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Efficient charge separation is quite significant to obtain high photocatalytic performance. In this work,
piezoelectric-based composite photocatalyst film PDMS-PMN-PT@TiO, possessing high recoverability
was prepared. The spatial electric field of PMN-PT was introduced into photocatalyst system by ultra-
sonic wave vibration to accelerate charge separation. Compared with magnetic stirring, ultrasonic wave
vibration greatly improved the photocatalytic degradation efficiency of rhodamine B (RhB) over PDMS-
PMN-PT@TiO, film by about 55%. A possible improvement mechanism that spatial electric field promotes
charge separation was presented herein. The piezoelectric potential output demonstrated the piezoelec-
tricity of composite film. The durability experiments of PDMS-PMN-PT@TiO, film indicated its great
stability over several runs.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Due to the development of industrialization, rapid pollution
growth and long-term droughts, the shortage of clean water
sources becomes a serious problem worldwide [1]. In addition,
many organic waste pollutions which come from textile and other
industrial processes are toxic and have a deleterious effect on the
ecological environment [2,3]. Hence, the conversion of wastewa-
ter to harmless and readily disposable water is of importance for
sustainable development. Photocatalysis, using semiconductor cat-
alysts and ultraviolet light (UV) or visible light to degrade organic
dyes into harmless substances [4], is activated by the absorption
of a photon with sufficient energy equal or greater to the bandgap
of catalyst. Photogenerated electrons and holes are separated and
some of them transfer to the surface to take part in reduction and
oxidation reaction, respectively [1]. However, many electrons and
holes are recombined in the volume or on the surface of cata-
lyst during photocatalysis. As we know, high carrier recombination
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rate is one of the most important reasons for low photocatalytic
efficiency. Though many modification methods based on charge
separation have been proposed to improve photocatalytic effi-
ciency [5-8], the enhancement effect is not good enough by now.
Hence, it is imperative to explore a more efficient method to
promote charge separation and achieve high photocatalytic per-
formance.

Recently, the spatial electric field of piezoelectrics was
introduced into photocatalytic system by applied force or ther-
mal stress to improve photocatalytic activity [9-11]. It was
concluded that higher piezoelectric effect of piezoelectrics is
beneficial for achieving greater improvement effect. In the pre-
vious work, piezoelectrics with low piezoelectric effect resulted
in poor charge separation effect and limited its enhancement
role in photocatalysis. Therefore, lead magnesium niobate-lead
titanate 0.675Pb(Mg;3Nby/3)03-0.325PbTiO3 (PMN-PT), possess-
ing greater piezoelectric effect with a high d33 of 2500 pm/V,
should be constructed with photocatalyst and introduced into
photocatalyst system [12,13]. Moreover, an inherent obstacle of
powder photocatalyst is that it is difficult to recycle in the prac-
tical application. If the collection process of powder photocatalyst
is mishandled, it will create more serious secondary pollution in the
environment and the further treatment of stable photocatalyst will
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cost much. Therefore, photocatalyst films with easy accessibility
and high recoverability needs to be developed urgently. Poly-
dimethylsiloxane (PDMS), possessing excellent chemical stability,
anti-ultraviolet ageing performance and thermostability, is gener-
ally used as substrate to prepare films and other devices [14,15].
The photocatalytic activity of titanium dioxide (TiO, ), with brilliant
stability and efficient photocatalytic activity, has been reported and
studied for nearly half a century. It is considered to be a promising
and attractive photocatalyst for practical application [16-18].

In this paper, piezoelectric PMN-PT was constructed with
TiO, to prepare piezoelectric-based composite photocatalyst
PMN-PT@TiO,. To avoid introducing secondary pollution into
environment in the practical application, composite film PDMS-
PMN-PT@TiO, was fabricated. Furthermore, ultrasonic wave
vibration was introduced into photocatalysis to compel PMN-PT to
deform and generate spatial electric field to accelerate charge sep-
aration. The improvement mechanism of spatial electric field on
photocatalytic activity was proposed. The piezoelectric potential
output of PDMS-PMN-PT@TiO, film was recorded with an oscil-
loscope to demonstrate its piezoelectricity. The stability of the
composite film was also studied under the UV light irradiation and
ultrasonic wave vibration.

