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a b s t r a c t

High photo-induced carriers (PCs) recombination rate, low PC mobility, and limited solar energy utili-
zation rate are the three main roadblocks that severely limit the photocatalytic activity of semi-
conductors. In this work, we designed a plasmonic bimetallic ZnO nanorod array (Au/ZnO/Pt) with Au
nanoparticles (NPs) located on top of ZnO nanorods and Pt NPs evenly distributed on the ZnO nanorods
for improving catalysis through the piezo-phototronic effect. With the rational design of guided Fermi
level alignment, the photoinduced hot electrons of Au NPs with localized surface plasmon resonance
effect can transfer to Pt NPs through ZnO to promote the separation and migration of PC. More impor-
tantly, under the stimulation of ultrasound, ZnO with piezo-phototronic effect generates an interfacial
piezo-potential, thereby further promoting the separation and transport of carriers in compliance with
the direction of piezo-potential to promote the surface redox reaction. Under the synergy of piezo-
phototronic effect and localized surface plasmon resonance effect, the Au/ZnO/Pt realized 97.5% dye
degradation in 60 min, which was 1.2, 1.36, and 1.79 folds of that with Au/ZnO/Au, Pt/ZnO/Pt, and ZnO,
respectively. The unique plasmonic bimetallic heterostructure with piezo-phototronic effect and guided
Fermi level alignment can guide the directional migration of carriers and provides useful instruction for
the design of high-efficiency catalysts.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

With the rapid economic growth, energy and environmental
issues have become increasingly prominent. Industrial and sanitary
water pollution represents the most serious pollution problem
worldwide [1,2]. As a green, energy-saving, and simple method,
photocatalysis with semiconductor (SC) photocatalysts has been
widely used inwater pollution treatment for freshwater availability
[3e9]. The artificial photocatalytic process over a SC can be mainly
divided into three stages: photoactivation, charge separation and
zhong.wang@mse.gatech.edu
translocation, and final surface anodic and cathodic redox reactions
for degradation of pollutants [10]. In this process, low solar energy
utilization rate, low carrier mobility, and high photoinduced
electron-hole recombination rate are the three main roadblocks
that severely limit the photocatalytic efficiency [11]. Aim at solving
these problems, differentmethods have been developed to improve
the catalysis from the aspect of material engineering, including
building heterojunction to promote interfacial carrier trans-
portation and separation [12], atom-level modifying or doping to
modulate reactive centers [13], constructing ultrathin structure to
shorten carrier mobility pathway, and so on [14e16]. However,
these methods might narrow the bandgap of the whole catalyst,
thus reducing the redox potential of the catalyst to react with
pollutants. Therefore, strategies that can simultaneously broaden
light utilization and promote carrier separation without reducing
the redox potential are more attractive [10,17,18]. For instance, the
formation of Schottky junction between plasmonic metal and SC
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with rational Fermi level alignment can not only broaden light
utilization but also promote the generation and separation of car-
riers for finally improving photocatalysis [19e22] However, it is still
far from optimal to realize rapid and efficient water
decontamination.

Recently, piezoelectric SCs have brought new blood to tradi-
tional photocatalysis with their unique piezo-tronic and piezo-
phototronic effect [23] Piezoelectric nanomaterials, such as wurt-
zite ZnO and perovskite BaTiO3 have a relative displacement of the
crystal centers of cations and anions under an external mechanical
stress, bringing forth dipole polarization and piezo-potential,
which can continuously renew the built-in electric field [24] It
can further act as a powerful driving force for modulating the
transport and separation of photo-induced carriers (PC) that are
generated in the photocatalytic process, thus boosting the catalytic
efficiency [25] For instance, it has been found that the construction
of Schottky heterostructures from a plasmonic metal and a piezo-
electric SC, such Au/ZnO, Ag/BaTiO3, and Ag/Ag2S/BaTiO3 [26,27]
have improved catalytic efficiency under the co-stimulation of the
sunlight and a mechanical force. It is due to that under the action of
mechanical force to generate the interfacial piezo-potential, the
increase of barrier height promoted the separation of carriers and
promoted their transport along the direction of piezo-potential [28]
In contrast, the position with decreased barrier height may hinder
the separation of carriers [29] It is inevitable that the piezo-catalyst
uniformly supported by the plasma metal strengthens the PC sep-
aration at one side of the piezo-potential and weakens the PC
separation at the other side. Thus, rational construction of the
heterostructures with proper Fermi level alignment, along with its
positive corporation with directional piezo-potential, can finally
determine the boost of catalysis [22] For instance, the combination
of two metals with different work functions and an SC might guide
the directional migration of carriers along with the alignment of
the Fermi level [22].

