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Exploring robust catalysts is the key to environmental protection. By the controllable exposure of polarization
surfaces, the piezoelectric potential of ZnO was optimized, making micro ZnO rods, which have poor photo-
catalytic performance inherently, unexpectedly exhibit excellent piezoelectric catalytic performance. More
importantly, an interesting phenomenon of field-controlling selective adsorption was discovered for the first
time. This field-controlling selective adsorption made the ZnO rod work as a self-contained field controller,

which can manipulate the migration of dye molecules according to the molecular polarity, enhancing the cat-
alytic performance. Besides, this selective adsorption can help to relieve the hole-sensitive symptoms of ZnO,
making ZnO more efficient and robust. Consequently, this study offers a new working prototype of selective

adsorption for efficient catalysis.

1. Introduction

To explore robust catalytic technologies for water purification and
environmental protection [1-4] has been an honorable mission
endowed by the times. For half a century, photocatalysis, as a green
catalytic technology, has triggered the research boom to protect the
environment [5-7]. To date, despite the significant interest and
considerable efforts paid, photocatalytic technology has an insur-
mountable shortcoming: it heavily relies on solar energy [8]. Yet, the
light cannot be round-the-clock, and in many real situations, such as in
the deep sea or other sewage systems, the light cannot go through, which
enormously hampers the large-scale practical application. Conse-
quently, game-changing research are required to overcome the current
dilemma.

In 2010, Hong et al. unearthed an interesting phenomenon that
through ultrasonic vibration of piezoelectric fibers, the stress-induced
crystal polarization can drive the separation of free carriers to partici-
pate in catalytic reactions, achieving direct mechanical-to-chemical
energy conversion [9]. The discovery makes catalysts evolve to such a

state that catalytic reactions can be started by responding to mechanical
waves from the environment, getting rid of the dependence on light.
Since then, piezoelectric catalysis has been gradually coming into re-
searchers’ sight [10,11]. For instance, BaTiO3 has been reported that it
can degrade pigments and achieve tooth whitening [11]. Besides, some
other piezoelectric materials (such as BioWOg [12], PbTiO3 [13]) have
also been discovered to possess the capability of catalytic degradation in
an aqueous sonication bath.

However, the current study is in infancy. There is little in-depth
research to dig the piezoelectric-catalytic mechanism, which is impor-
tant but poorly understood. At present, the understanding of the
mechanism is generally at a shallow level: when the piezoelectric crystal
is excited by mechanical stress, the positive and negative potential will
be created on the opposite surface of the polarized crystal, being named
as positive polarization domains (PPD) and negative polarization do-
mains (NPD) respectively, and then the piezo-generated built-in electric
field can be used to separate carriers for the catalytic degradation
[14,15]. But there is no research to answer the deeper but neglected
questions, such as how the morphology affects the piezoelectric-
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catalytic performance, how does the dye molecules behave under the
piezoelectric field-controlling environment.

Herein, we choose ZnO, a typical piezoelectric material, to act as a
piezoelectric catalyst model. By continuously tailoring the morpholog-
ical structure, unearth the structure-performance relationship, which is
greatly different from that in the photocatalysis. In addition, the typical
cationic dyes, like Rhodamine B (RhB) and methylene blue (MB) [16],
and anionic dye, like methyl orange (MO) [12], were chosen to detect
the dye molecular behavior in the piezoelectric field. We for the first
time find that the piezoelectric field can control the molecular behavior
according to the molecular polarity: the dye molecules tend to be
selectively adsorbed into the polarized surfaces with the opposite charge
under the control of the piezoelectric field, achieving field-controlling
selective adsorption, which can enhance the interaction between dye
molecules and carriers, increasing the catalytic performance. In the
system of ZnO and RhB, the hole-sensitive symptoms of ZnO can be
relieved because this field-controlling selective adsorption can help to
make full use of holes for catalysis. Furthermore, in the piezo/photo-
catalytic synergistic degradation process, the photo-corrosion can be
relieved, and the piezo-generated built-in electric field can guide the
migration of carriers and dye molecules, optimizing the catalytic per-
formance. Therefore, our study provides a feasible and general strategy
to construct various field-controlling systems for selective adsorption to
enhance the desired performance.

