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1. Introduction

Water pollution has been a great environ-
ment concern throughout the world.[1,2]

Specially, organic pollutants, such as dyes,
fertilizers, and food wastes, are massively
generated and released into open water
from the industry, agricultural activities,
and daily life. Scalable and cost-effective
approaches to remove organic pollutants
in the aqueous environment have been
pursued in recent decades.[3–6] Generally,
the main routes for removing organic
pollutants are classified into physical
separation and chemical degradation.
Compared with physically separating the
pollutants from the water body, which
necessitates a secondary treatment, the
chemical approaches can permanently con-
vert the organic pollutants into nontoxic
small molecules, such as water, carbon
dioxide, and minerals.[7] Among various
chemical approaches, advanced oxidation
processes (AOPs), defined as the oxidation
of water pollutants via hydroxyl radicals
(⋅OH), have drawn increasing attention

in recent years.[8] Traditionally, hydroxyl radicals in AOPs
could be generated by chemical,[9,10] electrochemical,[11,12] or
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Piezoelectric catalysis (piezocatalysis) is a physical/chemical process that utilizes
piezoelectric potential for accelerating chemical reactions, in which ubiquitous
mechanical energies in nature are used for various catalysis applications,
e.g., treating organic water pollutants. Despite the high efficiency achieved
by piezocatalytic powders, the particles used tend to diffuse in water systems
and are hard to be separated, thus causing secondary pollution. Herein, a
free-standing piezocatalytic foam is designed and fabricated, which is composed
of BaTiO3 nanoparticles embedded in the PVDF scaffold. The as-prepared
PVDF–BaTiO3 composite foam demonstrates outstanding piezocatalytic efficiency
in removing aqueous organics among state-of-the-art integral piezocatalytic
platforms, which lie in the synergy of piezoelectric materials and abundant
interconnected pores within the foam. Significantly, PVDF–BaTiO3 foam is further
applied for purifying natural water samples, by which the permanganate index of
the water sample reduces by nearly 30% after 2 h of treatment. In addition, as a
monolithic platform, PVDF–BaTiO3 foam is easy to be collected, with high reuse
stability and applicability for treating various pollutants, resulting in dominant
advantages over powder-based systems for practical high-flux wastewater
treatment. Herein, a piezocatalytic platform is provided for the effective degra-
dation of organic pollutants in water, with minimal environmental side effects.
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photochemical ways.[13–17] Recently, piezocatalysis, a new con-
cept for AOPs, has been proposed and well developed.[18–21]

Piezoelectric materials, with noncentrosymmetric crystal struc-
tures, can generate a net built-in electric field upon applied
strain.[22–25] The built-in field not only directly outputs power
supply, but also promotes some chemical processes, including
the catalytic degradation of organic water pollutants.[26–30] In
natural water, there are various sources of mechanical energy,
such as tides, waves, and turbulences by the movement of aquatic
animals. These mechanical energies could be potentially trans-
mitted to the submerged piezocatalysts, whereby the organic
pollutants could be oxidized without the input of external
reagents or power.

The attempts at leveraging piezocatalysis to treat water pollu-
tants started in the early last decade. Li and coworkers applied
barium titanate (BaTiO3) microdendrite powders for degrading
acid orange 7 (AO7) dye in water.[31] Since then, dramatic prog-
ress in this field has been made in terms of both material and
microstructural innovations. On the one hand, materials with
improved piezoelectric coefficients have been prepared and
applied in piezocatalysis, such as BiFeO3,

[32,33] ZnSnO3,
[34,35]

and so on. On the other hand, novel micro/nanostructures have
been designed to enhance piezocatalytic performance. For exam-
ple, nanoparticles with high aspect ratios could exhibit more
deformation upon the same environmental perturbation.[36,37]

In addition, the increase in the surface roughness of piezocata-
lysts could introduce more stress concentration as well as
enlarge the contact area with reactants, which also boosts the
piezocatalytic efficiency.[38] Representatively, Wu et al. prepared
transition metal dichalcogenides (TMDs) nanoflowers which
could completely degrade rhodamine B (RhB) in water in 5min

under ultrasonic vibration, which is the highest piezocatalytic
efficiency so far.[39,40]