Based on these considerations, herein, we designed a plasmonic
bimetallic ZnO heterostructure with a one-dimensional (1D)
nanowire array structure (abbr. as AZP) to boost the piezo-
photocatalysis. The ZnO nanorods grown on the substrate have
uniaxial (C-axis) piezoelectricity, no matter the direction of
external mechanical force (Fig. S1, supporting information). The
plasmonic Au NPs were located on the top end of the ZnO nanorods
and Pt NPs were evenly distributed on the ZnO nanorods. The for-
mation of a pair of Schottky junction of Au/ZnO and Pt/ZnO with
Fermi level alignment promoted the separation of carriers under
photoexcitation. Moreover, the external ultrasound-triggered
piezo-potential of ZnO at the Au/ZnO and Pt/ZnO interfaces acted
as the robust promoter to trap electrons and extend the life of
carriers. As a result, the catalytic degradation of a model pollutant
methyl orange (MO) improved by 45% and 70% relative to mere
photocatalysis and mere piezo-catalysis, respectively. In compari-
son, the bimetallic ZnO heterostructure had a higher catalytic ef-
ficiency than the monometallic ones, AZA and PZP. This design
proposes an alternative strategy for improving the separation of PC
for photocatalysts via the photo-piezotronic effect.

2. Results and discussions

The preparation process of the nanocatalysts, including AZA,
PZP, and Au/ZnO/Pt (AZP) nanorod arrays, are shown in Fig. 1a. On a
fluorine-doped tin oxide (FTO) substrate, a ZnO nanorod array was
first grown through a hydrothermalmethod. Then, Au NPs or Pt NPs
were deposited on the vertically grown ZnO nanorods through
photoreduction using HAuCl4 or H2PtCl6 as the metal precursors,
respectively. The second round of photoreduction with corre-
sponding noble metal precursors generated AZP, AZA, or PZP
2

nanorod array. From the scanning electron microscope (SEM) im-
ages showing the overhead viewand cross-sectional morphology of
the ZnO nanorods (Fig.1b), the nanorods were vertically and closely
grown on the FTO glass with a diameter of about 75 nm and length
of about 2,000 nm, the large-scale SEM image shows the good
uniformity of the ZnO nanorod array (Fig. S3, Supporting
Information). Fig. 1c shows the typical SEM image of the AZP
nanorod array, in which a lot of small NPs were grown on the
surface of the nanorods. From the transmission electron micro-
scope (TEM) and high-resolution TEM images of a single AZP
nanorod scraped from the FTO substrate, many small NPs existed
and the NPs had different sizes (Fig. 1d and S4, Supporting
Information). The lattice fringes of 2.67 Å was assigned to the
(002) facets of wurtzite ZnO; those of 2.05 Å and 2.36 Å were
assigned to the (111) and (200) facets of cubic Au, respectively, and
those of 2.27 Å and 1.96 Å were assigned to the (111) and (200)
facets of cubic Pt, respectively (Fig. 1e,f). The Au NPs were mainly
distributed on the top end of the ZnO nanorod with a diameter of
15 ± 5 nm, and Pt NPs were uniformly distributed on thewhole ZnO
nanorod with the smaller size of 4 ± 1 nm. The energy-dispersive x-
ray spectroscopy for element mapping also showed a similar trend
of element distribution (Fig. 1g, S5c and S6c, Supporting
Information). The SEM and TEM images of the monometallic het-
erostructure AZA and PZP are given in supporting Information
(Figs. S2, S5 and S6, Supporting Information). The different sizes of
Au and Pt NPs through a similar photoreduction process can be
attributed to the different crystallization properties of these two
kinds of metal [30].

