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of the photogenerated electrons and holes 
seriously restrains the photocatalytic effi-
ciency.[2] To reduce the recombination rate 
of photogenerated carriers, a variety of 
strategies have been developed, including 
defect engineering,[3] cocatalyst decora-
tion,[4] formation of heterojunction or 
Z-scheme,[5] etc. Among them, the crea-
tion of built-in electric field as a driving 
force for charge separation has been rec-
ognized to be an effective strategy.[6] Under 
mechanical stretch or strain along asym-
metry direction, the piezoelectric material 
deforms and the center of positive/negative 
charges in the unit-cell displace, leading to 
the spontaneous polarization. Accordingly, 
the positive and negative charges are gen-
erated on two opposite surfaces, leading 
to the generation of the built-in electric 
field. Moreover, the generated built-in elec-
tric field also induces the band bending at 
the solid–liquid interface, which would be 
further favorable to the enhancement of 

catalytic activity.[7] Therefore, piezo-photocatalysis, in which the 
piezoelectric materials are subjected to simultaneous light irra-
diation and mechanical stress, has become a research focus.[8]

To apply mechanical stress to piezo-(photo)catalysts, ultra-
sonic irradiation and mechanical stirring are the most common 
methods.[9] However, both methods are able to accelerate the 

The built-in electric field can be generated in the piezoelectric materials 
under mechanical stress. The resulting piezoelectric effect is beneficial to 
charge separation in photocatalysis. Meanwhile, the mechanical stress usu-
ally gives rise to accelerated mass transfer and enhanced catalytic activity. 
Unfortunately, it remains a challenge to differentiate the contribution of 
these two factors to catalytic performance. Herein, for the first time, isostruc-
tural metal–organic frameworks (MOFs), i.e., UiO-66-NH2(Zr) and UiO-66-
NH2(Hf ), are adopted for piezo-photocatalysis. Both MOFs, featuring the 
same structures except for diverse Zr/Hf-oxo clusters, possess distinctly dif-
ferent piezoelectric properties. Strikingly, UiO-66-NH2(Hf ) exhibits ≈2.2 times 
of activity compared with that of UiO-66-NH2(Zr) under simultaneous light 
and ultrasonic irradiation, though both MOFs display similar activity in the 
photocatalytic H2 production without ultrasonic irradiation. Given their sim-
ilar pore features and mass transfer behaviors, the activity difference is unam-
biguously assignable to the piezoelectric effect. As a result, the contributions 
of the piezoelectric effect to the piezo-photocatalysis can be clearly distin-
guished owing to the stronger piezoelectric property of UiO-66-NH2(Hf ).

1. Introduction

Photocatalysis converts solar energy into chemical energy in an 
environmentally friendly way, which is considered as an effec-
tive approach to address the energy crisis and environmental 
pollution issues.[1] Nevertheless, the poor separation efficiency 
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mass transfer during the reaction. As a consequence, it is a 
pending issue for researchers to distinguish the influence 
of accelerated mass transfer and piezoelectric effect on the 
enhancement of photocatalytic activity.[10] Unfortunately, it 
remains challenging to find ideal catalysts that possess similar 
physical and chemical properties but different piezoelectric 
properties, so as to understand the unique contribution of 
piezoelectric effect to the photocatalytic activity.

To meet this challenge, a class of crystalline porous 
solids, metal–organic frameworks (MOFs) featuring highly 
tailored and customizable structures would be promising 
candidates.[11] There has been a report on the piezoelectric 
response of MOFs, such as UiO-66-NH2.[12] Given the MOF 
tunability, the metal-oxo clusters in UiO-66-NH2 can be 
exchanged between Zr4+ and Hf4+ with similar physical and 
chemical properties, the resulting MOFs would exhibit dif-
ferent piezoelectric properties.[13] Furthermore, UiO-66-NH2 
has been intensively studied and exhibits great potential in 
photocatalysis.[14] It is assumed that the discriminative con-
tribution between accelerated mass transfer and piezoelectric 
effect would be identifiable toward the improved activity in 
piezo-photocatalysis.