Despite extensive research in applying piezoelectric potential
for degrading pollutants (mostly dyes), the high catalytic efficien-
cies are mostly achieved by dispersing the piezoelectric particles
in the solution of target pollutants, which ensures a large contact
area for catalytic reactions. However, particulates are difficult to
be collected and reused in aqueous solutions. Furthermore, they
tend to diffuse and cause secondary pollution in natural water
bodies, which greatly restrict their applicability in practical water
treatment.[41–44] Therefore, it would be ideal to embed piezoelec-
tric materials in the form of a free-standing scaffold, where
piezocatalytic process could take place under the strike of the
water flow (Figure 1a). However, the supporting scaffolds of
integral piezocatalytic platforms are usually piezoelectrically
inert, which only limits the deformation of piezocatalysts and
reduces the accessibility of pollutants to the reaction sites. As
a result, the piezocatalytic efficiency of an integral platform is
usually inferior to that of piezoelectric nanoparticles.[41,42]

Acquah and coworkers embedded ZnO nanoparticles in carbon
nanotube (CNT) paper for degrading methylene blue (MB) in
water, whereas only 12% of the total MB decomposed after
ultrasonic treatment for 140min.[43] For the aforementioned
TMD nanoflowers with an ultrahigh piezocatalytic efficiency,
when embedded into the polydimethylsiloxane (PDMS) sub-
strate, the time for complete RhB degradation increases by more
than one order.[44] To improve degradation efficiency, integral
piezophotocatalytic platforms are developed, which utilize piezo-
electric potential for the separation of photogenerated charge
carriers.[45,46] However, the use of light illumination inevitably
increases energy consumption.

Figure 1. Preparation of PVDF–BaTiO3 foam. a) Conceptual illustration of water treatment using an integral piezocatalytic platform. b) Schematic
illustration of the PVDF–BaTiO3 foam preparation process. c) The SEM image of PVDF–BaTiO3 foam in the 30� tilted view. Scale bar: 500 μm.
Inset: Magnified view of the PVDF–BaTiO3 foam, demonstrating the BaTiO3 nanoparticles embedded in the PVDF matrix. Scale bar: 1 μm.
d) EDS element mapping of fluorine. e) EDS element mapping of barium. Scale bar for (d) and (e): 500 μm. The corresponding SEM image for
(d) and (e) is shown in Figure S5, Supporting Information.
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To tackle the earlier issues, we developed a piezocatalytic foam
with BaTiO3 nanoparticles embedded in the porous polyvinyli-
dene fluoride (PVDF) platform. As both PVDF and BaTiO3

are piezoelectrically active, the piezoelectric potential generated
under stress could be dramatically increased compared with a
single piezoelectric component. In addition, the interconnected
pores within the PVDF–BaTiO3 foam could provide not only a
high surface area for piezocatalysis, but also plenty of stress con-
centration sites, thereby further increasing the piezoelectric
potential. As a result, the PVDF–BaTiO3 foam demonstrates
outstanding piezocatalytic efficiency in treating various
organic dyes, with excellent reuse stability. Significantly, the
PVDF–BaTiO3 foam was applied for the purification of natural
surface water samples, and the permanganate index of the
water sample decreased dramatically with ultrasonication time.
The high piezocatalytic efficiency, together with minimal
environmental side effects, endows PVDF–BaTiO3 foam great
potential in practical natural water treatment.

