THE UNIVERSITY OF

NEWCASTLE

AUSTRALIA

NOVA
University of Newcastle Research Online

nova.newcastle.edu.au

Hu, Cheng; Tu, Shuchen; Tian, Na; Ma, Tianyi; Zhang, Yihe; Huang, Hongwei.
“Photocatalysis Enhanced by External Fields”. Angewandte Chemie International Edition
Vol. 60, Issue 30, p. 16309-16328 (2021).

Available from: http://dx.doi.org/10.1002/anie.202009518

Hu, Cheng; Tu, Shuchen; Tian, Na; Ma, Tianyi; Zhang, Yihe; Huang, Hongwei. “Photocatalysis
Enhanced by External Fields”. Angewandte Chemie International Edition Vol. 60, Issue 30, p.
16309-16328 (2021), which  has  been published in final form at
http://dx.doi.org/10.1002/anie.202009518.

This article may be used for non-commercial purposes in accordance with Wiley Terms and
Conditions for Use of Self-Archived Versions. This article may not be enhanced, enriched or
otherwise transformed into a derivative work, without express permission from Wiley or by
statutory rights under applicable legislation. Copyright notices must not be removed,
obscured or modified. The article must be linked to Wiley’s version of record on Wiley Online
Library and any embedding, framing or otherwise making available the article or pages
thereof by third parties from platforms, services and websites other than Wiley Online Library
must be prohibited.

Accessed from: http://hdl.handle.net/1959.13/1475272



http://dx.doi.org/10.1002/anie.202009518
http://dx.doi.org/10.1002/anie.202009518
http://hdl.handle.net/1959.13/1475272

Check for
updates

Angewandte

Eine Zeitschrift der Gesellschaft Deutscher Chemiker em ’ e

www.angewandte.de

Akzeptierter Artikel

Titel: External fields enhanced photocatalysis

Autoren: Cheng Hu, Shuchen Tu, Na Tian, Tianyi Ma, Yihe Zhang, and
Hongwei Huang

Dieser Beitrag wurde nach Begutachtung und Uberarbeitung sofort als
"akzeptierter Artikel" (Accepted Article; AA) publiziert und kann unter
Angabe der unten stehenden Digitalobjekt-ldentifizierungsnummer
(DOI) zitiert werden. Die deutsche Ubersetzung wird gemeinsam mit der
endgultigen englischen Fassung erscheinen. Die endgultige englische
Fassung (Version of Record) wird ehestméglich nach dem Redigieren
und einem Korrekturgang als Early-View-Beitrag erscheinen und kann
sich naturgemal von der AA-Fassung unterscheiden. Leser sollten
daher die endgiiltige Fassung, sobald sie veroffentlicht ist, verwenden.
Fur die AA-Fassung tragt der Autor die alleinige Verantwortung.

Zitierweise: Angew. Chem. Int. Ed. 10.1002/anie.202009518

Link zur VoR: https://doi.org/10.1002/anie.202009518

WILEY-VCH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fange.202009518&domain=pdf&date_stamp=2020-08-07

Angewandte Chemie 10.1002/ange.202009518

WILEY-VCH

External fields enhanced photocatalysis

Cheng Hu,® Shuchen Tu,? Na Tian,*® Tianyi Ma,*" Yihe Zhang," Hongwei Huang*®

This article is protected by copyright. All rights reserved.



Angewandte Chemie

10.1002/ange.202009518

WILEY-VCH

[a] C. Hu, S. C. Tu, Dr. N. Tian, Prof. H. W. Huang, Prof. Y. H. Zhang

Beijing Key Laboratory of Materials Utilization of Nonmetallic Minerals and Solid Wastes, School of Materials Science and Technology

China University of Geosciences, Beijing 100083, P. R. China
E-mail: hhw@cugb.edu.cn; tianna65@cugb.edu.cn
[b] Dr.T.Y.Ma
Discipline of Chemistry
University of Newcastle
Callaghan, NSW, 2308, Australia
E-mail: Tianyi.Ma@newcastle.edu.au

Abstract: Efficient conversion of solar energy by means of
photocatalysis shows huge potential to relieve energy crisis and
environmental pollution. However, the unsatisfied conversion
efficiency still hinders its practical application. Introduction of
external fields can remarkably enhance the photocatalytic
performance of semiconductors from the inside out. This review
focuses on the recent advances in the diversified external fields,
involving the microwave, mechanical stress, temperature gradient,
electric field, magnetic field and coupled fields, boosted
photocatalytic reactions, including contaminant degradation, water
splitting, CO, reduction and bacterial inactivation. The relevant
reinforcement mechanisms of photoabsorption, transport and
separation of photoinduced charges and adsorption of reactions by
the external fields are highlighted. Finally, the challenges and future
outlook for the development of external field enhanced
photocatalysis are presented.

1. Introduction

Effective utilization of the primitive and abundant energies on the
earth, such as solar, thermal and mechanical energy, shows
tremendous potential to produce the storable chemical fuels and
remove environmental contaminants. Among them,
photocatalysis has been extensively investigated for H, evolution,
CO; reduction, N, fixation and environmental purification. "
There are three crucial steps involved in a typical photocatalytic
process: i) the generation of charge carriers; ii) the separation
and transfer of charge carriers; and iii) redox reactions on the
surface of photocatalysts.”! Aiming to improve the efficiency of
each step, different strategies have been applied. For instance,
energy band engineering, including element doping and
heterostructure construction, have been conducted to enhance
the visible-light absorption of photocatalysts, which is conducive
to generation of more photoexcited charges.”! The established
internal electric fields at the heterojunction interface and the
depolarization fields existed in the single-domain ferroelectric
materials have been proven to be efficacious in suppressing the
recombination of electron-hole pairs.! Defects and surface sites
engineering of semiconductors can facilitate the adsorption and
activation of reactant molecules.®™ However, the modification of
photocatalysts is always accompanied by the variation of
geometries, compositions and components as well as the
complex preparation process, which largely limit its wide
application.