2. Materials and methods
2.1. Materials

Zinc acetate dihydrate (ZnAcy, >99.0%), hexamethylenetetramine
(HMT, >99.0%), ethanol, methanol (CH3OH, >99.7%), isopropyl
alcohol  (IPA, >99.7%), p-benzoquinone  (BQ, >99.0%),
NapS04(>99.0%), acetic acid(>99.7%), tetraethyl titanate (Ti(OCoHs)4,
>99.5%), NaOH(>98%), Ba(OH),-8H20(>98%) were purchased from
Sigma-Aldrich. Rhodamine B (RhB, >99.0%), methylene blue (MB,
>98.5%), methyl orange (MO, >96%) were obtained from Tianjin
Guangfu Fine Chemical Research Institute. All the chemicals were used
as starting materials. Deionized water was used throughout the
experiment.

2.2. Preparation

The preparation procedure for hexagonal ZnO crystals was as follows
[17]. Zinc acetate dihydrate (3.0 g) and hexamethylenetetramine (1.92
g) were dissolved in 24 mL, 120 mL, 240 mL and 360 mL of deionized
water, respectively. Keep these beakers covered by preservative films at
90 °C for 12 h. Wash the obtained white precipitates with deionized
water and ethanol four times, respectively, and dry them at 60 °C for 12
h. At last, calcine the products at 200 °C for 2 h in the air. The prepared
products were named as ZnO-24, ZnO-120, Zn0O-240 and ZnO-360,
respectively.

The preparation of BaTiOs was as follows. Typically, 25 mL Ti
(OCyHs)4 was dropped into 1.0 M acetic acid solution to prepare tita-
nium precursor Ti(OH)4. After 72 h, wash the precipitate with water and
then dry at 60 °C. Then add the prepared Ti(OH)4 and Ba(OH),-8H;0
(molar ratio Ti: Ba = 1:1) into 0.25 M NaOH solution. After being stirred
for 30 min, the above solutions (60 mL) were transferred into the pol-
ytetrafluoroethylene reactors and then put reactors at 200 °C for 6 h.
When cooled to room temperature, the white precipitates were washed
with water for three times.

2.3. Characterization
The morphological observation was measured on a field emission

scanning electron microscope (FESEM, JSM-7600F) and a transmission
electron microscopy (TEM). The XRD patterns were recorded on a Lab
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XRD-6100 X-ray diffractometer (Shimadzu) with Cu Ka radiation (1 =
0.1541 nm). Piezoelectric force microscopy (PFM) measurements were
performed using Bruker Dimension ICON. Photoluminescence (PL)
spectroscopy was performed on a fluorescence spectrophotometer (Cary
Eclipse, Agilent) using 325 nm emission.

2.4. Catalytic degradation of organic dyes, such as RhB, MB, and MO

To evaluate the catalytic activities of samples, a series of experiments
were carried out. Typically, each sample (0.2 g) was dispersed into 200
mL of 10 mg/L dye solution in a quartz reactor, which was surrounded
by cooling water.

For photocatalysis, the quartz reactor was illuminated by a 300 W
xenon lamp.

As for the piezoelectric catalysis, the quartz reactor was put in an
ultrasonic cleaner (40 kHz, power-adjustable, max: 300 W) equipped
with an electric stirrer. For the sake of shielding against the light, the
ultrasonic cleaner was covered by the photomask.

During the measurement, the suspension was kept in the dark for 30
min. Then the catalytic reaction was initiated with ultrasonic and light
waves for piezoelectric-catalysis and photocatalysis, respectively. 4 mL
of the suspension was taken at given time intervals during the catalytic
process. All the suspension samples were separated through centrifu-
gation, and then the absorbance of the solution was recorded using a
Cary 5000 UV-vis spectrophotometer by monitoring the absorption
spectrum of each dye. The degradation efficiency was reported as C/C
(C and Cy are the peak intensity of the adsorption spectra measured at
different time t and the beginning, respectively).

2.5. Detection of active species

Active species trapping experiments were conducted as follows. 1.0
mM CH3OH, IPA, BQ, and Nay;SO4 were chosen as the quenchers of the
hole (h™) [18], hydroxyl radical ("OH) [19], superoxide radical ("O3)
[19], the electron (e™) [20-24] respectively. The procedures were just
the same as the above process of degradation except for the addition of
quenchers.