2. Results and Discussion

2.1. Synthesis and Characterization

With the above in mind, the isostructural MOFs, i.e., UiO-
66-NH2(Zr) and UiO-66-NH2(Hf), which feature the same 
structure with different metal ions only, have been synthe-
sized. These two MOFs display similar activities toward 
photocatalytic H2 production by water splitting under 
common light irradiation. In sharp contrast, under simulta-
neous light and ultrasonic irradiation, UiO-66-NH2(Hf) gives 
around 2.2 times higher activity than that of UiO-66-NH2(Zr) 
(Scheme 1). Given similar pore sizes and structural features, 
both MOFs possess approximate mass transfer behaviors 
under ultrasonic irradiation. Accordingly, their activity differ-
ence should be attributed to their distinctly different piezo-
electric responses. In addition, the influences of ultrasonic 
power and frequency on the activity have been investigated. 
To our knowledge, this is the first work on piezo-photocatal-
ysis over MOFs.

The UiO-66-NH2(Zr) and UiO-66-NH2(Hf) were synthe-
sized in a traditional solvothermal method. Powder X-ray 
diffraction (XRD) patterns demonstrate the success of the 
synthesis with good crystallinity (Figure S1, Supporting Infor-
mation). According to the X-ray photoelectron spectroscopy 
(XPS) spectra, both Zr and Hf species are in +4 oxidation state 
(Figure S2a,b, Supporting Information). The Zr-MOF shows 
slightly higher N2 sorption capacity and Brunauer–Emmett–
Teller (BET) surface areas because of the heavier Hf than Zr 
element (Figure 1a; Figure S3, Supporting Information); they 
possess similar pore volume as well as pore size distribution 
(Table S1, Supporting Information). Both MOFs present a 
comparable light absorption range in the diffuse reflectance 
ultraviolet–visible (DR UV–vis) spectra as evidenced by similar 
colors (Figure  1b; Figure S4, Supporting Information). Their 

calculated optical bandgaps are, respectively, 2.85 and 2.86 eV, 
indicating their similar light harvesting ability. The water 
contact angles of the Zr- and Hf-MOFs are 10.6° and 12.6°, 
respectively (Figure S5, Supporting Information). The good 
hydrophilicities imply their great potential in photocatalytic H2 
production by water splitting.[15] Transmission electron micro-
scope (TEM) and scanning electron microscope (SEM) obser-
vations suggest that the particles of both MOFs are in octahe-
dral shape (Figure  1c,d; Figure S6, Supporting Information). 
Their average particle sizes are almost the same. All above 
results indicate that both MOFs possess similar physical and 
chemical properties.

2.2. Piezoelectric and Photoelectrochemical Properties

To determine the piezoelectric properties, both MOFs have 
been investigated by atomic force microscopy (AFM) with 
Kelvin probe force microscopy (KPFM) and piezoresponse force 
microscopy (PFM) modules. The topographic images of UiO-
66-NH2(Zr) and UiO-66-NH2(Hf) further indicate their similar 
morphologies (Figure S7, Supporting Information). The surface 
potential images are measured in the dark and under visible 
light irradiation by KPFM. Under the stress of the probe tip, 
an inward built-in electric field forms inside UiO-66-NH2(Hf), 
resulting in a positive surface voltage of up to 54.4 mV, proving 
its piezoelectric property (Figure  2a,b).[16] Interestingly, under 
visible light irradiation, the surface potential of UiO-66-
NH2(Hf) decreases to 41.0  mV. Owing to the influence of the 
inward built-in electric field, the photogenerated electrons 
migrate outward to the surface and then are partly depleted by 
the positive piezoelectric charges on the surface. The results 
demonstrate the formation of the built-in electric field in the 
catalysts, which facilitates the separation of photogenerated 
carriers. The similar phenomenon can be observed in UiO-
66-NH2(Zr) as well, with maximum and minimum surface 
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Scheme 1. Schematic H2 production activities of UiO-66-NH2(Zr) and 
UiO-66-NH2(Hf) in photocatalysis and piezo-photocatalysis.
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potentials of 27.2 and 19.0 mV, respectively (Figure S8a,b, Sup-
porting Information). The smaller surface potential of Zr-MOF 
than Hf-MOF implies the weaker piezoelectric response of the 
former.