Introduction of external fields into the photocatalytic reaction
system is a flexible and controllable strategy to enhance the
photocatalytic activity without changing the pristine properties of
semiconductors. For example, photoelectrocatalysis achieved
an improved solar energy conversion efficiency by promoting the
separation of photogenerated carriers with the applied external

bias.®! However, the photoelectrodes with high performances
are usually prepared by in-situ growth methdod to get close
contact between the photocatalysts and transparent conductive
substrates, which cannot be effectively achieved for most of
particulate  photocatalysts.” The development of the
substitutable external fields and utilization of electric field in a
new form are of great significance for efficient surface reactions
of powdery catalysts. To date, it has been reported that many
external fields, including the microwave, piezoelectric,
pyroelectric, electric poling, magnetic fields and the coupling of
them, have the capability to improve the charge separation and
consequently the photocatalytic performance of
semiconductors.®! Taking the microwave irradiation as an
example, the resulting defect sites at the surface of
semiconductors serve as the electron traps to suppress the
carrier recombination.’® While more efficient charge separation
can be realized by exerting the external strain, temperature
fluctuation and electric poling, which will generate the positively
and negatively polarized charges on the two sides of the polar
catalysts, establishing an electric field across the catalyst that
drives the separation of photogenerated electron-hole pairs in
both bulk phase and on the surface.'” Besides, the magnetic
field induced Lorentz force and electron polarization can also
provide a strong driving force to separate the photoexcited
electrons and holes to opposite directions.I'”! Nevertheless, the
effects of the external fields on the band structures and surface
properties of photocatalysts are always neglected, such as the
improved optical absorption by microwave non-thermal effects,
electrically tunable band gaps, and the ferroelectric polarization-
induced molecule adsorption.l'? Therefore, the clear, deep and
systematic understandings on the functions of external fields in
promoting the photocatalytic performance of semiconductors is
of great significance and highly anticipated.

Recently, several excellent reviews focusing on the
photocatalytic performance of the piezoelectric, pyroelectric and
ferroelectric semiconductors have been published. Pan et al.
summarized  the piezo-phototronic ~ effect  enhanced
photocatalytic and photoelectrocatalytic processes, in which the
tunable band bending and charge migration were stressed.'”
Our group reviewed the polarization improved bulk and surface
charge separation and highlighted the roles of different
polarization fields in photocatalysis."” Wang et al. focused on
the piezo-/pyro-/ferro-potential induced built-in electric field and
summarized the corresponding catalytic applications.!" Li et al.
Introduced the recent advances of ferro-, piezo-, and pyro-
electric nanomaterials for various catalytic applications, and the
influences of internal electric field in carrier separation and
transport were discussed.'"”® However, almost all the above-
mentioned reviews concentrated on the internal electric field in
polar photocatalysts, whereas the functions of external fields in
photocatalysis were paid few attentions.
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In this review, we summarize the recent advances of various
types of external fields, including microwave, mechanical stress,
temperature gradient, external electric field, magnetic field and
the coupled fields, promoted photocatalytic performance in water
splitting, CO. reduction, bacterial inactivation and pollutant
degradation. Moreover, the origins of significant enhancement of
photocatalytic activity by external fields are highlighted, including
the improved photoabsorption, charge separation, adsorption
and activation of reactants (Figure 1). Finally, the challenges
and future outlook for the development of external fields assisted
photocatalysis are presented.
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Figure 1. Schematic diagram of the external fields improved photocatalytic
processes.

2. Microwave field

Microwave radiation, which is the electromagnetic wave with a
frequency of 300 MHz-300 GHz, has been extensively applied in
the area of organic synthesis to replace the traditional heating
technology.'"® Due to the fast and uniform microwave heating
accelerating chemical reactions, the introduction of microwave
field into the photocatalytic processes, particularly the advanced
oxidation processes, has attracted considerable interests.'”? In
general, microwave irradiation enhances the photocatalytic
performance of semiconductors in two ways, namely thermal
and non-thermal (specific) effects. The photocatalytic activity
improvement derived from microwave thermal effect is similar to
that by the thermal catalytic process, which can be described as
that the increase of reaction temperature speeds up the surface
redox reactions. Meanwhile, owing to the thermal excitation and
lattice thermal vibration of catalysts, the carrier concentration is
increased.l"® However, many studies have proposed that the
remarkable enhancements on photocatalytic reaction dynamics
not only stem from the thermal effect, but also are largely
contributed by the non-thermal effect related to the surface
properties of catalysts."!