2. Experimental
2.1. Materials

All the reagents were of analytical grade and were used
without future purification. Distilled water was used in the
whole experiment. Magnesium carbonate basic pentahydrate
((MgC03)4-Mg(OH),-5H,0, 40.0-44.5%), niobium (¢8) oxide
(NbyOs, 99.5%), trilead tetraoxide (Pb30Q4, 95.0%), titanium
dioxide (TiO,, 98.0%) and ethanol (CH3CH,OH, 99.7%) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd to prepare
piezoelectric PMN-PT powders. To synthesize nano titanium
dioxide (TiO,) sample, tetrabutyl titanate (Ti(OC4Hg)4, 98.0%)
was purchased from Shanghai Lingfeng Chemical Reagent Co.,
Ltd. Poly(dimethylsiloxane) ((C;HgOSi),, PDMS, Sylgard 184) and
its curing agent from Dow Corning were used as film substrate.
Xylene (CgHqg, 99.0%, Shanghai Lingfeng Chemical Reagent CO.,
Ltd.) was used as the solvent of PDMS

2.2. Synthesis of photocatalytic powders

Nano TiO, particles were prepared via a simple hydrother-
mal method using tetrabutyl titanate, distilled water and ethanol
as starting materials [19]. PMN-PT sample was synthesized by
a conventional two-stage solid phase sintering method [20].
Piezoelectric-based composite photocatalyst PMN-PT@TiO, was
prepared through a hydrothermal process. The as-synthesized
PMN-PT powders were mixed with tetrabutyl titanate, distilled
water and ethanol and stirred for 30 min, then the mixture was
transferred into a 100 mL homemade polytetrafluoroethylene (PPL)
lined stainless steel reactor and heated at 150 °C for 24 h. After cool-
ing down to room temperature, the target product was washed and
centrifuged with ethanol for several times. Finally, the obtained
powders were dried in an oven at 70 °C overnight.

2.3. Preparation of composite films

To fabricate composite films, 0.6 g curing agent of PDMS was
dispersed in 4.0 g xylene by ultrasonic for 10 min, and then 6.0g
PDMS was added and the mixture was stirred strongly for 30 min
to form a homogeneous solution. After that, 1.0 g as-synthesized
photocatalyst (TiO, or PMN-PT@TiO,) powders were added sub-
sequently and violent stirring was maintained for 1 h. Ultrasonic

wave vibration was also introduced and maintained for 10 min to
avoid catalyst powders agglomerating in the resins. Subsequently,
the mixture was spin-coated on glass slides (2.5 cm x 7.6 cm) with
coating machine and cured at 70°C for 4 h in an oven. As last, the
films with thickness about 100 m were peeled off. Pure PDMS film
was also fabricated as well to compare the structure and optical
properties with photocatalytic composite films.

2.4. Characterization

The phase structure characterization of the as-synthesized pow-
ders and films was performed on a SmartLab (Rigaku) thin-film
diffractometer employing Cu K« radiation (A =0.15406 nm). Scan-
ning electron microscopy (SEM) was performed with a S-4800
scanning electron analyzer with an accelerating voltage of 15KkV.
The contact angles of the film samples were measured under ambi-
ent condition with a Contact Angle Analizer (JGW-306). The sessile
drop method was used to determine the contact angle. The UV-vis
absorption spectra of the prepared samples were characterized
by Ultraviolet-visible-near infrared (UV-vis-Nir) 3101 spectropho-
tometer (Shimadzu). The piezoelectric potential output signals
were collected with an oscilloscope (Tektronic, DM0O3024).

