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a b s t r a c t

Efficient charge separation is a vital factor to gain high photocatalytic activity. Alternative spatial electric
field generated by piezoelectric effect could significantly accelerate charge separation when introduced
into photocatalyst system. In this work, famous piezoelectric lead magnesium niobate-lead titanate
0.675Pb(Mg1/3Nb2/3)O3-0.325PbTiO3 (PMN-PT) was firstly constructed with TiO2 to prepare composite
photocatalyst PMN-PT@TiO2. The results indicate that the alternative spatial electric field, excited by
ultrasonic wave vibration, greatly improves the photocatalytic degradation efficiency of rhodamine B
(RhB) over PMN-PT@TiO2 by about 50%. The durability experiments suggest that PMN-PT@TiO2 can keep
excellent photocatalytic stability even after several runs. Moreover, in the photocatalytic degradation of
methylene blue (MB), the enhancement effect of alternative spatial electric field on photocatalytic per-
formance is also observed. Importantly, this study provides a general method for constructing
piezoelectric-based photocatalyst to capture solar energy, acoustic wave energy and wind energy, which
will realize multi-field energy coupling and high photocatalysis.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Photocatalysis technology utilizing solar energy has been
considered a promising avenue to solve the current energy and
environmental problems, which attracts more and more attentions
[1e5]. Up to now, a vast number of photocatalysts have been
employed to purify environment over the past decades, such as
TiO2, ZnO, WO3, BiVO4 and g-C3N4 [6e19]. Efficient charge sepa-
ration is an imperative requirement to gain high photocatalytic
activity, many modification methods have been proposed in terms
of charge separation to further improve the photocatalytic activity,
including the preparation of heterojunction, depositing noble
metal and introducing extra electric field [20e28], but the
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photocatalytic performance is not good enough for the practical
application. So it is still a big challenge to explore efficient strate-
gies for high photocatalytic performance.

Recently, Wang, et al. introduced piezoelectric-based spatial
electric field by mechanical energy, ultrasonic wave vibration and
thermal stress to enhance photocatalytic property, which is
possibly due to the promotion effect on charge separation. It
aroused wide interest from the view of both theory and practical
application [1,29,30]. It was mentioned that the higher piezoelec-
tric effect is helpful for the improvement of photocatalytic activity
[30]. However, in the previous work, ZnO and BaTiO3 were selected
to generate piezoelectric-based spatial electric field, and their low
piezoelectric effect resulted in poor charge separation effect and
limited their enhancement on the photocatalysis. Therefore, the
materials possessing excellent piezoelectric effect should be
investigated to construct photocatalysts with high photocatalytic
performance.

Lead magnesium niobate-lead titanate (1-x)Pb(Mg1/3Nb2/3)O3-
xPbTiO3 ((1-x)PMN-xPT), a promising new generated piezoelectric
material, exhibits a brilliant piezoelectric coupling coefficient (d33)
up to 2500 pm/V [31e33], which is much higher than that of
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conventional ceramics. For example, the piezoelectric coupling
coefficient (d33) of single crystal bulk (1-x)PMN-xPT is almost 30
times higher than that of BaTiO3 bulk material, and even 90 times
higher than that of ZnO [34,35]. When the molecular proportion of
PbTiO3 in (1-x)PMN-xPT is between 32% and 35%, the
rhombohedral-tetragonal morphotropic phase boundary (MPB) of
(1-x)PMN-xPT is formed, which provides the material with supe-
rior piezoelectric property [36]. 0.675Pb(Mg1/3Nb2/3)O3-
0.325PbTiO3 (PMN-PT) is reported to be one of the best piezo-
electric materials among all the (1-x)PMN-xPT system [37]. Hence,
the introduction of PMN-PT into photocatalyst system is needed.
Moreover, the systemically study has important realistic signifi-
cance for developing the role of spatial electric field in
photocatalysis.

In this work, to reveal the effect of alternative spatial electric
field on photocatalysis and develop high performance photo-
catalyst, piezoelectric PMN-PT was firstly used to fabricate novel
composite photocatalyst PMN-PT@TiO2. The photocatalytic degra-
dations of RhB andMBwere studied in the presence and absence of
alternative spatial electric field, respectively. The piezoelectric
property of blank PMN-PT particles was investigated by PFM, and
the piezoelectric potential output of PMN-PT was simulated with
COMSOL multiphysics software. The photocatalytic stabilities of
PMN-PT and PMN-PT@TiO2 were investigated for several runs.