To investigate the microwave specific effect, the photoreactor
was placed in a microwave generator equipped with a light
source and cooling system to maintain the ambient temperature
(Figure 2a).” It was elaborated that the influence of the non-
thermal effect on the photocatalytic processes is mainly reflected
by the variation of optoelectronic and surface properties of
semiconductors under the microwave field. For instance,
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Horikoshi et al. in situ observed the typical double-band-like
absorption spectrum of P-25 TiO,, of which the band edge was
located at 400 nm (3.09 eV) and 365 nm (3.39 eV), respectively.
After 10 min of microwave irradiation, the light absorption of TiO,
was obviously extended to the visible region (Figure 2b). The
formation of this characteristic absorption peak is attributed to
the emergence of additional defect sites such as oxygen
vacancies and cation vacancies on the surface of catalysts.
Thus, a defect level was introduced into the band gap to
broaden the optical response range of semiconductors by
increasing the transition probability of valence band (VB)
electron or narrowing the band gap with the hybridization of the
donor level and conduction band (CB).?"
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Besides, the surface defect sites can also serve as the
electron traps to suppress the charge recombination and prolong
the lifetime of photoexcited carriers (Figure 2f). In a typical case,
picosecond transient absorption spectroscopy was utilized to in
situ investigate the charge carrier dynamics of wetted TiO, under
microwave irradiation. A slower decay of transient absorption at
the probe wavelength in the TiO2/H,O system indicated that the
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recombination of photogenerated electrons and holes followed
slow decay kinetics under microwave irradiation owing to the
additional defects induced by the non-thermal effect (Figure
2¢).?2 Furthermore, it was reported that the surface properties
of TiO; can be effectively mediated by microwave irradiation,

including the surface reactant adsorption and hydroxyl activation.

Hidaka and co-workers developed an in situ electron spin-
resonance (ESR) technology to examine the production of
hydroxyl radicals formed in the rutile TiO, under simultaneous
ultraviolet light (UV) and microwave (MW) irradiation. The ESR
signals of the DMPO-hydroxyl radicals (*OH) spin adducts were
stonger under both UV and MW irradiation than that under UV
irradiation at 18 or 22 °C, illustrating that the microwave non-
thermal effect might active the surface hydroxyls to generate
more free hydroxyl radicals in the TiO./H,O system (Figure
2e).”® This result was further confirmed by the transformation of
the hydrophilicity on TiO, surfaces, where the intrinsic
hydrophilic TiO, surfaces became hydrophobic after irradiation
with MW and UV, due to the changes of the amount of surface
hydroxyls (Figure 2h).”** Moreover, the hydrophobic surfaces of
photocatalysts will facilitate the adsorption of alkyl groups,
promoting the efficiency of advanced oxidation processes for
organic contaminants (Figure 2g). Bian et al. probed the role of
the microwave field in reactant adsorption on the surface of TiO»
by Raman spectroscopy. The remarkably increased Raman
peak intensity at 750 and 1587 cm™' under both MW and UV
irradiation illustrated the improved molecular adsorption,
resulting in an efficient degradation performance for p-
chlorophenol (4-CP) and methyl orange (MO) (Figure 2d).”?

Hence, the enhanced optical absorption, charge separation,
reactant adsorption and hydroxyl activation can reasonably
interpret the high efficiency of microwave-assisted photocatalytic
oxidation processes, which have been satisfactorily applied to
degrade industrial pollutants, such as methylene blue (MB), 2,4-
dichlorophenoxyacetic acid, 4-chloro 2-aminophenol, 1, 1, 1-
etrichloro-2, 2-bis (p-chlorophenyl) ethane, atrazine, and
nitrobenzene.”®! Nevertheless, the microwave field improved
surface activity of semiconductors is limited, in which the
recombination of electrons trapped in the deep traps still
restrains the photocatalytic activity. Developing other external
fields to provide driving force for efficient photocatalytic process
is still essential.
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Figure 2. (a) Schematic illustration of the microwave-/photo reaction device
with a cooling system. Adapted with permission from Ref [20]. Copyright 2009
Elsevier. (b) Absorption spectrum of P-25 TiO, after 10 min of MW irradiation
calculated from the diffuse reflectance spectra. Adapted with permission from
Ref [21]. Copyright 2009 American Chemical Society. (c) Decay of transient
absorption with and without microwave irradiation for TiOy/H,O system.
Adapted with permission from Ref [22]. Copyright 2015 Royal Society of
Chemistry. (d) Raman spectra of Ag/TiO, under different reaction conditions
for 15 min reaction. Adapted with permission from Ref [25]. Copyright 2019
Elsevier. (e) In situ ESR spectral of the DMPO-OH spin adducts under
different reaction conditions. Adapted with permission from Ref [23]. Copyright
2003 Elsevier. (f) Schematic illustration of the enhanced surface charge
separation by microwave non-thermal effect. (g) Schematic illustration of the
microwave-assisted photocatalytic oxidation processes. (h) Schematic
illustration of the changes in surface properties of semiconductors under
microwave irradiation.

3. Mechanical stress field

External mechanical stress harvested by piezoelectrics can
induce the generation of piezopotential that can be utilized to
directly trigger catalytic reactions, which is known as
piezocatalysis. For piezoelectric semicondutor or the composites
consisting of piezoelectric insulator and semicondutor, the
coupling of light and mechanical stress achieves the
piezocatalytic and photocatalytic reactions, and may greatly
enhance the photocatalytic process. Under the applied strain,
piezoelectrics  originated from the non-centrosymmetric
crystalline structure can generate the piezoelectric potential and
polarized charges. It can not only facilitate the separation of
charge carriers in bulk and on the surface of the semicondutors,
but also effectively modulate the barrier height to tune the carrier
migration at the interface of heterojunction, known as the piezo-
phototronic effect.””! As the piezoelectric potential and band
bending can promote the migration of electrons and holes to
opposite surfaces, the redistribution of redox active sites on the
surface of photocatalysts can be also achieved. The spatially
separated redox reactions prevented the reverse reaction
between reduction and oxidation products.”® Hence,
introduction of the mechanical stress field provided by the high-
frequency ultrasonic vibration, low-frequency shear force and
mechanical brushing/sliding is an efficient tactic to improve the
photocatalytic activity of piezo-semiconductors.