2. Results and Discussion

The piezocatalytic PVDF–BaTiO3 foam was prepared by casting
a sacrificial nickel (Ni) framework (Figure S1, Supporting
Information) with PVDF–BaTiO3 dispersion, as shown in
Figure 1b. The obtained PVDF–BaTiO3 foam has a honeycomb
structure from the front view, with many open voids on its sur-
face (Figure 1c). From the magnified view of the foam (Figure 1d,
inset), BaTiO3 nanoparticles are embedded in the PVDF matrix,
showing a well-hybridized structure. The skeleton of the Ni
framework template ensures an interconnected pathway within
the resultant PVDF–BaTiO3 foam, which could be visualized
from the cross-sectional view of the foam (Figure S2,
Supporting Information). The PVDF–BaTiO3 foam could be
prepared in a large area (Figure S3a, Supporting Information)
and is highly flexible (Figure S3b, Supporting Information).
The energy-dispersive X-ray spectroscopy (EDS) pattern of the
foam shows no Ni trace, indicating that the Ni framework
template is completely removed (Figure S4, Supporting
Information). The preparation of PVDF–BaTiO3 foam still
results in much of wastewater containing Ni2þ ions, which
can cause pollution. More ecofriendly templates for generating
pores should be considered in the future. From the elemental
mapping among the foam (Figure 1d,e), the distribution of
BaTiO3 (represented by Ba) and PVDF (represented by F) is
homogeneous over the sample.

To determine the crystalline phase of PVDF and BaTiO3, X-ray
diffractometer (XRD) and Fourier transform infrared (FTIR)
characterizations were conducted. From the XRD pattern of
the foam (Figure 2a), the characteristic peaks for tetragonal
BaTiO3 and γ-phase PVDF could be identified. Compared with
the XRD pattern of raw BaTiO3 powders (Figure 2a, inset), the
corresponding diffraction peaks of the foam show a small shift to
a higher degree, indicating the existence of compressive stress
within BaTiO3 after the formation of the composite.[47,48] The
compressive stress could also be validated by the decrease in
interplanar spacing for BaTiO3 after forming the composite,
as shown in the high-resolution transmission electron micro-
scope (HRTEM) characterization (Figure 2b–d). The internal

stress within the composite guarantees the structural stability
of the foam under vigorous ultrasonic agitation in piezocatalysis.
From the FTIR spectrum of the foam (Figure 2e), the character-
istic peaks for γ-phase PVDF are clearly identified at 833 and
1234 cm�1.[49] Notably, the solution-derived PVDF is also in
γ-phase whereas melt-derived PVDF is in α-phase (Figure 2e
and Figure S6, Supporting Information), indicating that the final
crystalline structure of the as-prepared PVDF–BaTiO3 foam is
determined by the crystallization condition, rather than the
addition of BaTiO3.

[50] In addition, although the piezoelectric
coefficient of γ-phase PVDF is lower than β-phase PVDF, it is
still one of the largest among polymers.[51] As both components
in the composite are piezoelectrically active, the application of the
foam as a piezocatalyst could be dramatically favored.

As the DMF solvent takes up the majority of PVDF–BaTiO3

dispersion, there could be many unfilled spaces after the evapo-
ration of DMF. Therefore, the compactness of the foam could be
tuned by repeating the dipping and evaporation (D–E) process for
certain cycles. For each D–E cycle, the PVDF–BaTiO3 composite
could precipitate both on the surface and within the inner pores
of the Ni framework after the evaporation of DMF solvent
(Figure S6, Supporting Information). After ten D–E cycles, the
Ni framework is almost fully covered with PVDF–BaTiO3

composites (Figure S7d, Supporting Information). Further
increasing the D–E cycles would make it difficult to etch the
Ni framework; therefore, the maximum number of D–E cycles
in the following discussion is ten. The morphologies of
PVDF–BaTiO3 foam prepared by four, six, eight, and ten D–E
cycles are shown in Figure S8, Supporting Information. The
as-prepared foams become denser as the number of D–E cycles
increases, with both the amount and width of the open voids
showing a dramatic decrease. In correspondence with morpho-
logical evolution, the growing number of D–E cycles also leads
to reduced porosity (Figure 2f ) and increased modulus of com-
pressibility (Figure 2g). From the mechanical test in Figure 2g,
the modulus is about 300 kPa for the foam prepared by four D–E
cycles [foam (4)] and about 900 kPa for foam (10). These values
are on the same level orders of many silicone rubbers (such as
PDMS),[52] which imply that the as-prepared PVDF–BaTiO3