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 experi-
ment. Magnesium carbonate basic pentahydrate ((MgCO3)4$M-
g(OH)2$5H2O, 40.0e44.5%), niobium (V) oxide (Nb2O5, 99.5%),
trilead tetraoxide (Pb3O4, 95.0%), titanium dioxide (TiO2, 98.0%) and
ethanol (CH3CH2OH, 99.7%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. To synthesize nano titanium dioxide
(TiO2) powders, tetrabutyl titanate (Ti(OC4H9)4, 98.0%) was pur-
chased from Shanghai Lingfeng Chemical Reagent Co., Ltd.

2.2. Preparations

TiO2 nanoparticles were synthesized through a reported hy-
drothermal method [38]. 7 mL ethanol was mixed with 61 mL
distilled water by magnetic stirring for 10 min, and then 8 mL
tetrabutyl titanate was added dropwise into the solution. After
continuously stirred for 30 min, the final mixture was transferred
into a 100 mL homemade polytetrafluoroethylene lined stainless
steel reactor. Hydrothermal reaction was conducted at 150 �C for
24 h. After cooling down to room temperature, the reaction product
was centrifuged and washed with distilled water and ethanol for
several times, then the precipitates were dried at 60 �C overnight in
an oven.

PMN-PT powders were prepared by a two-stage solid phase
sintering method [37]. Magnesium niobate (MgNb2O6) was syn-
thesized at the first stage. To obtain stoichiometric proportion
magnesium niobate, magnesium carbonate basic pentahydrate
(treated as MgO) and niobium (V) oxide with a molar ratio of 1.02
were mixed in ethanol for 24 h by planetary ball milling. After the
mixturewas dried and ground, the obtained powders were sintered
at 1000 �C for 2 h. The second stage was to prepare PMN-PT. The
mixture of magnesium niobate, trilead tetraoxide and titanium
dioxide with the molar ratio of 0.225:0.337:0.325 was milled for
24 h in ethanol and dried over night to get well-proportioned re-
action powders. Then the powders were pre-sintered at 700 �C for
0.5 h, and sintered at 800 �C for 3 h during the second sintering
process. At last, the obtained product was ground and sieved
through 200 mesh before utilized.

The method to fabricate PMN-PT@TiO2 was similar to the syn-
thesis process of TiO2. At first, 10.0 g of as-prepared lead magne-
sium niobate-lead titanate powders were ultrasonic dispersed in
the solution consisted of 61 mL distilled water and 7 mL ethanol for
10 min. Secondly, 8 mL of tetrabutyl titanate was added in drops
and the final mixture was vigorously stirred for 30 min. Thirdly, the
reaction mixture was poured into a 100 mL homemade polytetra-
fluoroethylene lined stainless steel reactor and aged at 150 �C for
24 h. After cooling down to room temperature, the product was
isolated by centrifugation, washed with distilled water and ethanol
for several times, and dried overnight in an oven. Finally, the pre-
pared powders were ground and sieved through 200 mesh.
2.3. Characterizations

The structure characterization of as-prepared samples was
performed on a SmartLab (Rigaku) thin-film diffractometer
employing Cu Ka radiation (l¼ 0.15406 nm), with a scanning rate of
10�/min in the 2q angle ranged from 20� to 70�. Scanning electron
microscopy (SEM) was performed with a S-4800 scanning electron
analyzer with an accelerating voltage of 15 kV. High resolution
transmission electron microscopy (HRTEM) images were acquired
with a 200 kV FEI Tecnai. UVevis diffuse reflection spectra were
obtained for the as-prepared samples using an ultra-
violetevisibleenear infrared (UVeVis-Nir) 3101 spectrophotom-
eter (Shimadzu) with BaSO4 as the reflectance sample in the
wavelength ranged from 200 to 800 nm. The absorption spectra
were converted from reflection by the Kubelka-Munk method. PFM
was performed using a Bruker Dimension Icon Scanning Probe
Microscope with a Pt-coated conductive tip. A 10 V AC voltage was
applied on the conductive tip of the PFM to detect the piezoelectric
response of PMN-PT particles.