3.1. High-frequency ultrasonic vibration

Ultrasonic irradiation is the most common approach to
generate the periodic external strain on piezoelectrics and
deform them effectively due to the extreme acoustic pressure of
ultrasonic waves and the local high pressure induced by the
collapse of active bubbles.”? The strength of the mechanical
stress field can be easily adjusted by controlling the ultrasonic
power and frequency to optimize the reaction parameters.

The ultrasonic-assisted photocatalytic reaction system can be
easily realized by equipping the photoreactor into an ultrasonic
cleaner (Figure 3a). In this coupled system, the ultrasonic
vibration can induce the deformation of piezoelectric
semiconductors, which leads to the deviation of positive and
negative charge centers in the unit cell. Thus, a polarization-
induced internal electric field is generated to promote the
migration of electrons and holes along opposite directions, and
remarkably enhance the photocatalytic performance (Figure
3b)." Therefore, the piezoelectrics with the oneftwo-
dimensional (1D/2D) structures that are more easily deformed
can trigger much greater piezopotential inside the materials. For
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instance, the distribution of piezoelectric potential in BaTiO3 with
different morphologies under ultrasonic irradiation was simulated
by the finite element method (FEM). The BaTiOs nanowire
undergoing a 10® Pa pressure was predicted to produce the
maximum potential difference up to 11.16 V, which is much
greater than that of the BaTiOs; nanoparticle (Figure 3c).B”
Similarly, the KNbO3; nanosheet also showed a much higher
potential output than the nanocube counterpart under ultrasonic
excitation.*%!

Zhao et al. reported that the CdS ultrathin nanosheets
exhibited a significantly enhanced H, evolution performance
under light and ultrasonic irradiation, which is more than twice as
high as the sum of light and vibration individually (Figure 3d).*"
It indicated that the photocatalytic activity of CdS was
remarkably improved with the assistance of ultrasonic vibration.
Both the improved carrier separation and enriched surface
active sites contributed to the efficient H, production of CdS
nanosheets. Some niobates are typical ferroelectric perovskites,
such as LiNbO;, NaNbO;, etc. which showed benign
photocatalytic performance. Hence, they are suitable candidates
to investigate the mechanical stress field enhanced
photocatalytic applications. Singh et al. prepared the
piezoelectric NaNbO3; nanorods and achieved an enhanced MB
degradation rate by coupling of the photoexcitation and
ultrasonic vibration, which led to an effective separation of
photoinduced electrons and holes in the bulk phase (Figure
3e).P? The ultrasonic-assisted piezophototronic effect enhanced
the photocatalytic formation of superoxide radicals (*O.") and
*OH, which oxidized the MB molecules to CO, and H.O. In
another study, oxygen vacancies were introduced to extend the
photoresponse of ZnSnOs to the visible region, which enhanced
the ultrasonic-assisted  photocatalytic ~ activity. ~ Under
simultaneous ultrasonic and visible light irradiation, the ZnSnO;
with oxygen vacancies demonstrated a superior Hz evolution
performance with a rate of 6000 pmol-g™", providing an effective
tactic to modulate the piezo-photocatalytic activity.®®! In addition
to the efficient charge separation in bulk, the distributions of
surface active sites can also be effectively manipulated by
ultrasonic-induced piezoelectric polarization. Our group reported
that the Sillén-Aurivillius structured BisNbOgX (X = Cl, Br) polar
single-crystal nanosheets can generate reactive oxygen species
(ROS) efficiently through the ultrasonic-assisted photocatalytic
process.*! The piezoelectric potential rendered the formation of
internal electric field and band bending, which not only facilitated
the separation of photogenerated charges in the bulk, but also
enriched the reductive reactive sites on {110} side facets and
{001} top facets of BisNbOgX, benefiting for the oxygen reduction
reaction (Figure 3f). As a result, the largely increased *O, ", *OH,
and H.O, production was obtained over BisNbOgX nanosheets
under simultaneous visible light and ultrasonic irradiation.

Compared with the  single-component piezoelectric
semiconductor, the hybrid catalysts consisting of piezoelectrics
and semiconductors may show a significantly enhanced
piezoelectric potential output under ultrasonic irradiation. For
instance, the theoretically calculated surface potential difference
of BiOBr/BaTiO3; reached 100 mV with a cavitation pressure of
108 Pa, which far exceeded that of BaTiOs (31.21 mV) and
BiOBr (30 mV), respectively. The large piezoelectric potential
drives the charge carriers to separate efficiently, resulting in a
high catalytic activity under light irradiation with auxiliary
ultrasonic vibration.®® Through the combination of two typical
piezoelectrics, the maximal piezoelectric potential difference of
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414.40 mV was achieved for ZnO/BaTiOs, which is much higher
than those of BaTiOs; and ZnO individually under the same
external pressure. The enhanced macroscopic polarization led
to an efficient charge separaton and a sufficient
mechanochemical potential to promote the catalytic reactions.
As a result, ZnO/BaTiO3 exhibited a prominent rhodamine B
(RhB) degradation performance under both ultrasonic and light
irradiation, with the degradation efficiency reaching 97% within
30 min.**!