2.6. Piegoelectrochemical assessment

The piezoelectrochemical assessment of the samples was performed
by an electrochemical workstation (CHI600E, Shanghai) using Ag/AgCl
and Pt as the reference electrode and the counter electrode, respectively.
The prepared samples acted as the working electrodes. The current of
the working electrodes was recorded with or without sonication con-
ditions (300 W, 40 kHz) for 10 s, respectively.

3. Results and discussion
3.1. Morphology, structure and piezoeletric properties

The rod-like structure is the most common morphology among the
various ZnO crystals [25,26]. It is well known that ZnO rods along the c-
axis direction can contribute to the exposure of side surfaces, which are
more sensitive to force, serving as polarization surfaces [27]. When
subjected to force, ZnO rods will be polarized, creating positive and
negative potentials at the opposite side surfaces [28]. Thus, to expose
polarization surfaces, the morphologies were tailored by directing the
growth of ZnO crystals. As Fig. 1a-d show, the highest precursor con-
centration can help the formation of oblate-like particles with a diam-
eter of about 70 nm. When the precursor concentration declines, the
ZnO shapes change from particles into hexagonal prismatic rods with the
lengths of about 4.13, 4.48, 8.79 um and the diameters of about 3.18,
1.95, 2.54 ym for ZnO-120, Zn0O-240, and ZnO-360, respectively
(Table S1). Accordingly, the length-to-diameter aspect ratio (Table S1)
increases monotonically from ZnO-120 to ZnO-360, causing more side
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Fig. 1. FESEM images of (a) ZnO-24, (b) Zn0-120, (c) Zn0O-240, and (d) Zn0O-360; (e¢) TEM image, (f) HRTEM image and (g) the corresponding SAED pattern of ZnO-
360; (h) XRD patterns of the ZnO-24, Zn0O-120, ZnO-240 and ZnO-360 catalysts; (i) schematic illustration of the growth models of the ZnO rod.

surfaces to be exposed.

Then TEM was performed to elucidate the atomic structure of ZnO-
360 crystal. Fig. le is the side view of the prepared ZnO-360 rod.
Perpendicular to the rod, the lattice spacing (Fig. 1f) is ca. 0.26 nm,
which can be ascribed to the (001) polar plane [26,29], indicating the
growth direction along c-axis [30]. The corresponding selected area
electron diffraction (SAED) pattern (Fig. 1g) can be indexed as the [100]
zone spots of hexagonal ZnO [31] and reflects the single-crystalline
nature of the ZnO rods. In general, the prepared ZnO rods are elon-
gated in the [001] direction, and leave behind (1 00) facets exposed on
the side surfaces.

Besides, XRD patterns were also recorded to further monitor the
crystallographic structure. As Fig. 1h shows, the diffraction peaks of all
samples match well with the hexagonal piezoelectric structure of ZnO
(JCPDS 36-1451). Also, the peaks are very sharp, which evidences the
high crystal quality of ZnO. Furthermore, with the decreasing precursor
concentration, the calculated values of I;oo: Ino2 increase monotonically
from 0.51 to 3.51, suggesting that the proportion of (100) facets
exposed on the side surface increases due to the preferential growth in
the [001] direction. This means the larger proportion of polarization
surfaces have been formed in polarized ZnO rods, which is consistent
with FESEM and TEM observation.

The above results indicate that the precursor concentration makes a
remarkable influence on the morphologies of ZnO (Fig. 1i). During the

hydrothermal process, zinc acetate and HMT provide CH3COO™ and
OH" ions, respectively [17,32]. At higher precursor concentration, more
CH5COO™ ions tend to adsorb on the Zn?*-terminated (001) polar plane
[33], suppressing crystal growth in the [001] direction. Thus, the shape
of Zn0O-24 is oblate-like. When the precursor concentration declines,
OH" ions will substitute CH3COO™ ions to adsorb on the (001) plane as
the precipitant [34], facilitating preferential growth along the c-axis,
leaving behind the (100) facets as the main crystal planes of ZnO rods
(Fig. 1). Thence, if the ZnO rod extends in the [001] direction, the
fraction of (100) facets will increase, denoting a larger proportion of
polarization surfaces in polarized ZnO rods.