In the PFM measurements, under the sweep bias from −5 
to 5 V, the phase changes are ≈100° and ≈180° in the piezore-
sponse phase hysteresis loops of UiO-66-NH2(Zr) and UiO-
66-NH2(Hf), respectively (Figure  2c; Figure S8c, Supporting 

Adv. Mater. 2021, 33, 2106308

Figure 1. a) N2 adsorption/desorption (solid/open symbols) isotherms of UiO-66-NH2(Zr) and UiO-66-NH2(Hf) at 77 K. b) DR UV–vis spectra of 
UiO-66-NH2(Zr) and UiO-66-NH2(Hf) (inset: Tauc plots of UiO-66-NH2(Zr) and UiO-66-NH2(Hf)). TEM images of c) UiO-66-NH2(Hf) and d) UiO-
66-NH2(Zr) (inset: particle size distributions).

Figure 2. a) Surface potential images, b) surface potential curves, c) piezoresponse phase hysteresis loops, and d) amplitude butterfly loops of 
UiO-66-NH2(Hf).
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Information). The incomplete phase change of UiO-66-NH2(Zr) 
indicates its weak piezoelectric intensity.[17] In the amplitude 
loops of the MOFs, typical butterfly shapes can be observed, but 
their maximum amplitudes vary greatly (Figure 2d; Figure S8d, 
Supporting Information). To quantitatively measure the piezo-
electric intensity, the maximum effective piezoelectric coef-
ficient d33 has been calculated according to the slope of the 
amplitude loops.[18] The d33 values of UiO-66-NH2(Zr) and UiO-
66-NH2(Hf) are ≈4 and 139 pm V−1, respectively. The results 
clarify that Hf-MOF has a much higher piezoelectric response 
than Zr- MOF (Figure S9, Supporting Information). The dis-
tinctly different piezoelectric effect of these two MOFs should 
be attributed to the larger polarity of HfO bond than ZrO 
bond,[19] which is also supported by the previous studies.[20] To 
further unveil the polarity difference and reason behind the 
differentiated piezoelectric response between UiO-66-NH2(Zr) 
and UiO-66-NH2(Hf), their dipole moments have been evalu-
ated by density functional theory (DFT) calculations. Consid-
ering the same linker used in both MOFs, the dipole moments 
of Zr/Hf-oxo cluster are analyzed for simplicity (Figure S10, 
Supporting Information). The dipole moment of Hf-oxo cluster 
is calculated to be 2.940 Debye, much higher than that of 
Zr-oxo cluster (1.739 Debye). The result implies that the dis-
tance between the positive and negative charge centers of UiO-
66-NH2(Hf) presents more variation under mechanical stretch 
or strain along asymmetry direction, resulting in the stronger 
spontaneous polarization and larger piezoelectric response.[16]

The common photoelectrochemical characterizations for 
UiO-66-NH2(Zr) and UiO-66-NH2(Hf) have been carried out 
in the absence of ultrasonic irradiation. The UiO-66-NH2(Zr) 