A 15 W lamp (lmax ¼ 254 nm) was used as UV light source,
which irradiated at a distance of 20 cm to the reacting substance.
The ultrasonic wave was introduced by a SK3300HP ultrasonic
machine (Kedao) with the working frequency of 53 kHz and the
consumed power of 180 W. The degradation efficiency of com-
mercial organic dye RhB (12 mg/L, 50 mL) over prepared samples
were studied under ultrasonic wave vibration in the presence (U-L)
and absence (U-NL) of UV light irradiation, as a contrast, the pho-
tocatalytic reactions were also carried out using magnetic stirring
under UV light illumination (S-L). Prior to catalytic reaction, 50 mg
powders were ultrasonic dispersed in 30 mL distilled water for 1 h
to avoid the agglomeration of the particles, and then 20mL 30mg/L
RhB was added to form a 12 mg/L organic dye solution. After that,
the suspension was stirred for 1 h in the dark to establish
absorption-desorption equilibrium. The degradation experiments
of MB (6 mg/L, 50 mL) over PMN-PT@TiO2 were conducted similar
to that of RhB. During all the catalytic process, any temperature
rises caused by ultrasonic wave vibration, magnetic stirring and/or
UV light irradiation were avoided by cool alcohol circulation. Dur-
ing the testing process, 3 mL of the sample solution was taken out
every 30 min and analyzed by a UVeVis-Nir 3101 spectropho-
tometer. The dye concentrations of RhB and MB were measured at
its maximum absorption peak (l¼ 553 nm for RhB and l¼ 664 nm
for MB), respectively. The percentage of degradation is designated
as C/C0 (C and C0 are the test and original concentration of the
measured dye solution, respectively). The durability experiments of
RhB catalyzed by PMN-PT and PMN-PT@TiO2 were carried out
under UV light irradiation in the presence of ultrasonic wave vi-
bration. After the suspension was measured, the photocatalyst
powders were collected for the next run utilization.
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3. Results and discussion

XRD, SEM and TEM were used to study the structures of the as-
prepared samples. Fig. 1 shows the XRD patterns of TiO2, PMN-PT
and PMN-PT@TiO2. The peaks of PMN-PT display that the fabri-
cated sample is pure perovskite structured PMN-PT with the lattice
constants of a ¼ 4.03 Å, b ¼ 4.00 Å, and c ¼ 4.02 Å, which are
consistent with the standard values of thin film PMN-PT [32,34]. All
the diffraction peaks of TiO2 can be found at 25.4�, 38.0�, 48.1�,
54.8� and 62.9�, which indicate the anatase structure of the sample
[38,39]. The XRD patterns of composite PMN-PT@TiO2 include all
the diffraction peaks of PMN-PT and TiO2 without any impurity
peak. The result confirms that the original crystal structures of
Fig. 1. XRD patterns of perovskite structured PMN-PT, anatase structured TiO2 and
composite PMN-PT@TiO2.

Fig. 2. SEM images of (a) PMN-PT cubes, (b) TiO2 particles and (c) composite PMN-PT@TiO
image of PMN-PT@TiO2.
PMN-PT and TiO2 are not changed through hydrothermal
procedure.

The typical morphologies of PMN-PT, TiO2 and PMN-PT@TiO2
are depicted in Fig. 2. PMN-PT is composed of cubes with smooth
surface, which are less than 1 mm (Fig. 2 (a)). Fig. 2 (b) suggests that
TiO2 synthesized through hydrothermal method are nano spherical
particles. After being deposited by the small particles which are
testified to be TiO2 by HRTEM analysis (Fig. 2 (f)), the surface of
PMN-PT@TiO2 becomes rough, as Fig. 2 (c) displays. The TEM im-
ages (Fig. 2 (d) and (e)) of PMN-PT@TiO2 indicate that the spherical
TiO2 nanoparticles are tightly and uniformly deposited on the
surface of PMN-PT cubes. The diameter of TiO2 particle is demon-
strated to be almost the same, about 10 nm. The HRTEM image
suggests that the interfaces of PMN-PT and TiO2 contact compactly,
indicating the formation of heterojunction between the interfaces
of PMN-PT and TiO2 particles. Moreover, the HRTEM image illus-
trates that the interplanar distances in the TiO2 and PMN-PT por-
tions are ca. 0.35 and 0.27 nm, corresponding to the spacing of the
(101) and (110) planes of TiO2 and PMN-PT, respectively.