The PFM was performed to confirm the piezoelectric property of ZnO
rods. This technique (Fig. 2a) is based on the detection of local shape
deformation in response to an external electrical voltage due to the
electro-strictive effect [35]. Fig. 2b shows the typical three-dimensional
morphology of ZnO rods. The amplitude and phase maps are shown in
Fig. 2c and e. The hysteretic amplitude versus bias voltage exhibits a
standard ferroelectric butterfly loop, and signifies the apparent variation
in the amplitude (Fig. 2d) owing to the changing strain with an applied
ramp voltage. This certifies the piezoelectric property of the ZnO rods.
Besides, the phase curve (Fig. 2f) is well-matched with the amplitude
curve and displays an approximately 180° switching. The switching
behavior is the direct embodiment of the piezoelectric characteristic,
which is in accordance with the piezoelectric crystal structure proved by
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Fig. 2. (a) Schematic of the PFM setup for the Zn0O-360 rods; (b) PFM morphology, (c) the relative amplitude of the piezoelectric response, (e) the phase of the
piezoelectric response; (d) the standard piezoelectric amplitude curve and (f) the phase curve.

XRD.

To further study the relationship between morphologies and piezo-
electric properties, the finite element method (FEM) was used to
calculate the piezoelectric potential distribution and output. In Fig. 3a,
the length and diameter are [ = 8.79 pm and d = 2.54 pm, respectively.
According to sonication conditions (300 W, 40 kHz), the applied stress is
chosen as 60 KPa. The material constants used in the calculation are
elastic constants c11 = 209.7 GPa, c12 = 121.1 GPa, c13 = 105.4 GPa,
23 = 105.4 GPa, ¢33 = 211 GPa, c44 = 42.4 GPa, and ¢55 = 42.4 GPa,
piezoelectric constants e15 = —0.48 C/m?, e31 = —0.57 C/m?, and €33
= 1.32 G/m>. The relative dielectric constants are ¥, = 8.54 and K| =

10.2. Fig. 3a shows the potential distribution of Zn0O-360 at its side

cross-section parallel to its c-axis. By finite element analysis, it is
apparent that when the ZnO rod is subjected to the ultrasonic wave, the
positive and negative potential will be created at the opposite side
surfaces, generating a potential drop. In addition, the potential values
increase from ZnO-24 to ZnO-360 (Fig. 3b). This is because the larger the
proportion of polarization surfaces is, the greater the piezoelectric po-
tential can be generated [27,36], the higher piezoelectric current can be
formed (the inset image of Fig. 3b).

An atomic mode (Fig. 3c-d) is used to elaborate on the inversion of
stress into electricity [37]. Typical wurtzite ZnO crystal structure be-
longs to the space group P6smc, and each Zn?" cation is surrounded by
four 0%~ anions with two lattice parameters a (3.2489 /O\) and c (5.2049
A), as shown in Fig. 3c. Thus, wurtzite ZnO holds an asymmetric crystal
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Fig. 3. (a) The piezoelectric potential distribution of ZnO-360; (b) piezo-potential of different samples; and the inset of b is the piezoelectric current response of
different samples; (c) atomic structure of wurtzite ZnO crystal; (d) schematic illustration of piezoelectric effect in tetrahedrally coordinated cation-anion unit cell.

structure, which is the key to the generation of piezoelectric potential.
As Fig. 3d shows, the Zn?" cations and 02~ anions construct a tetrahe-
drally coordinated structure. When Zn-O dipoles are in a free-strain
state, positive and negative charge centers overlap with each other,
meaning that the dipole moment is zero. Yet, when the unit cell is
endured by external stress, due to atomic displacement in domain
switch, the Zn-O tetrahedra can deform, causing cation centers and
anion centers are dislocated, generating a nonzero dipole moment [37].
Then, this structural summation of dipole moments created by all the
unit cells in the crystal can form a macroscopic potential drop on the
surface along the straining direction. Moreover, with the increasing
proportion of polarization surfaces, greater piezoelectric potential can
be accumulated and exported to manipulate the separation and migra-
tion of free carriers in an opposite direction, guiding separated carriers
to participate in the catalytic reactions.