2.5. Photocatalytic performance evaluation

To estimate the photocatalytic activity of photocatalyst films
and investigate the role of spatial electric field in photocatalysis, a
15W lamp (Amax =254 nm) was used as UV light source, the dis-
tance between light source and reaction substance is about 20 cm.
The ultrasonic wave vibration was introduced by a SK3300HP ultra-
sonic machine (Kedao) with the working frequency of 53 kHz and
the consumed power of 180 W. Prior catalytic reaction, a piece of
photocatalyst film was immersed in RhB solution and stirred for 1h
in dark to establish absorption-desorption equilibrium. The photo-
catalytic degradation experiments of RhB (12 mg/L, 90 mL) were
carried out under ultrasonic wave vibration in the presence (U-L)
and absence (U-NL) of UV light irradiation, magnetic stirring and
UV light illumination (S-L), respectively. During all the catalytic
process, any temperature rises were avoided by cool alcohol cir-
culation. The photocatalytic stability of PDMS-PMN-PT@TiO, film
was investigated under U-L.

3. Results and discussion

Fig. 1 shows the XRD patterns of TiO, and PMN-PT@TiO,
powders, pure PDMS film, PDMS-TiO, and PDMS-PMN-PT@TiO,
composite films. The diffraction peaks of TiO, can be found
at 25.4°, 38.0°, 48.1°, 54.8° and 62.9°, indexed as (101), (004),
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Fig. 1. XRD patterns of photocatalyst powders TiO, (B) and PMN-PT@TiO; (D), and
films PDMS (A), PDMS-TiO; (C) and PDMS-PMN-PT@TiO, (E).
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Fig. 2. SEM images of prepared TiO, (a), PMN-PT@TiO; (b) powders, PDMS-TiO; film (c) and PDMS-PMN-PT@TiO; film (d).

(a) (b)

121°

111°

©
104°

Fig. 3. The contact angles of the prepared PDMS film (a), PDMS-TiO, film (b) and PDMS-PMN-PT@TiO; film (c).

(200), (105) and (204) planes of anatase titanium dioxide, respec-
tively. The peaks are in good agreement with the reported values
[19,21,22]. All the strong peaks of PMN-PT@TiO, belong to pure per-
ovskite structured PMN-PT with the lattice constants of a=4.03 A,
b=4.00A, and c=4.02 A, being consistent with the standard val-
ues of thin film PMN-PT [23]. It is attributed that the content of
TiO, deposited on PMN-PT is too low to be detected. Furthermore,
all the diffraction peaks of PDMS-TiO, and PDMS-PMN-PT@TiO,
films belong to pure TiO, and PMN-PT@TiO, powders, respectively,
implying that the phase structures of TiO, and PMN-PT@TiO, main-
tain well after introduced into PDMS substrate.

The SEM images of TiO, and PMN-PT@TiO, powders synthe-
sized via hydrothermal method are displayed in Fig. 2 (a) and (b),
respectively. The size of TiO, spherical particles is in nano scale.

TiO, particles are deposited on the surface of PMN-PT uniformly
and tightly (Fig. 2 (b)). Fig. 2 (c) and (d) suggest that TiO, and
PMN-PT@TiO, particles are relatively uniformly distributed around
the surface of PDMS substrate, respectively. It should be pointed
out that some photocatalyst particles agglomerate together with
the size less than 1 wm. It is ascribed to the solvent evaporation
and volume contraction of the reaction mixture during the curing
process.

Surface wetting property is always being used to characterize
the surface chemical composition, surface free energy and surface
morphology [18,24,25]. To further demonstrate that TiO, and PMN-
PT@TiO, particles are exposed on the surface of prepared films,
therefore, the contact angles of the liquid droplet on the surface of
pure PDMS, PDMS-TiO, and PDMS-PMN-PT@TiO, composite films
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Fig.4. The UV-vis absorption spectra of TiO,, PMN-PT@TiO, powders, PDMS, PDMS-
TiO, and PDMS-PMN-PT@TiO, films.

were measured, respectively. As Fig. 3 shows, the contact angle of
pure PDMS film is 121°, after mixed with TiO,, the angle decreases
to 111° (Fig. 3 (b)). The contact angle of PDMS-PMN-PT@TiO, film is
104°. PDMS-TiO, and PDMS-PMN-PT@TiO, composite films exhibit
a smaller contact angle than pure PDMS film, respectively, provid-
ing a powerful demonstration that some TiO, and PMN-PT@TiO,
particles are exposed on the surface of PDMS substrate.

