced pressure will break the
potential equilibrium, leading to reverse charge transfer and new redox
reactions (Fig. 9 (d)).

The stability and reusability of catalyst are of great importance for
practical application. As shown in Fig. S5a, the degradation efficiency of
CAU-17 for RhB could still be maintained at 65.0% after three cycles,
indicating that CAU-17 maintained good piezo-photocatalytic activity
for long-term reuse. The IR results of the used CAU-17 are similar the IR
spectrum of the fresh 25-T/B (Fig. S5b). No extra diffraction peaks are
observed in XRD pattern (Fig. S3. All results indicated that the CAU-17
has an excellent stability.

Recently, some Bi-MOFs have been investigated as novel photo-
catalyst. As seen from Table 1, notable photocatalytic activity for dye
degradation has been achieved. However, CAU-17 catalyst shows
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and hole, which can boost the bicatalytic activity. Results indicates that
Table 1 CAU-17 is promising biocatalysts for dye degradation.
List of photocatalytic degradation of dye by Bi MOF.
MOF Irraidation source  Catalyst Dye (mg/  Effect Ref Declaration of Competing Interest
(mg/100 L) (%)
ml)
Bi-mna 300 W Xe (>420 100 RhB 20 100 [51] lationships that could influence the work reported in this paper.
nm) with (120
oxygen min) . 13
[BI(BTC) 120 W (UV365 60 MO 10 3560  [52] Data availability
(H20) nm) min)
2]- Data will be made available on request.
H20}n
Bi-FMOF UV-vis radiati 33.3 CR 25 65 (30 53
! vis racation mirf) (>3] Acknowledgments
Bi-BDC UV-vis radiation 100 CBB 10 97.61 [54]
H,0, (60
min) ) dation of China (21762031), Program for Young Talents of Science and
FCAU-17 i?,?)w Xe(>420 100 RhB ?:(')7 :Itl:k Technology of Inner Mongolia Autonomous Region (NJYT-20-A18), the
min) Science Foundation of Inner
CAU-17 300 W Xe (>420 100 RhB 5 97.2 This (2022MS02006) and Supported by Program for Innovative Research
nm) + ultrasonic (80 work Team
(300 W) min)

superior activity to other Bi MOF under th visible light without oxygen.
It should be stressed that the piezocatalytic activity has been firstly re-
ported in present study.

4. Conclusion

In summary, piezocatalysis has been observed in Bi MOF with
different morphology for the first time. The rod like CAU-17 shows more
effective synergetic effect between piezocatalysis and photocatalysis due
to its stronger piezoelectric response as the result of its easily deformed
nature. The rate constant k of CAU-17 in piezo-photocatalysis was 3.9 x
1072 min~!, which was 3.9 and 1.5 times higher than that of photo-
catalysis and piezoelectric photocatalysis, respectively. The piezoelec-
tric potential in Bi MOF facilitates the efficient separation of electron

(NMGIRT2214).
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ultsonch.2022.106223.
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