3.2. Study on the piezoelectric catalysis

To dig how the piezoelectric field affected the catalytic reactions,
more detailed studies were performed and discussed as follows. The
degradation kinetics of dyes were calculated based on the Langmuir-
Hinshelwood model, and the degradation exhibited a pseudo-first-
order kinetics reaction:

d[Dye] _
- S kel &
for [Dye] = [Dyelpatt =0

[Dye]o _
In( Dye] ) =kt 2)

where k is the pseudo-first-order rate constant.

3.2.1. Morphology-dependent piezoelectric-catalysis

In Fig. 4a-b, it is obvious that RhB cannot be degraded only with
ultrasonic waves, implying that mechanical energy cannot be directly
converted into chemical energy. Yet when the ZnO piezoelectric cata-
lysts are added, ultrasonic waves, as a kind of mechanical energy, can
make ZnO rods polarized and form a built-in piezoelectric field. Under
the electric field, owning to strong electrostatic attraction, the PPD
surface will draw compensating electrons toward the surface, while the
NPD surface will repel electrons from the surface, as Eq. (3) shown [28].

ZnO + strain~PPD(e”) + NPD(h") 3)

So, the carriers can be separated and migrate in an opposite direction
for catalytic degradation (Fig. 4a-b). Interestingly, with the morpho-
logical sizes increasing from ZnO-24 to ZnO-360, the piezoelectric-
catalytic activity and degradation rate (Fig. 4c) are enhanced, which is
opposed to traditional cognition in the photocatalytic field that catalytic
activity usually enhances with decreased sizes due to increased surface
area [38,39]. The results should be related to the increasing proportion
of polarization surfaces from Zn0O-24 to Zn0O-360 (Fig. 1). As Fig. 3b
shows, if the exposure of polarization surfaces increases, a larger
macroscopic potential drop can be formed along the straining direction,
which is favorable to the separation and migration of piezo-generated
carries for the catalytic reaction. In addition, larger polarization sur-
faces in polarized ZnO rods favor more pollutant molecules to be
adsorbed in the activated domains, and then to be degraded efficiently.
Therefore, the piezoelectric-catalytic activity enhances with the
increasing exposure of polarization surfaces. In Fig. 4d, the ratios of
aspect ratio/k rise firstly and then keep stable, indicating that the
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Fig. 4. (a) Piezoelectric-catalytic degradation curves of RhB and (b)(c) the first-order degradation rate constants with different samples; (d) the relationship between

aspect ratio and rate constant k.

catalytic performance has weaker dependence on the polarization sur-
faces. With respect to ZnO-360, RhB can be degraded enormously within
60 min. Fig. S1 shows the typical change in the absorption spectra of
RhB solutions during the piezoelectric-catalytic process.

3.2.2. Detection for active species of piezoelectric-catalysis and
photocatalysis

Furthermore, different scavengers were used to detect the active
species associated with selective adsorption and degradation of RhB
(Fig. 5a-c). Besides, photocatalysis without strong electrostatic attrac-
tion was also carried out for comparison (Fig. 5d-f).

In Fig. 5a-c, the addition of CH3OH greatly decreases the piezo-
electric activity, indicating that h™ is the most dominant species. This
might result from that under the piezoelectric field, owing to electro-
static attraction, RhB, which is positively charged in water [40], can be
selectively absorbed onto the NPD surface, where a great number of h*
accumulate. Accordingly, RhB can be oxidized efficiently by h™ due to
selective adsorption [41]. In other words, in the piezoelectric catalytic
process, the piezoelectric field in the polarized ZnO crystals can control
the RhB molecules to be selectively absorbed onto the hole-gathering
NPD surface because of the electrostatic attraction, achieving field-
controlling selective adsorption, and this would facilitate the efficient
reactions between RhB and h™ (Eq. (4)), making holes as the most
dominant species.

NPD(h") 4 dye(RhB)—products @

On the contrary, RhB, as a kind of cationic dye, is always repelled by
the PPD surface due to repulsive forces. Then the floating RhB dyes react
with O3 or "OH in the bulk solution in an inefficient way (See Egs. (5)-
(8)), making ‘Oz and ‘OH less important because of lacking good

contact.

e +0,-A0, 5)
A-O, + dye(floatingRhB)—products (6)
h* + H,0—~A-OH )
A-OH + dye(floatingRhB)—products ®

In a word, under the piezoelectric field, it is due to the selective
accumulation of h™ and cationic RhB on the same NPD surface that holes
become the most dominant species.