In the X-ray diffraction patterns of these catalysts, the diffraction
peaks of the samples correspond to the wurtzite structured ZnO
(JCPDS No. 36-1451) (Fig. S7, Supporting Information). No peaks
belonging to other phases including Pt and Auwere observed in the
several heterostructured samples due to the low content of Pt and
Au. X-ray photoelectron spectroscopy was used to detect the ele-
ments and their valences (Figs. S8, S9 and S10, Supporting
Information). From the high-resolution Zn 2p spectra (Figs. S8b,
S9a and S10a, Supporting Information), all the samples of AZP,
AZA, and PZP had the two peaks centered at 1,021.5 and 1,044.6 eV,
attributed to the existence of Zn 2p3/2 and Zn 2p1/2, respectively. In
the high-resolution Au4f spectra of AZP and AZA (Figs. S8c and S9b,
Supporting Information), the two double lines at 83.67 and
87.32 eV were assigned to metal Au 4f7/2 and Au 4f5/2, respectively,
corresponding to the binding energies of Au0. The double peaks
near the Au 4f region at 88.3 and 91.2 eV were assigned to Zn 3p3/2
and Zn 3p1/2, respectively. In the high-resolution Pt 4f spectra for
AZP and PZP (Figs. S8d and S10b, Supporting Information), peaks at
70.7/72.13/74.81 eV and 74.05/75.48/78.16 eV were assigned to the
metal Pt 4f7/2 and Pt 4f5/2, respectively, associated with binding
energies of Pt0, Pt2þ, and Pt4þ, respectively. The existence of Pt2þ

and Pt4þ valences was due to the existence of PteO bond on the Pt
NPs [31] The oxidation state of Pt usually appears on small Pt NPs
due to that the oxygen chemisorption can easily happen at the
surface step and kink sites of NPs [32,33] Interestingly, in the AZP,
the peak for low-valence Pt including Pt0 and Pt2þwas obvious than
that of PZP, which was caused by the accumulation of more elec-
trons on the Pt side. By comparing the peak positions of the binding
energy of AZA and PZP (Table S1, Supporting Information), the Au
4f7/2 and Pt 4f7/2 peaks in the AZPwere nearly unchanged, revealing
that the Au and Pt NPswere co-decorated on the ZnO, and no AuePt
alloy was formed. The piezoelectricity of AZP and ZnO were also
confirmed by the voltage response amplitude-voltage curve under
a 10 V direct current bias field (Fig. S11, Supporting Information).
The piezoelectric coefficient d33 was calculated to be about 80 p.m./
V from the slope of the piezo-response amplitude-voltage curve.



Fig. 1. The synthesis process of the nanocatalysts and their structures. (a) The preparation process of the nanocatalysts. SEM images show overhead view of (b) the ZnO and (c) the
AZP nanorod array. The insets in (b) and (c) show the corresponding side view. (d) TEM image of the AZP nanorod array with well-defined boundary (inset). (e) and (f) HRTEM
images of the AZP nanorod. (g) EDX element mapping of the AZP nanorod. AZP, Au/ZnO/Pt; EDX, energy-dispersive X-ray spectroscopy; HRTEM, high-resolution transmission
electron microscope; SEM, scanning electron microscope; TEM, transmission electron microscope.
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The photocurrent of the catalysts under full-spectrum light
irradiation is shown in Fig. 2a. The photocurrent for all the three
kinds of heterostructured nanorod array was improved compared
with ZnO. Especially, AZP showed the highest photocurrent density
reaching 141.3 mA cm�2, which was about 1.4, 1.56, and two folds of
that of AZA, PZP, and ZnO, respectively. Moreover, AZP showed the
highest photocurrent stability under the repeated on-off of the
light irradiation due to that Pt NPs acted as a promoter to trap
electrons and prolong the life of carriers. In comparison, AZA, PZP,
and ZnO suffered from decreased photocurrent with the repeated
3