foams are quite flexible and deformable.
The piezocatalytic performance of PVDF–BaTiO3 foams was

then investigated, with organic dye RhB as the target pollutant
and ultrasonic treatment as the mechanical input. With the
increase in ultrasonication time, the intensity of the absorption
peak of the RhB solution shows an obvious decrease in the
UV–vis spectrum, indicating the degradation of RhB molecules
(Figure 3a and Figure S9, Supporting Information). The piezo-
catalytic efficiencies of PVDF–BaTiO3 foams with different D–E
cycles are shown in Figure 3b, which increase from four to eight
and then slightly decrease when further increasing to ten. For the
highest efficiency obtained by the eight-times-dipped sample,
87% of the total RhB is degraded after 80min of ultrasonication,
according to the drop of the absorption peak in the UV–vis
spectrum. This efficiency is comparable with most state-of-
the-art nanoparticle-based piezocatalytic systems and superior
among the reported integral piezocatalytic platforms (Table S1,
Supporting Information). It should be noticed that the degrada-
tion of RhB without the existence of foam, or without ultrasonic
treatment, is very slow (Figure 3c). The nonpiezoelectric α-phase
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PVDF has negligible capability to degrade RhB. (Figure S10,
Supporting Information). These control experiments unambigu-
ously suggest that physical adsorption of dye molecules onto the
foam and the sonocatalytic process plays a minor role for degrad-
ing organics. The outstanding performance can be attributed to
not only the synergy of piezoelectric materials, but also the 3D
contact between the dye solution and the foam, which is provided
by the interconnected pathways left by the etched Ni framework.
The nonmonotonic dependence of piezocatalytic efficiency on
the number of dipping cycles could be understood as the follow-
ing trade-off. The increase in piezocatalytic materials by increas-
ing the number of dipping cycles leads to more electric
dipoles under ultrasonication. At the same time, open voids
on the foam surface decrease in densities and sizes with the
number of dipping cycles, as shown in Figure S8a–d,

Supporting Information. For foam (10), the pores on the surface
are very few and small (Figure S8d, Supporting Information).
As a result, the degraded dyes within the foam cannot be
promptly replenished by bulk solution; thus, piezocatalytic effi-
ciency is reduced compared with the eight-times-dipped foam.

In addition to the outstanding piezocatalytic efficiency, the
PVDF–BaTiO3 foam also has a high reuse stability, with a
highly repeatable performance among five consecutive cycles
(Figure 3d). In addition, the capability of PVDF–BaTiO3 foam
to degrade other pollutants is also investigated. The evolutions
of UV–vis spectra of methyl orange (MO) andMB dyes are shown
in Figure S11a and S11b, Supporting Information, respectively.
The absorption peak intensity of the two dyes also decreases
with ultrasonication time, along with the degradation of RhB.
However it is worth noting that the degradation efficiency of