represents a slightly higher photocurrent response (Figure 3a), 
indicating its better suppression of charge carrier recombi-
nation, which is in agreement with the intensity difference 
of steady-state photoluminescence (PL) emission spectra 
(Figure  3b). On the basis of the electrochemical impedance 
spectroscopy (EIS) and the fitting results (Figure 3c; Figure S11,  
Supporting Information), the series resistance (Rs) and the 
charge transfer resistance (Rct) of both MOFs are nearly the 
same (Table S2, Supporting Information). Moreover, they exhibit 
similar open-circuit potential (OCP) decay curves (Figure S12a, 
Supporting Information), which reflect the electron migra-
tion process. Under light irradiation, the electric field intensity 
decreases with the photogenerated electrons and holes migrate 
to opposite sides. After turning off the light source, the electric 
field intensity increases gradually, and the OCP curve decays 
owing to the recombination of charge carriers. According to the 
calculation results, the average photogenerated carrier lifetimes 
of both MOFs are very close (Figure S12b, Supporting Infor-
mation).[21] The Mott–Schottky measurements show that the 
lowest unoccupied molecular orbital (LUMO) levels of UiO-66-
NH2(Zr) and UiO-66-NH2(Hf) are −0.64 and −0.58 V (vs NHE 
at pH = 7), respectively (Figure S12c,d, Supporting Informa-
tion). The LUMO levels of the samples are lower than the H+/
H2 redox potential (−0.414 V vs NHE at pH = 7), demonstrating 
the capability of photocatalytic H2 production by water splitting. 
With their bandgap energies estimated to be 2.85 and 2.86 eV 
from the Tauc plots (Figure  1b), the highest occupied mole-
cular orbital (HOMO) levels of UiO-66-NH2(Zr) and UiO-66-
NH2(Hf) are +2.21 and +2.28 V (vs NHE at pH = 7) (Figure S13, 
Supporting Information). According to the linear sweep  
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Figure 3. a) Photocurrent responses, b) PL spectra, c) EIS Nyquist plots, and d) LSV curves of UiO-66-NH2(Zr) and UiO-66-NH2(Hf).
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voltammetry (LSV) curves recorded in the dark, the onset over-
potentials of both MOFs are also similar in H2 evolution reac-
tion (HER) (Figure  3d). All the photoelectrochemical results 
reflect the negligible difference between the Zr- and Hf-MOFs 
in thermodynamics and kinetics.[2a]

2.3. Photocatalytic Activity

Encouraged by the above characterization results, we set out 
to investigate the photocatalytic H2 production of these two 
MOFs with Pt nanoparticles (NPs) as the cocatalyst introduced 
by photodeposition. The loading amounts and the sizes of Pt 
NPs are fixed in both Pt/MOF composites (Table S3 and Figure 
S14, Supporting Information). The photocatalytic activities 
of the catalysts were evaluated in the optical reaction vessel 
(Figure S15, Supporting Information). The obtained Pt/UiO-
66-NH2(Zr) exhibits slightly higher catalytic activity than Pt/
UiO-66-NH2(Hf) under light irradiation (>380  nm, the same 
below) with or without stirring, which is in accordance with 
the better separation efficiency of photogenerated carriers in 
UiO-66-NH2(Zr) (Figure  4a; Figure S16a,b, Supporting Infor-
mation). Compared with that under light irradiation, the 
improved activity under simultaneous light and stirring should 
be ascribed to the accelerated mass transfer induced by stir-
ring. Strikingly, under simultaneous light and ultrasonic irra-
diation, the activity of Pt/UiO-66-NH2(Hf) is much improved to  
1615 µmol g−1 h−1 with the apparent quantum efficiency (AQE) 
up to 1.60% at 380 nm, which are much higher than those of  

Pt/UiO-66-NH2(Zr) (740 µmol g−1 h−1 and 0.71% at 380  nm). 
Given the very similar physical and chemical properties as well 
as pore features of both MOFs as discussed above, the mass 
transfer contribution to the activity should be approximate. The 
around 2.2 times higher activity of UiO-66-NH2(Hf) between the 
two catalysts under simultaneous light and ultrasonic irradiation 
should be attributed to the sole factor of the larger piezoelectric 
effect of the Hf-MOF. Under ultrasonic irradiation, the active 
bubbles are generated and then collapse, resulting in high local 
pressure (>50  MPa).[22] Combined with the acoustic pressure  
generated by the ultrasonic wave, the deformation of the cata-
lyst is induced. Therefore, polarized electric dipoles are formed 
in the catalyst to generate a built-in electric field. Upon simulta-
neous light and ultrasonic irradiation, the photogenerated elec-
trons and holes are driven by the internal piezoelectric potential 
to the opposite directions/sides, accordingly improving the 
photocatalytic activity of Pt/UiO-66-NH2(Hf). As a control, 
negligible H2 can be detected in the absence of catalyst, dem-
onstrating that the produced H2 comes from the piezo-photo-
catalytic reaction (Figure S16c, Supporting Information).