In heterojunctions, the space charge region and energy barrier
at the interface can be effectively modulated by the ultrasound
induced surface band bending, which further improves the
photocatalytic performance by synergism of the interfacial
potential difference and piezoelectric potential difference. For
instance, the piezo-enhanced plasmonic photodegradation of
MO was realized on Au/BaTiO; Schottky junction. The
strengthened - local  electric fields surrounding the Au
nanoparticles (NPs) allowed efficient separation and transport of
photoexcited hot electrons from Au NPs to the adjacent BaTiO3;
owing to the surface plasmon resonance (SPR) effect.
Ultrasonic stimulation produced the polarized charges from
BaTiO; owing to the piezoelectric effect, which induced a
downward band bending at the contact interface between
BaTiO3z and Au. It further reduced the energy barrier height and
promoted the hot electron migration, leaving more excited holes
on the Au NPs surface to directly or indirectly participate in the
oxidation reactions (Figure 3g).*® Besides, the piezo-
phototronic effect also takes a part in type-Il heterojunctions. In
a typical case, efficient catalytic degradation of MB was
achieved for type-ll CuS/ZnO nanowires under both solar light
and ultrasonic irradiation. The spontaneous local electric field
formed in the boundary contact region of CuS/ZnO facilitated the
photoinduced electrons from the CB of CuS to transfer to that of
ZnO, while the photogenerated holes migrated in the opposite
direction. With the assistance of piezoelectric potentials
generated by ZnO nanowires under ultrasound stimulation,
electrons and holes were further separated and reached the
surfaces of CuS/ZnO heterojunctions to participate in the redox
reactions rapidly (Figure 3h).'”" Wang et al. synthesized
TiO2/ZnO type-ll heterojunction for piezo-photocatalytic Ha
production and discussed the relevant mechanisms. The
ultrasonic irradiation induced band bending at the ZnO interface,
which promoted not only the separation of photoexcited carriers
in ZnO and TiO, but also the migration of electrons and holes at
the interface with a space charge region. This fields coupling
effect resulted in a higher H, production rate of TiO2/ZnO under
solar and ultrasonic irradiation, ~1.6 times of that in the
photocatalytic process only.B™
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Figure 3. Schematic illustration of (a) the ultrasonic-/photo reaction device and
(b) the mechanism of the ultrasound assisted photocatalytic reactions. (c)
Theoretical simulation of the distribution of piezopotential in BaTiO3 nanowire
with 10° Pa pressure applied. Adapted with permission from Ref [30].
Copyright 2018 Elsevier. (d) The rate of water-splitting hydrogen evolution
over CdS under visible light irradiation(L), ultrasonic vibration (S), and light
and ultrasonic irradiation (L+S), respectively. Adapted with permission from
Ref [31]. Copyright 2019 Royal Society of Chemistry. (e) The photocatalytic
degradation efficiency of NaNbOj3; under different experimental conditions.
Adapted with permission from Ref [32]. Copyright 2017 Elsevier. (f) Schematic
illustrating the mechanism of ROS evolution through the piezo-photocatalytic
process over BisNbOgX (X = CI, Br). Adapted with permission from Ref [34].
Copyright 2019 Wiley. (g) Schematic illustration of the piezotronic effect
improved plasmonic photocatalytic process. Adapted with permission from Ref
[36]. Copyright 2019 Wiley. (h) Schematic illustration of the piezo-
photocatalytic mechanism of the CuS/ZnO Il-type heterojunction. Adapted with
permission from Ref [37]. Copyright 2016 American Chemical Society.

3.2. Low-frequency shear force

Ultrasound is hard to be applied in large-scale industrial
applications due to its intense energy input, which extremely
limits the realistic application of the ultrasound-assisted
photocatalysis. Developing other forms of mechanical stress,
such as mechanical-stirring-induced shear force, to enhance the
photocatalytic performance is of important practical significance.
Different from ultrasonic vibration, the fluid-generated pressure
is much weaker to trigger the large potential in piezoelectric
semiconductors. Utilization of the piezoelectric materials with
highly mechanical sensitivity to harvest the low-frequency flow
disturbances effectively is an available approach for these
stirring-assisted photocatalytic reactions.®®

As an ideal material to convert the mechanical energy,
piezoelectric polymer film with the favorable light transmissivity
can capture the tiny momentum sensitively. For example, CdS
was loaded on the porous composite polymer fiim of 4-
azidotetrafluorobenzoic acid-treated graphene hybridizing with
poly(vinylidene fluoride-co-hexafluoropropylene) (rGO-F/PVDF-
HFP) to demonstrate the piezo-photocatalytic H. production
under the magnetic stirring and illumination simultaneously
(Figure 4c).¥ The mechanical disturbances of water flow
generated the long-lasting piezoelectric potential that enhanced
the separation of photogenerated electrons and holes. Also it
provided free electrons from the rGO-F fillers even without light
irradiation. Both above-mentioned advantages contributed to the
improved H; productivity of the hybrid with a rate of 10.4
pumol-h™"-g™". Besides, by integration of the piezoelectric PVDF
film with (100) polar plane exposed ZnO, the piezoelectric
potential was further enhanced due to the dual-piezoelectric
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response of the hybrid under magnetic stirring, which promoted
more electrons and holes to separate and migrate to the surface
for photodegradation reactions.*! In addition to stirring, bubble
flow was employed to generate piezopotential in PVDF-TiO;
hybrid. With the air bubbling and UV irradiation, the degradation
efficiency of MB was enhanced by 99% compared with the
photocatalytic counterpart.**