Figure 2. Characterizations of PVDF–BaTiO3 foam. a) XRD patterns of BaTiO3 powder and PVDF–BaTiO3 foam, with characteristic peaks marked. Inset:
Magnified view of the patterns, demonstrating the shift of the corresponding diffraction peaks for BaTiO3 after composited with PVDF. b) TEM image of
BaTiO3 nanoparticles. c) HRTEM image of a free-standing BaTiO3 nanoparticle. d) HRTEM image of a BaTiO3 nanoparticle in PVDF–BaTiO3 composite.
The corresponding reciprocal lattice is shown on the upper-right inset. e) The FTIR spectrum of the solution-casted PVDF foam, melt-casted PVDF foam,
and solution casted PVDF–BaTiO3 foam, with the phase-indicative peaks marked. f ) The porosity of PVDF–BaTiO3 foam prepared by four, six, eight, ten
D–E cycles. g) The compression stress–strain curve of PVDF–BaTiO3 foam prepared by four, six, eight, ten D–E cycles.
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MO is much lower than that of RhB and MB (Figure 3e).
The reason for the difference can be ascribed to the charge
species of their chromophores, which are cations for RhB and
MB while are anions for MO.[53,54] As both the zeta potentials
of PVDF and BaTiO3 are negative,[55,56] cations tend to be
attracted to the foam surface and degraded by the free radicals.
By contrast, anions are repulsive to the negatively charged foam
surfaces, which is disadvantageous to their piezocatalytic
degradation. Furthermore, the piezocatalytic performance of
the PVDF–BaTiO3 foam under low-frequency gentle vibration is
shown in Figure S12, Supporting Information. Although it is
reported that low-frequency vibration could efficiently separate
photoinduced charges, contributing to a good piezo-photocatalytic
performance,[57,58] it is insufficient to generate enough piezoelec-
tric charges for high-efficiency piezocatalysis. Therefore,
piezocatalytic efficiency is much lower than the efficiency
when using ultrasonication. However, the RhB concentration
still decreases by nearly 50% after 8 h, indicating that the foam
is still capable for utilizing ambient mechanical energy for
piezocatalysis. The reuse stability, applicability for treating vari-
ous pollutants, and functionality in low-frequency mechanical
input endow the as-prepared PVDF–BaTiO3 foam great potential
in practical water-treatment applications.

We investigate the factors for influencing the piezocatalytic
performance. As previously reported, the piezoelectric coefficient
(d33) is ��7 pC/N for γ-phase PVDF[51] and 100 pC/N for tetrag-
onal BaTiO3.

[59,60] Therefore, the proportion of BaTiO3 in the
composite could play a vital role in piezocatalytic performance.

Compared with the earlier mentioned 87% RhB degradation
after 80min ultrasonication for the foam with BaTiO3:
PVDF¼ 1:1 by mass, the degradation ratio decreased to 67%
by reducing the BaTiO3:PVDF ratio to 1:2 and to 39%, when
there is no BaTiO3 in the foam (Figure 4a). These results suggest
that both BaTiO3 and PVDF in the foam contribute to the piezo-
catalytic process. On the other hand, although BaTiO3 demon-
strates a high piezocatalytic efficiency in the nanoparticle form
(Figure S13, Supporting Information), BaTiO3 foam without
PVDF support would break down under ultrasonic treatment.
The earlier facts indicate that the PVDF scaffold serves as both
the mechanical support and the supplier of piezoelectric poten-
tial, demonstrating great superiority as the scaffold for embed-
ding BaTiO3 nanoparticles. In addition, the reduction of
ultrasonic power also leads to the decrease in piezocatalytic
efficiency (Figure 4b), which is easily comprehensible for the less
mechanical input. Moreover, we found that piezocatalytic
efficiency increases with the reduction of the initial RhB concen-
tration (Figure 4c). For the 2.5 mg L�1 sample, the degradation
ratio reaches 94% after 80min. This trend might be related to the
reduction of the shielding effect of the adsorbed RhB mole-
cules.[31,37] Also, the degradation ratio of RhB is negatively
correlated with the volume of RhB solution, for the relatively less
amount of piezocatalysts in solution (Figure S14, Supporting
Information). Furthermore, to validate the degradation of RhB
is a radical-driven process; two reagents which dramatically affect
the behavior of free radicals were added to the piezocatalytic
reaction system for exploring their influence on piezocatalytic

Figure 3. The piezocatalytic performance of PVDF–BaTiO3 foam. a) UV–vis absorption spectra of RhB solution in the piezocatalytic process from 0 to
80min for the foam (8). Inset: The optical image of RhB solution before, 40 min after, and 80min after the piezocatalytic process, from left to right,
respectively. b) The comparison of piezocatalytic efficiency between PVDF–BaTiO3 foams prepared by different D–E cycles. c) The degradation of RhB
without foam or ultrasonic treatment. d) The piezocatalytic performance for five cycles. e) The comparison of piezocatalytic performance in degrading
various dyes.
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efficiency. It is reported that tert-butanol (TBA) is a free
radical scavenger which consumes the ⋅OH radicals in
solution.[33,39,42,61] After the addition of TBA, the piezocatalytic
efficiency is dramatically reduced (Figure 4d). On the other hand,
the ferrous ions (Fe2þ) can accelerate the generation of ⋅OH
through the Fenton reaction,[11,62,63] thereby improving the
piezocatalytic efficiency in our system (Figure 4d).