UVevis diffuse reflection spectra of as-prepared PMN-PT, TiO2
and PMN-PT@TiO2 powders were detected and converted to ab-
sorption spectra to study their optical absorption ability. As pre-
sented in Fig. 3 (a), the UVevis absorption edges of TiO2, PMN-PT
and PMN-PT@TiO2 are around 400 nm, 425 nm and 420 nm,
respectively. From the onset of the absorption edge, the optical
band gap is estimated by the following equation [40],

ahv ¼ A
�
hv� Eg

�n

in which a, h, n, A and Eg are absorption coefficient, Plank constant,
light frequency, proportional constant and band gap, respectively.
In the equation, n depends on the characteristics of the transition in
the semiconductor photocatalyst. The value of n for both TiO2 and
PMN-PT is determined as 2 (Fig. 3 (b)). The band gaps of TiO2 and
PMN-PT are determined to be about 2.95 and 2.62 eV, respectively.

Piezoelectric force microscopy is an effective technique to study
2 sample, (d, e) TEM images of PMN-PT@TiO2 with different magnification, (f) HRTEM



Fig. 3. (a) The UVevis absorption spectra of prepared PMN-PT, TiO2 and PMN-PT@TiO2 powders, (b) the calculation diagram of PMN-PT and TiO2 band gap.
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the ferroelectric and piezoelectric phenomena in low dimensional
materials [41e43], and it is therefore used to characterize the
piezoelectric responses of PMN-PT powders. The piezoresponse
magnitude can be estimated from the amplitude image of Fig. 4 (a).
It demonstrates that PMN-PT particles possess piezoelectric prop-
erty. The phase image is described in Fig. 4 (b), the dark and bright
regions in particles are corresponding to the domains oriented
upwards and backwards directions, respectively. The existence of
180� domains reveals that the PMN-PT sample is ferroelectric at
room temperature. Moreover, it can be expected that the piezo-
electric potential output will be detected if external force is acted
on PMN-PT powders.

The photocatalytic capability of as-prepared samples for RhB
degradation is presented in Fig. 5. The role of ultrasonic wave vi-
bration in the photocatalytic performance was studied in the
presence (Fig. 5 (a)) and absence (Fig. 5 (b)) of UV light irradiation.
Fig. 5 (a) suggests that with the synergistic effect of ultrasonic wave
vibration and UV light irradiation, the photocatalytic activity of the
PMN-PT@TiO2 sample is the highest, > 99%, while the conversions
of RhB are 85% and 75% over TiO2 and PMN-PT, respectively. As
Fig. 5 (b) depicts, in the absence of light, the degradation rate of RhB
on TiO2 is similar with its self-degradation one under ultrasonic
wave irradiation. PMN-PT and PMN-PT@TiO2 induce a slight
degradation of 15% and 18%, respectively, possibly caused by elec-
trocatalytic mechanism [30]. As a contrast, the photocatalytic
Fig. 4. PFM results of PMN-PT particles: (
reactionwas also carried out usingmagnetic stirring under UV light
irradiation (Fig. 5 (c)), displaying that the photocatalytic activity of
TiO2 is the highest, which is up to 75%, while the decolourization
efficiencies of RhB over PMN-PT and PMN-PT@TiO2 are just about
40% and 50%, respectively. The result reveals that the formation of
heterojunction between the interfaces of PMN-PTand TiO2 does not
provide PMN-PT@TiO2 with higher photocatalytic activity by using
traditional magnetic stirring. To better compare the photocatalytic
activity of prepared samples under the above three conditions, the
degradation efficiencies of RhB at 210 min catalyzed by TiO2, PMN-
PT and PMN-PT@TiO2 powders are summarized in Fig. 5 (d). Under
the condition of U-L, the photocatalytic efficiency of PMN-PT@TiO2
is the highest, while the efficiency of TiO2 is the highest under the
condition of S-L. Moreover, compared with magnetic stirring, the
ultrasonic wave vibration improves the photocatalytic efficiency of
PMN-PT@TiO2, PMN-PT and TiO2 by about 50%, 35% and 10% in the
presence of UV light illumination, respectively. It indicates that the
enhancement role of ultrasonic wave vibration in the photo-
catalytic activity of the as-prepared samples is different. Further-
more, there is nearly no difference in the degradation of RhB over
as-prepared samples under the condition of U-NL, suggesting that
the ultrasonic wave vibration itself is not the reason for the
different photocatalytic activity enhancement. Given the piezo-
electric and ferroelectric properties of PMN-PT, it is necessary to
investigate the micro interaction between PMN-PT particles and
a) LS PR amplitude, (b) LS PR phase.