One of the other strategies for harvesting the low-frequency
shear force of water flow is utilizing the ferroelectric materials
with large piezoelectric coefficients in the stirring-driven piezo-
photocatalytic system. Bian et al. achieved direct degradation of
organic dyes by lead zirconate titanate (PZT) microspheres at a
stirring rate of 300 rpm, illustrating that PZT collected the
discrete energy form water and created a piezoelectric potential
to separate the free charges, even without 1D or 2D structures
that were easily deformed.®® Moreover, the PZT/TiO. core-shell
hybrid showed significantly improved RhB degradation activity
with total decolorization within- 80 min under 800 rpm of
magnetic stirring and light irradiation (Figure 4d). The fluid-
induced piezoelectric potential and polarized charges in PZT
core promoted the separation of photogenerated electron-hole
pairs from TiO, shell, leading to the boosted degradation
performance (Figure 4e).l*”

Although the flow-generated piezoelectric potential is relatively
weak, coupling with the internal electric field derived from the
heterojunction can effectively enhance the piezo-phototronic
effect induced by discrete fluid mechanical energy. For instance,
the Z-scheme ZnO/WOj3; (Zn-W-5) hybrid showed a photocurrent
density of 3.38 mA cm™ at 1.23 V vs. RHE with a stirring rate of
1000 rpm, which is 3.02 times higher than that of pure ZnO.""
Only the vertical solution flow toward the photoanode surface
bent the ZnO nanorods and generated the piezo-photocurrent
efficiently (Figure 4f). In this process, the formation of direct Z-
scheme junction improved the charge transfer and separation at
the interface owing to the Fermi levels alignment between ZnO
and WOs;, leading to the bending of band edges of the two
semiconductors in the opposite directions. Ulteriorly, stirring
induced piezoelectric polarized charges from ZnO, which tuned
the Fermi levels and interface band bending to accelerate the
charge transfer between ZnO and WOs3, significantly enhancing
the photo-reactivity of this Z-scheme junction (Figure 4g).

3.3. Mechanical brushing/sliding

Though the aforementioned two forms of mechanical stress are
easily implemented without a complicated reaction device, the
stress intensity exerted on the surface of the piezoelectric
semiconductors cannot be controlled precisely. To establish an
accurate model for the mechanical stress field assisted
photocatalytic process, some special devices, such as the
cantilever connected with the piezoelectric material, were
designed." It should be noted that the piezoelectric
semiconductors must be sampled into a flexible device to
undergo the brushing, sliding, shaking or compression. For
instance, Xue et al. designed a piezo-photocatalytic system
composed of the ZnO nanowires arranged vertically on carbon
fibers (CFs).*?! Several bunches of ZnO nanowires/CFs were
woven together to form multi-fibers structure, which enabled the
nanowires to extrude outward radially and against each other by
the externally applied force (Figure 4a). With the applied UV
light irradiation and periodic force, the photoinduced electron-
hole pairs from ZnO were rapidly separated and migrated to the

This article is protected by copyright. All rights reserved.



Angewandte Chemie

opposite surfaces owing to the piezoelectric potential generated
by the bending of ZnO nanowires (Figure 4b). Furthermore, the
piezoelectric potential in ZnO/CFs could be constantly enhanced
by increasing the frequencies of the applied force, resulting in a
high piezo-photocatalytic degradation efficiency of MB solution,
which reached 98.8% in 120 min. In addition to the multi-fibers
device, ferroelectric Pb(Mg1;3Nb23)03-32PbTiO3 (PMN-PT) film
was attached to a cantilever for H; evolution under the periodic
mechanical oscillation, in which the bended ferroelectric film
generated a sufficient piezoelectric potential to drive the H*
reduction reactions.**! However, these piezoelectric devices
that harvest the physical forces are still rarely used for
photocatalytic applications, partially because the source of
mechanical energy is limited to the artificial stress. The coupling
of solar energy and the other forms of mechanical energy needs
to be exploited for energy and environmental applications.

Figure 4. (a) The degradation of MB solution by the piezo-photocatalytic
process over ZnO nanowires/CFs. (b) Schematic illustration of the working
mechanism for the piezo-photocatalytic degradation process. Adapted with
permission from Ref [42]. Copyright 2015 Elsevier. (c) Schematic illustration of
the stirring-/photo reaction device and the hydrogen production process of the
rGO-F/PVDF-HFP-CdS polymer film. Adapted with permission from Ref [39].
Copyright 2018 Elsevier. (d) Photocatalytic degradation of RhB over PZT/TiO,
under different stirring rates. (e) Diagram illustration of the fluid-induced piezo-
photocatalytic process. Adapted with permission from Ref [40]. Copyright 2018
American Chemical Society. (f) The photocurrents of Zn-W-5, ZnO and TiO,
under different stirring rates and water flow directions. (g) Schematic
illustration of the piezoelectric polarization enhanced Z-scheme effect in
ZnO/WO3;. Adapted with permission from Ref [41]. Copyright 2019 Elsevier.

4. Temperature gradient field

The temperature oscillation can be scavenged and converted
into electrical and chemical energies based on the pyroelectric
effect that originates from the polarization in pyroelectric
materials. It provides a promising route to enhance the solar
energy conversion efficiency by integration of pyroelectricity and
semiconductor characteristics, namely, the pyro-phototronic
effect.*® Different from the piezoelectrics discussed above,
pyroelectric materials can generate dipoles spontaneously in
crystals even without strain, whereas the polarized charges may
be completely screened by free carriers and the charges in
surrounding electrolyte. When the temperature fluctuation
breaks the thermodynamic equilibrium, the variation of
polarization will induce the generation of pyro-potentials along
the crystal. The as-appeared positive and negative polarized
charges at both ends can be utilized to enhance the charge
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separation efficiency and to effectively modulate the
photoinduced carriers transport across the junction interface
(Figure 5).* In this process, the generated pyro-potential can
also alter the surface charge energy to directly trigger catalytic
reactions, called pyrocatalysis, which cooperates with the
photocatalytic process for efficient pyro-photocatalytic reactions.
Nowadays, some typical pyroelectrics, such as ZnO and CdS,
have been extensively applied in solar cells and photodetectors.
However, the incorporation of pyro-phototronic effect resulted by
temperature gradient to improve the photocatalytic performance
is still in the embryonic stage.*”

©© Polarized charges Pyroelectric

4= Polarization (P)

Figure 5. Schematic illustration of the pyro-phototronic effect modulated
charge separation and transfer in pyroelectrics.