on-off of the light irradiation. It was worth noting that there was a
rising peak of each photocurrent peak when the illuminant was
turned on and a peak falling when the illuminant was turned off. It
demonstrated that the pyroelectric effect of ZnO contributed to the
photocurrent [34]. The pyroelectric current (j) can be calculated
according to the equations (1)e(3),

j¼ � vPS = vt¼ � ðvPs = vTÞðvT = vtÞ (1)



Fig. 2. Photoelectrochemical properties of the samples. (a) Time-dependent photocurrent density of the AZP, AZA, PZP, and ZnO nanorod array under full-spectrum light irradiation.
(b) Pyroelectric process of PZP with the corresponding inset showing infrared thermal imaging. (c) Photoluminescence spectra and (d) EIS Nyquist plots of ZnO, AZP, AZA, and PZP
nanorod array. AZA, Au/ZnO/Au; AZP, Au/ZnO/Pt; EIS, electrochemical impedance spectroscopy; PZP, Pt/ZnO/Pt.
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let p¼ � ðvPs = vTÞ (2)

j¼ pðvT = vtÞ (3)

where Ps is the saturation polarization, p is the pyroelectric coef-
ficient that is a constant, T represents the temperature, and t is the
light irradiation time. So, jfdT=dt. From the thermal infrared im-
ages in the upper inset of Fig. 2b, the local temperature changed
instantaneously (increased from 30 to 31 �C when the light is on
and then decreased to 30 �C when the light is off). When the light
was turned off (Fig. 2bI), there was no temperature change on the
ZnO surface (dT/dt¼ 0), so the pyroelectric current was 0 (Idark ¼ 0).
When the light was turned on (Fig. 2bII), the loaded plasmonic
metal NPs (Au and Pt) can convert the optical energy of light into
local heat and cause the temperature increase (dT/dt > 0), so the
pyroelectric current appeared (Ipyro>0, Iphoto>0) [35]. With the
prolonging of the irradiation time (Fig. 2bIII), the local temperature
reached a stable level (dT/dt ¼ 0), so the pyroelectric current
returned to 0 (Ipyro ¼ 0, Iphoto>0). Then, when the light turned off
instantaneously (Fig. 2bⅣ), ZnO released heat and caused the sur-
face temperature drop (dT/dt > 0), so the pyroelectric current
decreased to 0 (Ipyro<0, Iphoto ¼ 0).

As shown in Fig. S12 inset, AZP and AZA showed LSPR shoulder
peaks at about 520 nm contributed fromAuNPs, whereas therewas
no observable peak in the visible light region for ZnO and PZP.
According to the Tauc plot, the direct bandgaps of AZP, AZA, PZP,
and ZnO were calculated to be 3.20, 3.23, 3.20 and 3.24 eV,
4

respectively. Therefore, the light absorption of the catalysts was
mainly confined within the UV region (Fig. S12b, Supporting
Information). The MotteSchottky plot of AZP, AZA, PZP, and ZnO
recorded at 1 kHz are presented in Fig. S12 c. The flat band energy of
AZP, AZA, PZP, and ZnO are 0.02, 0.02, 0.01, and �0.09 V (vs. Ag/
AgCl), respectively. Thus, the calculated CB of Au/ZnO/Pt, AZP, AZA,
PZP, and ZnO are 0.32, 0.32, 0.31, and 0.21 eV, respectively (the
detailed calculation is shown in the Supporting information). The
calculated VB of AZP, AZA, PZP, and ZnO are 3.52, 3.55, 3.51, and
3.45 eV, respectively. The conduction band level of all the catalysts
is more negative than the reduction potential of O2/H2O2
(þ0.69 eV), so the following reactions can occur on the conduction
band:

O2 þHþ þ e�/H2O2

H2O2 þ e�/,OH

The valence band level of all the catalysts is more positive than
the reduction potential of H2O/�OH (þ2.38 eV), so the following
reactions can occur on the valence band:

H2Oþhþ/,OH þ Hþ

In order to further prove the production of the above reaction,
terephthalic acid was used to detect �OH, and the fluorescence of
the corresponding 2-hydro-xyterephthalic acid at 426 nm
confirmed the production of �OH (Fig. S13a, Supporting
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Information). The potassium iodide (KI) detectionmethodwas used
to detect the presence of H2O2, and the change in the absorption
spectrum of I3� at 360 nm confirmed the production of H2O2
(Fig. S13b, Supporting Information). Therefore, the explanation of
the degradation mechanism is shown in Fig. S13c.

The photoluminescence spectroscopy was characterized to
study the photocarrier separation ability of the catalysts (Fig. 2c).
Under the 325 nm light excitation, AZP had a much lower intensity
of the emission peak at about 570 nm relative to the others,
revealing the more efficient separation of PC in the AZP hetero-
junction. This result was consistent with that of the photocurrent
stability (Fig. 2a). These results confirmed the highest photoelectric
conversion ability of AZP. Electrochemical impedance spectroscopy
was used to uncover the carrier transport behavior near the het-
erojunction region (Fig. 2d). In the Nyquist diagram, the larger the
radius of curvature of the arc, the greater the transfer resistance of
the interface charge [36]. The AZP heterojunction had the smallest
radius of curvature, indicating that it had the lowest PC transfer
resistance.