The piezocatalytic degradation process is schematically shown
in Figure 5a. When submerged into the solution of organic
pollutants, the interconnected pores within the PVDF–BaTiO3

foam could be spontaneously infiltrated by the solution, which
provides a high contact area for the reaction. Upon ultrasonic
treatment, bubbles emerge in the solution and collapse, which
can inflict a high pressure (�108 Pa) and further generate
piezoelectric dipoles (electrons, e�, and holes, hþ) on the foam
surface.[33,39,42,61] As the energy level of the conduction band is
�0.83 V (vs the normal hydrogen electrode, NHE) for BaTiO3,
the piezoelectric electrons are able to reduce the dissolved
O2 to ⋅O2

� (with a standard redox potential of �0.33 V vs
NHE). On the other hand, the energy level for the valence
band is 2.31 V versus NHE, by which the piezoelectric holes
are capable of oxidizing OH� to ⋅OH (with a standard redox
potential of 1.9 V vs NHE) in solution.[18,61] The resultant free
radicals (⋅OH and ⋅O2

�) could attack the organic pollutants
and convert them into small and nontoxic molecules through
various degradation pathways. The whole process can be written
as follows.

PVDF� BaTiO3 foamþ ultrasonic treatment ! e� þ hþ (1)

e� þO2 ! ⋅O�
2 (2)

hþ þ OH� ! ⋅OH (3)

RhBþ ⋅O�
2 = ⋅OH ! degradation products (4)

The porosity of PVDF–BaTiO3 foam can not only provide a
high surface area for the piezocatalytic process, but also facilitate
the concentration of ultrasonic cavitation pressures. To under-
stand the role played by micropores within the foam in piezoca-
talysis, we conducted finite element analysis (FEA) to simulate
the stress distribution in the foam under applied pressure.
As shown in Figure 5b, for a foam with patterned holes, most
area within the foam is subjected to a stress more than the input
pressure, demonstrating a remarkable stress concentration
effect. This behavior is particularly beneficial for the generation
of large-amplitude piezoelectric fields and further, a high piezo-
catalytic efficiency.

To investigate the piezocatalytic degradation pathway of RhB,
liquid chromatography (LC)–mass spectroscopy (MS) characteri-
zation was conducted to determine the degradation products in
this process. The degradation pathway is shown in Figure 5c and
Figure S15, Supporting Information, with chromatographical
evidence shown in Figure 5d, Figure S16, and Figure S17,
Supporting Information. The decomposition of RhB starts with
the sequential loss of four ethyl groups, as evidenced by the
m/z¼ 415, 387, 359, 331 intermediates.[64,65] The loss of the
amino group takes place next, evidenced by the m/z¼ 316
intermediate, which ends the N-de-ethylation process. Notably,

Figure 4. Factors influencing the piezocatalytic performance of PVDF–BaTiO3 foam. a) The comparison of the piezocatalytic efficiency in terms
of BaTiO3 content. b) The comparison of the piezocatalytic efficiency in terms of ultrasonication power. c) The comparison of the piezocatalytic efficiency
in terms of the initial RhB concentration. d) The effect of TBA and ferrous ion addition on piezocatalytic efficiency.
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as there is no trace of the m/z¼ 334 intermediate (with the ethyl
group but without amino group), the loss of ethyl groups must
precede the loss of amino groups. The cleavage of xanthene ring
(chromophore) follows the N-de-ethylation process, which also
accounts for the color loss of RhB molecules. The coexistence
of m/z¼ 333 and 318 intermediates indicates that xanthene
cleavage may even occur before the loss of the amino group
in the N-de-ethylation process. The following stages include
the removal of the carboxyl group and the opening of the benzene
ring, as shown by m/z¼ 290, 274, 246, 218, and 202 intermedi-
ates.[38,66] These intermediates can be finally mineralized into
H2O, CO2, and other inorganic products. From the quantitative
comparison of various intermediates between the samples with
different degradation ratios, the partially (Figure S16, Supporting
Information) and completely degraded samples (Figure S17,
Supporting Information) are richer in the intermediates before
and after xanthene ring cleavage, respectively, which further
validate the earlier-mentioned degradation sequence.