In general, there are two frequently used methods to generate
the temperature gradient field in photocatalytic processes, one
of which is to set up thermal cycles by heating and cooling the
reaction system in a water bath with a certain interval (Figure
6a). For example, the enhanced catalytic RhB decomposition
was achieved by ZnSnO3; NPs under the excitation of UV light
and 20-65 °C thermal cycles, where the degradation ratio
reached up to 98.1% with 8 thermal cycles, much higher than
the decomposition ratios by photocatalysis (76.8%) and pyro-
catalysis (20.2%).1"?! The temperature alternation resulted in the
formation of pyroelectric field, which facilitated the separation of
photoexcited electron-hole pairs, thus accelerating the reactive
radicals to participate in the degradation reactions. Some other
materials, like Cu doped ZnS also showed improved
photocatalytic degradation performance under temperature
gradient field.*®” Besides, Liu et al. utilized the rapid
temperature oscillation method to produce pyroelectric potentials
to deposit Au NPs on the surface of BaTiOs;, providing an
alternative strategy to fabricate the metal-pyroelectric hybrid
materials for efficient photocatalytic reactions. ¢!

Photothermal effect can realize the efficient light-to-heat
conversion, which provides another approach to localize the light
and heat energy simultaneously by exerting the periodical solar
irradiation on the pyro-semiconductors and photothermal
materials. For instance, a heat-collecting catalytic reaction
system was fabricated by a porous pyroelectric membrane
floating at the liquid interface and a light source equipped with
an optical chopper, which periodically blocked the incident solar
light to achieve the heating and cooling processes (Figure
6b).#"" Under light irradiation, the surface temperature was
quickly increased by the carbon black film on the top of the
pyroelectric membrane in several seconds, while the cooling
process also took place fast when the incident light was blocked
due to the high thermal heat capacity of water. Compared with
the traditional thermal cycles, the photothermal conversion can
utilize the infrared light and realize a relatively high rate of
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temperature change, which is beneficial to the pyro-
photocatalytic process. On the basis of this effect, Dai et al.
fabricated a new semi-immersion type heat collecting
photocatalytic device, which was composed of the PVDF-HFP
as pyroelectric substrate, carbon nanotube (CNT) as
photothermal material and CdS photocatalyst (PVDF-
HFP/CNT/CdS).*™® Upon infrared light irradiation, the heated
CNT transferred the thermal energy to the PVDF-HFP microfiber,
resulting in the establishing of pyroelectric field as a driving force
to separate the photoexcited electron-hole pairs of CdS. After
deposition of Pt on the surface of CdS, the segregated electrons
further moved to Pt and generated H, efficiently, leading to a
high photocatalytic H, generation rate of 451 pmol-g™"-h™" with
an average apparent quantum yield of 16.9% (Figure 6c and d).

(a)

O <ED

z »
"-,._!: P o 4—-!' =
e - preresees) Loiees )
y Cooling M vy, Y I
R Bt me-it
Rl s 2 b 0 y
pae s Sl ‘%‘I'im._mﬁ -

(c) - (d)

<7400
=

Hl (umol
g 2

PVDF-HFP/CNT/CAS-Pt
X Heated CNT cdas Pt § Dipole

PVDF-HFP
P H,0 H.

= T T Y
eSO OB o8

Figure 6. (a) Schematic illustration of the photocatalytic reaction system with
heating and cooling cycles. (b) Schematic illustration of catalytic reaction
system assisted by the photothermal effect. Adapted with permission from Ref
[47]. Copyright 2018 American Chemical Society. (c) Photocatalytic hydrogen
production rates of the obtained samples under Xenon lamp illumination
without filter. (d) The transfer of photogenerated carriers and energy band
bending at the interface of PVDF-HFP and CdS under light and temperature
variation. Adapted with permission from Ref [47b]. Copyright 2020 Wiley.

5. External electric field

External bias has been extensively used to enhance the
photocatalytic performance by accelerating the separation of
photoinduced carriers, which develops into the
photoelectrocatalysis (PEC) for efficient solar energy conversion.
Nevertheless, charge recombination occurring in the bulk of the
semiconductor photoelectrodes still significantly reduces the
photoconversion efficiency; the long migration distance and
weak driving force of charge carriers also hinder the efficient
surface reactions in electrolyte.” Utilization of the external bias
induced polarization effect to enhance the photocatalytic activity
provides a new approach to the design of electric field assisted
photocatalytic system. In this section, we will discuss the
functions of the electric field on the photocatalytic performance
by two means: the in situ external electric field induced constant
electric field effect, and electric poling pretreatment augmented
ferroelectric polarization.