Fig. 4 displays the UV-vis absorption spectra of the prepared
samples. The obvious photo-absorption of TiO, powders starts at
400 nm, which corresponds to the band gap of 3.10eV. The UV-vis
absorption edge of PMN-PT@TiO, sample is around 420 nm, indi-
cating a little red-shift compared with TiO,. It is ascribed to the
construction with PMN-PT. Pure PDMS film exhibits few absorp-
tion in the wavelength ranged from 200 nm to 800 nm. It suggests
that PDMS, utilized as photocatalyst film substrate, does not influ-
ence the optical property of photocatalyst. It is further confirmed
by the absorption edges of PDMS-TiO, and PDMS-PMN-PT@TiO,
composite films which are similar to that of TiO, and PMN-PT@TiO,
powders, respectively.

To obtain the potential signals of PDMS-TiO, and PDMS-PMN-
PT@TiO, films, a turbo-dynamo with the frequency of 50Hz
was introduced to deform the prepared film, and the generated
piezoelectric potential output signals were recorded with an oscil-
loscope. As Fig. 5 shows, almost no potential signal is recorded
over PDMS-TiO, film, the reason is that both PDMS and TiO; do
not possess piezoelectric property. The piezoelectric potential of
PDMS-PMN-PT@TiO, film (Fig. 5 (b)) is varied periodically from
—2.5V to +2.5V with a period of 0.02 s, corresponding to the fre-
quency of 50Hz. It indicates that the piezoelectric property of
the prepared PDMS-PMN-PT@TiO, film is pretty good, and the
film is quite sensitive to the applied force. Moreover, it can be
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reasonably inferred that the piezoelectric potential of PDMS-PMN-
PT@TiO, film will generate periodically with a high frequency
under ultrasonic wave vibration. In essence, this kind of generated
piezoelectric potential is an alternative spatial electric field.

Fig. 6 depicts the photodegradation capability on RhB over
the prepared films PDMS-TiO, and PDMS-PMN-PT@TiO, under
U-L, S-L and U-NL, respectively. As Fig. 6 (a) shows, the adsorp-
tion test was pre-conducted in dark for 1 h and then degradation
proceeded at t=0. The adsorption test results showed that the
absorption-desorption equilibrium has been reached, the adsorp-
tion of RhB under each condition could be neglected in the presence
of ultrasonic wave and/or light irradiation. The degradation effi-
ciency of RhB catalyzed over PDMS-TiO, (40%) is slightly higher
than that over PDMS-PMN-PT@TiO, film (35%) under S-L, indi-
cating that the photocatalytic activity of PDMS-TiO, is prior to
that of PDMS-PMN-PT@TiO,. About 90% of RhB has been con-
verted by PDMS-PMN-PT@TiO, film in the presence of ultrasonic
wave vibration and UV light irradiation, which is much higher
than that converted by PDMS-TiO, film (less than 65%). It sug-
gests that the photocatalytic activity of PDMS-TiO, is worse than
PDMS-PMN-PT@TiO, under U-L. This result is against with that
under S-L. Moreover, there is no obvious difference in the degrada-
tion efficiency of RhB over PDMS-TiO, and PDMS-PMN-PT@TiO,
films under U-NL. It demonstrates that the role of ultrasonic
wave vibration on the photocatalytic activity of PDMS-TiO, and
PDMS-PMN-PT@TiO-, films is not the same. To better compare
the photocatalytic performance of two films, the photodegrada-
tion efficiencies of PDMS-TiO, and PDMS-PMN-PT@TiO, under
the above three mentioned conditions in 4h are displayed in
Fig. 6 (b). The photocatalytic efficiencies of PDMS-TiO, and PDMS-
PMN-PT@TiO, films are improved by about 25% and 55% under
U-L, compared with that under S-L, respectively. While only 14%
and 20% of RhB were degraded over PDMS-TiO, and PDMS-PMN-
PT@TiO, films under U-NL, respectively. It indicates that the
ultrasonic wave vibration itselfis not the reason for the difference in
the enhancement effect of ultrasonic wave vibration on photocat-
alytic performance. Taking the difference in piezoelectric potential
output of PDMS-TiO, and PDMS-PMN-PT@TiO, films into account,
it is necessary to analyze the synergistic effect of UV light illumi-
nation and ultrasonic wave vibration on photocatalytic activity.