The influence of ultrasonic power and frequency on photocat-
alytic activity has been further studied with Pt/UiO-66-NH2(Hf) 
as the photocatalyst. When the ultrasonic power increases from 
100 to 200 W with a fixed frequency of 53  kHz, the catalytic 
activity steadily increases (Figure  4b; Figure S16d, Supporting 
Information). The larger ultrasonic power would lead to greater 
deformation of UiO-66-NH2(Hf) and stronger built-in electric 
field, which facilitates the separation of photogenerated car-
riers.[23] Unexpectedly, the catalytic activity decreases when 
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Figure 4. Photocatalytic H2 production rates of a) Pt/UiO-66-NH2(Zr) and Pt/UiO-66-NH2(Hf) under different conditions, b) Pt/UiO-66-NH2(Hf) at 
different ultrasonic power, and c) Pt/UiO-66-NH2(Hf) at different ultrasonic frequencies. d) Photocatalytic H2 production kinetic profiles of Pt/UiO-
66-NH2(Hf) in the recycling experiments under simultaneous light and ultrasonic irradiation. Unless otherwise specified, the ultrasonic power and 
frequency are 200 W and 53 kHz, respectively.
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the ultrasonic power further improves from 200 to 250 W. It is 
found that the size of UiO-66-NH2(Hf) greatly shrinks from the 
original 178.5 to 68.5 nm after reaction at 250 W, possibly owing 
to the excessive mechanical stress under such high ultrasonic 
power (Figure  S17, Supporting Information). The results dis-
close the delicate balance between catalytic activity and stability 
in determining the ultrasonic power, providing the optimized 
parameter for the piezo-photocatalysis of UiO-66-NH2(Hf). 
With the optimized ultrasonic power of 200 W, the Pt/UiO-66-
NH2(Hf) exhibits higher photocatalytic activity at the frequency 
of 53  kHz than that at 35  kHz (Figure  4c; Figure S18a, Sup-
porting Information). It suggests that the ultrasonic frequency 
can alter the intensity of the applied stress and built-in electric 
field, and further influence the photocatalytic activity.[24] In addi-
tion, the activity of Pt/UiO-66-NH2(Hf) does not show obvious 
change in the consecutive eight runs of recycling experiments 
(Figure 4d; Figure S18b, Supporting Information). The crystal-
linity and structure of the MOF, and particle sizes of the MOF 
and Pt, and the Pt loading amount are almost maintained 
after recycling reactions, manifesting the good stability of Pt/
UiO-66-NH2(Hf) catalyst (Table S3 and Figure S19, Supporting 
Information).

3. Conclusion

In summary, two isostructural Zr- and Hf-based MOFs, UiO-66-
NH2(M) (M = Zr, Hf), have been synthesized and investigated in 
piezo-photocatalysis. It is found that both MOFs present not only 
very similar physiochemical and photoelectrochemical proper-
ties but also negligible activity differences in photocatalytic H2 
production. By contrast, UiO-66-NH2(Hf) exhibits 2.2  times 
higher activity while the activity of UiO-66-NH2(Zr) almost 
remains upon further ultrasonic irradiation. In terms of their 
similar physical and chemical properties as well as pore features 
that guarantee the indiscriminate mass transfer, it is believed 
that the distinctly different H2 production activity between these 
two MOFs under simultaneous light and ultrasonic irradiation 
should be attributed to the stronger piezoelectric effect of UiO-
66-NH2(Hf). Accordingly, the indistinguishable influence to 
piezo-photocatalysis, usually contributed by accelerated mass 
transfer and piezoelectric effect, can be unambiguously discrim-
inated based on a simple and facile design in this work. As far as 
we know, this is not only the first report on piezo-photocatalysis 
over MOFs but also an unprecedented study to clearly address 
the contribution of the piezoelectric effect to the photocatalytic 
activity of piezoelectric materials.
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