In order to assess the catalytic performance of these nano-
catalysts, we used MO as a model dye molecule of wastewater
pollutant and detected its degradation under ultrasound (40 kHz,
80 W), full-spectrum light irradiation (2 W cm�2), and both ultra-
sound and light irradiation, respectively (Fig. 3). Fig. 3a shows the
catalytic activity of different nanocatalysts under ultrasound
stimulation. The catalytic activity was defined as C/C0*100% and the
corresponding degradation rate was defined as (1-C/C0)*100%,
Fig. 3. Degradation of MO with AZP, AZA, PZP, and ZnO. (a) Piezo-catalysis under ultrasound
both ultrasound and light irradiation. (d) Statistics of the piezo-photocatalysis, photocatalysis
Au; AZP, Au/ZnO/Pt; PZP, Pt/ZnO/Pt.
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where C0 is theMO concentration at T¼ 0minwhen the adsorption
equilibrium is reached and C is the MO concentration after catalysis
(T ¼ 60 min). With only the ultrasound-triggered piezoelectric ef-
fect for catalysis, the degradation rate for all the nanocatalysts was
lower than 30%, indicating that the polarization charges generated
by ZnO under the mechanical stress of ultrasonic cavitation had a
low catalytic efficiency. Under the full-spectrum light irradiation,
degradation of MO was 25% for ZnO, and it increased by about
17e28% for the heterostructured samples, with AZP showing the
highest degradation rate of 52% (Fig. 3b). The reason was deduced
as follows: The catalytic efficiency of pure ZnO under light stimu-
lation was limited due to the rapid recombination of PC. With the
formation of Schottky junction with Au NPs (or Pt NPs), Au NPs (or
Pt NPs) caused collective oscillations of the surface electrons under
the light excitation, namely local plasma oscillation, which was
then converted into hot electrons being injected into ZnO to inhibit
the recombination of carriers. As a result, the monometallic PZP
and AZA heterostructures had similar degradation efficiency on
MO. When the Au NPs and Pt NPs were simultaneously uploaded
onto ZnO to form a bimetallic heterostructure, the degradation rate
of MO was increased to 52%. Under all-spectrum light irradiation,
Au NPs located on the top of ZnO generated collective oscillation of
surface electronics to trigger the LSPR effect, which then generated
hot electrons. The Pt NPs acted as a co-catalyst to trap electrons,
prolonging the life of carriers and further improving the catalytic
efficiency. Interestingly, under the co-stimulation of the ultrasound
and the all-spectrum light, the degradation rate of MO was greatly
. (b) Photocatalysis under full-spectrum light irradiation. (c) Piezo-photocatalysis under
, and piezo-catalytic degradation for 60 minwith AZP, AZA, PZP, and ZnO. AZA, Au/ZnO/
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increased. The degradation rate of MO with AZP, AZA, PZP, and ZnO
reached 97.5%, 81%, 72%, and 54%, respectively. Due to the partici-
pation of ultrasonic vibration, ZnO can generate a piezoelectric
polarization or called built-in electric field along its C-axis. This
built-in electric field enhanced the separation and transport of PC
at the interface of the Schottky junction by adjusting the bending of
the energy band, further increasing the degradation rate (Fig. 3c).
The degradation rate of each catalyst under various conditions is
shown in Fig. 3d. AZP showed obvious degradation advantages
under the synergistic effect of ultrasound and light. Here, the
enhancement index of photocatalytic efficiency by piezo-
phototronic effect is defined as piezo-photocatalytic efficiency/
(piezo-catalytic efficiencyþphotocatalytic efficiency). The calcu-
lated enhancement index of AZP, AZA, PZP, and pure ZnO by piezo-
phototronic effect was 1.23, 1.06, 1.02, and 1.13, respectively. After
three cycles of catalysis under the co-stimulation of ultrasound and
light, the MO degradation efficiency of AZP was 97.5%, 94.4%, and
94.2%, respectively (Fig. S16, Supporting Information). Moreover,
the morphology of AZP did not show obvious change after piezo-
photocatalysis, indicating its high catalytic stability (Fig. S17,
Supporting Information).