However, as for the photocatalysis without strong electrostatic
attraction, the photooxidation with *O3 floating in water dominates the
catalytic reactions, making the photocatalytic efficiency lower than the
piezoelectric catalytic efficiency (Fig. 5d-f). Lacking electrostatic
attraction, the RhB molecules cannot be selectively adsorbed onto the
NPD surface, so most RhB dyes float in the water and are degraded by
floating ‘O3 instead of h™, which inefficient process may result in low
activity and photo-corrosion from holes (discuss later). This result
highlights the importance of selective adsorption for catalytic reactions.

3.2.3. Detection for active species using different cationic and anionic dyes

To further prove the field-controlling selective adsorption on corre-
sponding charged surfaces, the cationic MB [16] and anionic MO [12]
were also investigated in the ZnO system (Fig. 6). Also, BaTiOs, as a
typical piezoelectric material, was studied to confirm the generality of
selective adsorption in the piezoelectric field (Fig. 7). In the cationic MB
system, no matter the catalyst is ZnO or BaTiOs, the addition of CH30H
has the most influence on the piezoelectric activity, meaning that holes
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are the most dominant species in this kind of cationic-dye-system.
Nevertheless, the addition of Na;SO4 or BQ has the least influence,
implying that the effect of O3 species obtained by reducing the dis-
solved oxygen with e~ (Eq. (5)) can be ignorable. The above results
declare that because of electrostatic attraction in the piezoelectric field,
h* and cationic MB tend to selectively adsorb in the same NPD surface,
realizing the efficient oxidation reaction. However, in the anionic MO
system, the addition of NaySO4 or BQ has the most influence. This is
because that under the control of piezoelectric field, anionic MO dyes
tend to selectively adsorb in electron-gathering PPD surface, where
highly concentrated ‘O3 species accumulate. Therefore, in the anionic-
dye-system, piezo-generated electrons play the most important role.
All these results reveal a common principle that under the control of
the piezoelectric field, the polarized surfaces tend to adsorb species with
the opposite charge owing to the electrostatic attraction. Consequently,

in the piezoelectric-catalytic process, cationic dyes tend to adsorb onto
the hole-gathering NPD surface and can be oxidized by holes efficiently.
Nevertheless, for the anionic dyes, they tend to adsorb onto the electron-
gathering PPD surface for efficient reactions. These results mean that the
piezoelectric field can optimize the molecular behavior according to the
molecular polarity, achieving selective adsorption in the active catalytic
zone to enhance catalytic performance.

3.2.4. Compared the catalytic stability of piezoelectric-catalysis and
photocatalysis

Fig. 8 shows the recycling stability of ZnO-360 under the different
excitation conditions. During the piezoelectric catalytic process, the
piezoelectric catalytic performance is maintained over several cycles
without any obvious changes. Nevertheless, the photocatalytic activity
of Zn0-360 decreases obviously due to inherent hole attacks [42]. In the
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Fig. 6. (a) Piezoelectric-catalytic degradation curves and (b)(c) the related degradation rate constants with scavengers by using Zn0O-360 in MB solution. (d)
Photodegradation curves and (e)(f) the related photodegradation rate constants with scavengers by using ZnO-360 in MO solution.

photocatalytic process, photodegradation occurred mainly in the bulk
solution via reacting with *Oz instead of holes (Fig. 5). Thus, a great
number of holes will be left to attack ZnO itself. Under the hole attacks,
ZnO would suffer from the dissolution, which can be represented by Eq9
[41]:

7Zn0 + 2h* —Zn*" 4+0.50, (C)]

Based on Egs. (4) and (9), it is known that the dissolution and cat-
alytic degradation are two competitive pathways. For photocatalysis of
Zn0-360, most of the photogenerated h' cannot participate in catalysis
effectively due to poor adsorption (Fig. 5d-f), and then holes are left to
attack ZnO itself, undergoing photo corrosion (Eq. (9)). However, for
piezoelectric catalysis, thanks to electrostatic attraction, most of the
piezo-generated h' can be consumed for the oxidation of RhB (Eq. (4)),

which would suppress the corrosion from holes. Hence, due to piezo-
induced selective electrostatic attraction, the catalytic degradation
pathway can overcome the attack of holes, relieving the hole-sensitive
symptom of ZnO, and making ZnO more robust and stable.