Given the outstanding performance of PVDF–BaTiO3 foam
for degrading individual dyes, we further attempted to apply
the foam for the purification of natural surface water samples
(Figure 6a). The content of the organic waste in water resources

can be measured by the value of permanganate index, which is a
conventional method to quantitatively measure the oxidizable
matters in surface water.[67] The pristine permanganate index
value of the as-collected water is 2.21mg L�1. We immersed
PVDF–BaTiO3 foam into the water sample. With the increase
in ultrasonication time, the permanganate index value of the
water sample shows an obvious decrease and drops nearly
30% after 2 h (Figure 6b). This efficiency is notably inferior to
that for RhB degradation measured by absorption peak intensity.
From the radical-triggered degradation pathway of RhB
(Figure S15, Supporting Information), there is a big difference
between the decolorization (caused by the xanthene ring cleav-
age) and the complete mineralization of dye molecules. In addi-
tion, the organic wastes in the collected natural water samples
might be more stubborn, because the easily degradable organics
may be consumed by the aqueous organisms. Despite the lower
efficiency compared with the mainstream water-treatment
methodologies,[7,68] piezocatalytic water treatment based on
an integral platform still has advantages such as long-term envi-
ronmental friendliness and the potential to be self-supplied
through the natural mechanical input. In practical scenarios,
the piezocatalytic foam could be adhered onto a dam, which

Figure 5. The mechanism of piezocatalysis. a) A schematic illustration of the proposed piezocatalytic degradation process of organic pollutants.
b) The stress distribution of a compressed foam using FEA analysis. The stress value is normalized by the applied pressure. c) A brief summarization
of the piezocatalytic degradation pathway for RhB, with the detailed summary shown in Figure S15, Supporting Information. d) The corresponding
chromatographs for the proposed degradation products in (c). The detailed chromatographs of all products are shown in Figure S16 and S17,
Supporting Information.
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could perform routine water purification upon the strikes of
waves.

3. Conclusion

In this study, a piezocatalytic PVDF–BaTiO3 foam was developed
through a template-molding process, and it can efficiently
degrade the organic pollutants in water. The superior piezocata-
lytic efficiency of the foam can be ascribed to the synergy of
piezocatalytic components as well as the large surface area
and stress concentration provided by the internal interconnected
pores. In addition, as an integral platform, PVDF–BaTiO3 foam
is easy to be collected in water, with high reuse stability, which
can reduce the side effects on the environment. Significantly,
PVDF–BaTiO3 foam can be applied for the purification of natural
surface water samples, by which the permanganate index
decreases dramatically with ultrasonication time. As BaTiO3 is also
capable for pyro- and photocatalysis,[69–72] and PVDF is also a
novel platform for loading photocatalysts,[73,74] a water-purification
system combining piezo-, pyro-, and photocatalysis could also be
built based on the PVDF–BaTiO3 foam. By introducing tempera-
ture fluctuation and light illumination, the efficiency for pollutant
degradation could be further improved. With outstanding piezo-
catalytic performance as well as minimum environmental side
effects, the successful development of PVDF–BaTiO3 foam not
only makes meaningful exploration in the academic research of
piezocatalysis, but also provides a valuable solution for water
treatment in practical scenarios.