Fig. 5. The photocatalytic degradation patterns of RhB (12 mg/L, 50 mL) catalyzed by PMN-PT, TiO2 and PMN-PT@TiO2 under U-L (a), U-NL (b), and S-L (c). (d) Degradation efficiency
of RhB at 210 min under the above mentioned three conditions.

Scheme 1. Acoustic pressure vibration during sound wave propagation and cavitation
phenomenon: formation, growth and collapse of bubbles in liquid medium [30].
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ultrasonic wave vibration.
As we know, acoustic cavitation, an important phenomenon

during ultrasonic wave vibration, could generate extremely active
bubbles in water, which possess tremendous energy. It has been
estimated from calculations that the pressure inside awater bubble
can rise to more than 1000 atm [30,44]. The formation, growth and
collapse of water bubbles in liquid medium are shown in Scheme 1.
When piezoelectric PMN-PT powders are immersed in the water
under ultrasonic wave vibration, the local high pressure, caused by
the collapse of bubbles, will compel PMN-PT to deform periodically
along with the vibration of ultrasonic wave, and the alternative
spatial electric field generated by piezoelectric potential is formed
simultaneously. Up to now, there is not an effective instrument to
measure the deformation and piezoelectric potential of macro
cubes under ultrasonic wave vibration. Therefore, the generated
strain and piezoelectric potential of PMN-PT powders were simu-
lated with COMSOL multiphysics software. The geometrical char-
acteristics of the PMN-PT particles model were: width: 500 nm,
depth: 500 nm, height: 500 nm (Fig. 6 (a1)). The bottom surface of
the model was fixed and grounded, a 100 MPa (the pressure inside
a water bubble) tensile (Fig. 6 (a2)) and compressive (Fig. 6 (a3))
stress were respectively applied to the upper surface along the
negative z-axis. A shear stress (Fig. 6 (a4)), 100 MPa stress acting on
the upper and left surface of PMN-PT along negative z-axis and x-
axis simultaneously, was also introduced to simulate the defor-
mation and piezoelectric potential of PMN-PT particles. The simu-
latedmaximum or minimum potential (Fig. 6 (b2), (b3) and (b4)) of
PMN-PT results indicate that the generated potential outputs,
distributed on the surface of PMN-PT cube, are about 1.8, �1.8 and
3.5 V, respectively, which is big enough to accelerate the separation
of photogenerated carriers.

With the synergistic of ultrasonic wave vibration and UV light
irradiation, the interaction of photogenerated carriers and piezo-
electric potential is illustrated in Scheme 2. In the presence of ul-
trasonic wave vibration, three types of piezoelectric potentials of
PMN-PT (Scheme 2 (a)) and PMN-PT@TiO2 (Scheme 2 (b)) are
randomly generated, and the corresponding alternative spatial
electric field of PMN-PT is formed simultaneously. Hence, under UV
light illumination, the photogenerated electrons (black spheres)
and holes (white spheres) of PMN-PT (blue cubes), influenced by