To better understand the enhanced catalytic activity of the
bimetallic ZnO heterostructure compared with the monometallic
ZnO heterostructure and pure ZnO, especially under the co-
stimulation of light and ultrasound, the corresponding energy
band structure is analyzed (Fig. 4). For photocatalysis under the all-
spectrum light, the visible light is mainly absorbed by themetal NPs
(Au or Pt), while ZnO with wide bandgap can only absorb the UV
light. Due to its limited light absorption and low carrier separation
rate, the photocatalytic efficiency of pure ZnO is low [37] For AZA,
Schottky junction is formed between Au NPs and ZnO with the
different Fermi levels of Au and ZnO. The Schottky barrier can trap
electrons in the CB of ZnO to inhibit the recombination of the car-
riers. Under the light irradiation, the excited hot electrons from
plasmonic Au NPs can cross the Schottky barrier and reach the CB of
Fig. 4. Mechanism for the enhanced catalysis by piezo-phototronic effect and the unique s
ZnO, respectively; EF represents energy of the Fermi level). (a) AZA under light irradiation. (
and (e) AZP under both ultrasound and light irradiation. AZA, Au/ZnO/Au; AZP, Au/ZnO/Pt.
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ZnO, leaving the same number of holes on Au to participate in the
oxidation degradation of MO. At the same time, the electrons in the
VB of ZnO transport to its CB to form PC (Fig. 4a and S18a). Thus, the
photocatalysis of Au/ZnO was improved compared with pure ZnO.
However, with the continuous enrichment of electrons in the VB of
ZnO, the separation of carriers on ZnOwill be gradually inhibited. It
is the main reason that the photocurrent of AZA decreased with
prolonged time as shown in Fig. 2a. Under the external stress from
the ultrasonic cavitation, ZnO will generate piezo-potential along
the C-axis, which helps to further promote the separation of PC. In
addition, the photoinduced electrons and holes are transported
along the opposite directions of piezo-potential, promoting the
reduction and oxidation reaction, respectively (Fig. 4b) [38] When
Au and Pt NPs are simultaneously loaded onto ZnO to formed a
bimetallic heterostructure, the charge carriers will redistribute at
the interfaces because of the different work function of Au, Pt and
ZnO with the sequence of Pt (5.5 eV)>Au (5.1 eV)>ZnO (4.7 eV) [39]
It assists in the diffusion of electrons from ZnO to Au and Pt,
forming a pair of Schottky barrier at the contact interfaces of Au/
ZnO and Pt/ZnO. The electron can transfer from Au to Pt through
ZnO as the Fermi level of Pt is lower than that of Au. For the AZP,
under light irradiation, the hot electrons of Au traverse the Schottky
barrier and reach the CB of ZnO. At the same time, the photoinduced
electrons of ZnO transfer from the VB to the CB and move toward Pt
NPs, which act as an electron acceptor to promote the PC separation
(Fig. 4c and S18b). The piezo-potential of ZnO under the external
stress generates a negative polarization charge at the Au/ZnO
interface, causing an upward band bending of ZnO at the interface
to promote the separation of PC. It also generates positive polari-
zation charges at the Pt/ZnO interface, causing a downward band
bending of ZnO at this interface to promote the photoinduced
electrons to migrate to Pt, thereby promoting the separation of the
carriers. With the piezo-phototronic effect, the carrier transport is
in accordance with the direction of piezo-potential [40], in which
the photoinduced electrons are transported along the negative
tructure under both ultrasound and light irradiation. CB and VB represent CB and VB of
b) AZA under both ultrasound and light irradiation. (c) AZP under light irradiation. (d)
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direction of the piezo-potential, and the photoinduced holes are
transported along the positive direction of the piezo-potential
(Fig. 4d and S1) [41] It finally greatly promotes the carrier separa-
tion and boost the surface catalytic reaction through the advanced
oxidation processes for highly efficient organic pollutant degrada-
tion (Fig. 4e).
3. Conclusion

In conclusion, the plasmonic bimetallic AZP nanorod array was
successfully designed with the guided Fermi level alignment.
Importantly, under the ultrasound, ZnO with piezo-phototronic
effect can generate piezo-potential at the interface of the Au/ZnO
and Pt/ZnO Schottky junctions, inducing the band bending of ZnO
at the interfaces with opposite directions to promote the separation
of PC along the guided Fermi level alignment. The direction of the
promoted carrier transport was in compliance with the direction of
piezo-potential. When the ultrasound and light were applied
together, the catalytic degradation of model pollutant with AZP
increased by 1.2, 1.36, and 1.79 folds relative to AZA, PZP, and ZnO,
respectively. The unique 1D bimetallic heterostructure with the
piezo-phototronic effect and guided Fermi level alignment has
guiding significance for the design of high-efficiency catalysts.
4. Experimental section

4.1. Preparation of AZP, AZA, and PZP nanorod array

Au and Pt NPs were deposited in-sequence on ZnO through a
photoreduction reaction under irradiation by a UV lamp. For
example, for the fabrication of Au/ZnO/Pt, ZnO immersed in
HAuCl4$4H2O (0.09 mM) was light-irradiated for 8 min to obtain
Au/ZnO. Then, the Au/ZnO immersed in H2PtCl6$6H2O (0.09 mM)
was light-irradiated for 8 min to obtain AZP. The other mono-
metallic samples AZA and PZP were prepared following similar
procedures. The details about the reagents, synthesis of samples,
characterizations, and photoelectrochemical measurements are
introduced in the Supplementary file.
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