4. Experimental Section

The Preparation of PVDF–BaTiO3 Foam: PVDF powder (Sigma Aldrich,
Molecular weight: 530 000) was dissolved in DMF solution (10 wt%) at
70 �C with mechanical stirring for 5 h. After the solution became clear,
BaTiO3 nanoparticles (Sinocera Company, 200 nm) were added into the
solution, followed by vigorous mechanical stirring. The weight ratio
between BaTiO3 and PVDF was 1:1, except in the samples used for inves-
tigating the influence of BaTiO3 content (Figure 3c result). After mechani-
cal stirring for 1 h, the dispersion was dipped onto a porous Ni framework
(Lizhiyuan Company, 2 mm thickness, 95–98% porosity). Then, the
solution-infiltrated Ni framework was put into an oven at 60 �C to

evaporate the DMF solvent. The dipping process was repeated several
times to tune the compactness of the resultant PVDF–BaTiO3

foam. After finishing the expected dipping cycles, the PVDF- and
BaTiO3-infiltrated Ni framework was immersed in 0.5 M ferric chloride
(FeCl3) solution for etching the Ni template. The PVDF–BaTiO3 foam
was then rinsed in water and dried in an oven at 60 �C.

Characterizations: The morphologies and elemental distribution were
characterized by a scanning electron microscope (SEM, TESCAN
VEGA3) with an EDS module. The interplanar spacing was conducted
by an HRTEM (FEI Tecnai F30). The phase information of the samples
was conducted by FTIR spectroscopy (Spectrum 100, Perkinelmer) and
an XRD (Rigaku SmartLab 9kW-Advance). The porosity of the foam
was measured by the liquid displacement method.[75,76] The LC–MS chro-
matographs were obtained by combining ultra-high-performance LC
(UHPLC, Agilent 1290) and MS (Agilent 6540 Q-TOF).

Piezocatalytic Test: A 2.5 cm� 2.5 cm� 2mm PVDF–BaTiO3 foam was
immersed in a container bottle filled with 30mL RhB solution (10mg L�1).
The bottle was put on an ultrasonic bench-top cleaner (Crest Ultrasonics,
P1100) for ultrasonic treatment (with effective power of 180 W).
The change of RhB concentration was measured by UV–vis absorption
spectroscopy (Hitachi, UH5300). The UV–vis absorption spectrum was
measured every 10 min, and after each measurement, the solution for the
measurement was added again into the bulk solution for further
piezocatalysis. To exclude the effect by temperature rise, water in the
ultrasonic bath was replaced after each measurement, so the tempera-
ture was kept between 25 and 30 �C during ultrasonic treatment.
To exclude the photocatalytic effect, the lid of the ultrasonic bath was
covered during ultrasonication. For the degradation of MO and MB,
the concentration was also 10 mg L�1. For verifying the role of free
radicals, the concentration of the added TBA and FeSO4 was 10 and
5mg L�1, respectively. For the piezocatalytic test under gentle vibration,
the bottle was glued on an orbital shaker (A-Tech global Science
Limited), rotating at 240 rpm. For the purification of natural water
samples, the water sample was collected in the lily pond of The
University of Hong Kong. A 6 cm� 6 cm� 2 mm PVDF–BaTiO3 foam
was immersed in the 250 mL water sample. The permanganate
index of the water sample was measured by a standard processing flow
(ISO 8467:1993).

Finite Element Analysis (FEA): The stress concentration of the
PVDF–BaTiO3 foam was elucidated by the finite element simulation
which was conducted by the commercial package Abaqus 2017.
For ease of modeling, the foam was modeled as a linear elastic
material with Young’s modulus of 2 GPa and Poisson’s ratio of 0.34.
A plane strain condition was adopted. To ensure the linear elastic
response, a pressure p¼ 100 kPa was applied to compress the foam,
and the distribution of normalized maximum principal stress σ/p is
shown in Figure 4b.

Figure 6. Treatment of natural water samples by PVDF–BaTiO3 foam. a) Photo of a simulated piezocatalytic water-treatment system. b) The evolution of
permanganate index with ultrasonication time.
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