As Scheme 1 displays, PDMS-PMN-PT@TiO, film (Scheme 1 (a))
suffers the irradiation of UV light and ultrasonic wave. Take a small
part as example (Scheme 1 (b)), about 1000 atmospheres pressure,
generated by acoustic cavitation phenomenon [11], deforms the
piezoelectric powder PMN-PT (Scheme 1 (c)), positive and negative
piezoelectric potentials are generated respectively on the opposite
surfaces of PMN-PT simultaneously. With UV light irradiation, the
photogenerated electrons (black spheres) and holes (pink spheres)
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Fig. 5. The potential outputs of PDMS-TiO; film (a) and PDMS-PMN-PT@TiO, film (b) under applied force.
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Fig. 7. The UV-vis absorption spectra (a) and cyclic degradation curves (b) of RhB over PDMS-PMN-PT@TiO; film under U-L.

of TiO, (white particles) are excited and directly transfer to the
positive and negative piezoelectric potential surfaces of PMN-PT
(blue cube) driven by spatial electric field, respectively, described in
Scheme 1(d)and (e). As aresult, the recombination of the carriers is
restricted. When piezoelectric potential turns zero, as Scheme 1 (f)
depicts, the photogenerated carriers of TiO, moves randomly, and
the charge separation is no longer accelerated. It should be pointed
out that, as Fig. 5 indicates, the time corresponding to zero potential
is quite short and even could be ignored. Therefore, the charge sep-
aration is promoted by spatial electric field during almost the whole
photocatalytic process and the photocatalytic activity is enhanced

by about 55%. As for PDMS-TiO, film, no piezoelectric potential is
generated and the carriers move freely under U-L, the charge sep-
aration is not promoted, the photocatalytic activity of PDMS-TiO,
is not improved much.

The durability experiment of PDMS-PMN-PT@TiO, film was car-
ried out under ultrasonic wave vibration and UV light irradiation.
There is few decrease in catalytic activity of the film after five
runs, as Fig. 7 displays, indicating the excellent photocatalytic sta-
bility of PDMS-PMN-PT@TiO,. Moreover, the degradation activity
of RhB under U-L is maintained well over every run. It suggests
that the periodically generated spatial electric field of PMN-PT



14 B. Dai et al. / Applied Surface Science 403 (2017) 9-14

accelerates the separation of the photogenerated carriers of TiO;
throughout the whole photocatalytic process. It also demonstrates
the piezoelectric stability and sensitivity of PMN-PT. Furthermore,
the fabrication of photocatalyst film makes the reclaim of photocat-
alyst easier in the practical application, which avoids introducing
secondary pollution into environment.

4. Conclusion

In summary, piezoelectric-based composite photocatalyst
PDMS-PMN-PT@TiO, film was prepared. The spatial electric field
of PMN-PT was introduced via ultrasonic wave vibration, which
highly improves the photocatalytic efficiency of PDMS-PMN-
PT@TiO, by about 55%. The durability experiment suggests that
PDMS-PMN-PT@TiO, film keeps excellent stability even after five
runs. In a wider perspective, this work provides a new strategy
coupling mechanical energy and solar energy to greatly enhance
photocatalytic performance, the preparation of photocatalyst film
avoids introducing secondary pollution into environment in the
practical application.
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