Fig. 6. Deformation of PMN-PT particles simulated with COMSOL multiphysics software under no stress (a1), tensile stress (a2), compressive stress (a3) and shear stress (a4),
respectively, the corresponding piezoelectric potential outputs are displayed in (b1), (b2), (b3) and (b4).
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the spatial electric field, will directionally transfer to the positive
and negative potential surfaces, respectively. For the case of PMN-
PT@TiO2, the photogenerated electrons and holes of both PMN-PT
(blue cubes) and TiO2 (purple spheres) move simultaneously to-
wards positive and negative potential surfaces of PMN-PT, respec-
tively. Therefore, the separation of photogenerated carriers of PMN-
PT and PMN-PT@TiO2 is promoted during the catalytic process. It is
worth noting that PMN-PT@TiO2 possesses superior catalytic
property than PMN-PT, as Fig. 5 (c) demonstrated, leading to an
increase 50% in catalytic efficiency of PMN-PT@TiO2 under U-L,
which is much higher than that 35% of PMN-PT. Moreover, it is
important to point out that a static electric field can be easily
Scheme 2. The schematic details of the enhancement effect of spatial electric field introduc
PT@TiO2 (b). The black, white, purple spheres and the blue cubes stand for photogenerated
saturated by photogenerated carriers [30], but the periodically
alternative special electric field of PMN-PT cannot, suggesting that
the role of special electric field in photocatalytic activity is played
almost all the catalytic process, which makes the enhancement
effect more sufficient.

The durability experiments of PMN-PT and PMN-PT@TiO2 were
carried out to estimate the stability of catalysts in the presence of
ultrasonic wave vibration and UV light irradiation. As Fig. 7 de-
scribes, there is no obvious decrease in the catalytic efficiency of
both PMN-PT and PMN-PT@TiO2 even after five runs, suggesting
the excellent stability of photocatalysts. The result demonstrates
that the piezoelectric effect of PMN-PT doesn't get worse after UV
ed by ultrasonic wave vibration on the photocatalytic activity of PMN-PT (a) and PMN-
electrons, photogenerated holes, TiO2 particles and PMN-PT cubes, respectively.



Fig. 7. The cyclic degradation curves of RhB (12 mg/L, 50 mL) solution catalyzed by PMN-PT (a) and PMN-PT@TiO2 (b) under U-L.

Fig. 8. XRD patterns of PMN-PT and PMN-PT@TiO2 measured before and after dura-
bility experiments, letter A and B represent characterized after and before five runs,
respectively.

Fig. 9. The degradation patterns of MB (6 mg/L, 50 mL) solution over PMN-PT@TiO2

measured under U-L, S-L and U-NL, respectively.
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light illumination and ultrasonic wave irradiation, and alternative
spatial electric field steadily plays an enhancement role on photo-
catalytic activity throughout the five runs. The XRD patterns of
PMN-PT and PMN-PT@TiO2 characterized before and after dura-
bility experiments are depicted in Fig. 8. After five runs, all the
diffraction peaks of PMN-PT@TiO2 and PMN-PT remain the same as
that characterized before, which indicates that the phases of both
PMN-PT and PMN-PT@TiO2 are not changed after long time UV
light irradiation and ultrasonic wave vibration. It further manifests
the brilliant stability of PMN-PT and PMN-PT@TiO2.

The effect of alternative spatial electric field of PMN-PT on the
photodegradation of MB over PMN-PT@TiO2 was also investigated.
Fig. 9 displays the degradation capability on MB solution measured
in the presence and absence of UV light irradiation and ultrasonic
wave vibration, as well as magnetic stirring and UV light illumi-
nation. Similar to the degradation situation of RhB, there is almost
no degradation ofMB under U-NL, and the degradation efficiency of
MB is increased by about 25%, from 60% under S-L to 85% under U-L.
The result demonstrates that the alternative spatial electric field is
not only beneficial for the degradation of RhB, but also for that of
MB.

4. Conclusions

In summary, we firstly constructed PMN-PT with TiO2 to fabri-
cate novel composite photocatalyst PMN-PT@TiO2. With the as-
sistant of the ultrasonic wave exited alternative spatial electric field
of PMN-PT, the photodegradation capabilities on RhB and MB over
PMN-PT@TiO2 were highly improved by about 50% and 25%,
respectively. The PFM images and the COMSOL multiphysics
simulation results of PMN-PT sample verified its excellent piezo-
electric property. The durability experiments and the XRD results of
PMN-PT and PMN-PT@TiO2 also demonstrated their good photo-
catalytic stabilities over five runs. Importantly, this study provides a
general method for constructing various piezoelectric-based pho-
tocatalyst materials which will capture solar energy, acoustic wave
energy and wind energy from nature to realize multi-field energy
coupling and high photocatalysis. Hence, the enhancement effect of
alternative spatial electric field on photocatalytic activity should be
further studied and utilized in the practical application.
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