3.2.5. Mechanism discussion

The possible mechanism is described in Fig. 9. When the ZnO rod
suffers external force, a nonzero dipole moment will be propagated, and
the stretched side and the compressed side surfaces exhibit positive and
negative piezo potential, respectively, forming a built-in electric field
across the cross-section of a c-axis-oriented ZnO rod. Because the electric
field is constructed by the non-mobile, non-annihilative ionic charges,
thus these polarization charges (static and nonmobile) remain in the
crystal as long as the stress remains [28,36]. In the piezoelectric field,
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PPD draws compensating electrons toward the surface, making the
bandgap decrease here, while the NPD repels electrons from the surface,
thus the bandgap increasing under a compressive strain [28]. Due to the
piezo-induced inhomogeneous bandgap, charge carrier distribution and
transfer can be manipulated for redox reactions. Furthermore, thanks to
electrostatic attraction, the piezoelectric field can control the molecular
behavior according to the molecular polarity. Specifically, cationic dyes
tend to selectively accumulate onto the hole-gathering NPD surface,
while anionic dyes tend to adsorb at the electron-gathering PPD surface,
achieving the field-controlling selective adsorption, which makes holes
and electrons play an important role in the cationic and anionic dyes
systems, respectively, increasing the piezoelectric-catalytic performance
due to the enhanced interaction between dye molecules and carriers.
Therefore, polarized ZnO particle is just like a self-contained field

controller and can manipulate the migration of carriers and dye mole-
cules for enhanced piezoelectric-catalytic performance.

However, for other inefficient reaction paths, although these paths
exist in the catalysis, they are not the most dominant reaction paths.
Because it is selectivity-optimizing paths that dominate the piezoelectric
catalysis, the piezoelectric-catalytic activity is far better than the activity
of photocatalysis (Fig. 5), which unfortunately has to rely on the re-
actions with floating dyes owing to lacking strong electrostatic
attraction.

3.2.6. Piezo/photo-catalytic synergistic degradation

Because ZnO is a specific dual responsive material, it can be excited
by both strain and light. Thus, piezo/photo-catalytic degradation was
carried out to monitor the synergistic effect. In Fig. 10a, under the light
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irradiation, the photocatalytic activity decreases form ZnO-24 to ZnO- might result from that holes have been immensely consumed for catal-
360, which should be associated with the decreasing surface areas ysis due to field-controlling selective adsorption, overcoming the photo
(Fig. 1) and increasing probability of carrier recombination (Fig. S2). corrosion pathway, as shown in Fig. 10d. Thus, ZnO, as a dual responsive
Nevertheless, when piezo and light synergistically stimulate the ZnO, catalyst, can be more efficient and robust under the dual stimulation
the piezo-generated electric field can not only be used to drive the from light and mechanical waves.

separation of free carriers but also guide the migration of dye molecules,

optimizing the catalytic performance. Thus, the piezo/photo-catalytic 4. Conclusion

activity of each sample is better than its photocatalytic activity. In

addition, with an increasing proportion of polarization surfaces from In conclusion, ZnO rods with the different proportions of polariza-
Zn0-120 to Zn0-360, the enhancing macroscopic potential drop can be tion surfaces were tailored to optimize piezoelectric catalytic perfor-
employed to separate the carriers, improving the catalytic activity mance, and an interesting phenomenon of field-controlling selective
(Fig. 10b). For Zn0-24, its better piezo/photo-catalytic activity should adsorption has been discovered for the first time. Due to the field-
be attributed to its much larger surface area (Fig. 1). Besides, it can be controlling selective adsorption, the piezoelectric-catalytic activity of

found that ZnO can work stably after several cycles (Fig. 10c), which Zn0-360 is better than its photocatalytic activity. Besides, this selective
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adsorption can also be used to relieve the hole-sensitive symptoms of
ZnO and improve its stability of RhB degradation. Furthermore, ZnO
rods, as a dual responsive catalyst, can be more efficient and robust
under the synergistic excitation from light and mechanical waves.
Moreover, our present work will broaden the horizon and provide a new
general strategy to design various field-controlling selective adsorption
systems for wide applications, such as biological diagnosis, drug de-
livery, and so on.
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