5.1. In situ external electric field

We describe the effects of an external electric field on the
electronic structures and electric dipoles of semiconductors as
the electric field effect, which modulates the generation,
separation and transport of photogenerated charge carriers.
Recently, it has been reported that the external bias was
introduced into the photocatalytic reaction system by the bipolar
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electrochemical (BPE) cell in a wireless way, making it available
to take advantage of the electric field effect for efficient
photocatalytic reactions of particulate photocatalysts. In a typical
case, anisotropic Au-TiO, Janus particles were synthesized by
the synergy of BPE and photochemistry, and the electric field
assisted photoreduction mechanism was revealed.*®! The BPE
reaction cell was equipped with a UV light source, in which TiO;
particles and the metal salt were placed in a channel connected
with two electrode compartments to provide the electric field
(Figure 7a). After applying the electric field and UV light
irradiation for 60 s, almost all Au particles were located at the 8"
side, indicating that the photoinduced electrons were selectively
separated and transferred to the surface of TiO, for reduction
reactions (Figure 7b). The external electric field induced
polarization effect and band bending, facilitating the transfer of
charge carriers to the opposite sides of the particles, leading to
the formation of the metal-TiO, Janus objects (Figure 7c). The
generation of electric dipoles provided a strong driving force to
separate the photogenerated electron-hole pairs, giving rise to
efficient surface redox reactions for environmental remediation.
Zhao et al. designed an electro-field assisted photocatalytic
system based on the BPE cell for tributyltin (TBT) removal in
tannery wastewater. The photocatalytic TBT degradation
efficiency over TiO, microspheres with the applied external
potential was almost a 9-fold enhancement compared to that
without electro-field, of which the reaction rate constant of
0.0488 min' was achieved due to the suppressed charge
recombination in bulk.*®"!

Utilization of the electric field effect to modulate the electronic
band structures of semiconductors can be explained by the well-
known Stark effect, which leads to the splitting of energy band
that narrows the band gap with a shift of VB and CB states.*¥ [t
has been reported that many 2D semiconductors possessed
electrically tunable band gaps. Kim et al. realized a wide
modulation of band gap in few-layer black phosphorus (BP) by
potassium atom doping, which was ascribed to the giant Stark
effect resulted by dopants-induced vertical electric field. From
the density-functional-theory (DFT) calculations, the VB and CB
levels will shift toward each other, resulting in the reduction of
band gaps.’” Besides the materials with good conductive
properties, the band gap modulation and even semiconductor-
metal transition can also be achieved over typical TiO,-based
photocatalysts under the electric field.®"! As shown in Figure 7d,
all the orbital energy levels in the density of states (DOS) of TiO,
gradually split and extended towards low energy region with the
increase of electric field intensity. With applying electric field of
0.25 eV, the DOS of O 2p and Ti 3d orbitals crossed the Fermi
level and the band gap of TiO, reduced to zero,
accompanied by the transformation from semiconductor to
metal. Consequently, the optical absorption of TiO, was
significantly improved, and the absorption edges extended to the
visible region when a 0.20 eV electric field was applied (Figure
7e). On account of the energy band shift, the redox abilities of
photoinduced electrons and holes were also effectively
modulated by the external potential. For instance, TiO, realized
an enhanced decomposition efficiency of MB by 18% with the
electric field assisted photocatalytic process.®™ The applied
negative bias caused the upward movement of the CB edge,
which led to a higher reduction potential for photoexcited
electrons, promoting the oxygen reduction reaction to form <O;"
participating in degradation processes. Although the theoretical
basis of the electrically tunable band structures of
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semiconductors is sufficient, it is still short of experimental
evidence due to the lack of in situ detection technology.

The binding strength of reactants on the surface of catalysts
largely depends on their electronic structures, which
consequently can be effectively modulated by the external
electric field. Ling et al. increased the H* adsorption on MoS; by
optimizing the electronic structures of edges and defects of
MoS; under different electric fields, and the tunable position of S
p-resonance states was demonstrated to be dominant for
binding strength and Gibbs adsorption free energy of H*.*? Yan
et al. tuned the adsorption dynamics of VSe, nanosheets by
applying a back gate voltage to greatly optimize the distribution
of ions at the electrolyte-VSe, nanosheets interface for H,
evolution reaction.® In addition to the improved hydrogen
adsorption, some inert molecules like CO;, also showed the
electric field modulated adsorption characteristics. In a typical
case, hexagonal boron nitride sheets (h-BN) became an
effective adsorbent for CO, under an electric field.®®? The CO,
molecule adsorbed on the h-BN sheet generated a nonzero
dipole moment and slight bending, further contributing to the
formation of stable adsorption configuration composed of
positively charged C atoms in polarized CO, bonded with the
negatively charged N atoms with the applied external potential
(Figure 7f).

Hence, constructing the BPE cell assembled photocatalytic
reaction system is an effective route to integrate the electric field
effect, which substantially improved the photoabsorption, charge
separation, and reactant adsorption of the particulate
semiconductors without a complicated electrode molding
process. It is also considered as a promising technology to

increase the solar conversion efficiency with general applicability.
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Figure 7. (a) Schematic diagrams of the bipolar electrochemical cell under
simultaneous UV irradiation for deposition of Au on TiO,. (b) Optical
microscopy of the macro-TiO,/Au (the black region is the deposited Au).
Adapted with permission from Ref [48]. Copyright 2017 Wiley. (c) Schematic
illustration for the mechanism of the electric field effect enhanced charge
separation. (d) The calculated DOS results of O atoms and Ti atoms of TiO,
under different electric fields. (e) Absorption spectra of TiO, under different
electric fields. Adapted with permission from Ref [51]. Copyright 2016 Royal
Society of Chemistry. (f) The configuration of CO, molecule adsorbed on the
h-BN sheet with the applied external electric field of 0.03 and 0.04 au. Adapted
with permission from Ref [52¢]. Copyright 2015 American Chemical Society.

)

5.2. Electric poling pretreatment

Ferroelectrics possess the spontaneous polarization with bound
charges on the surface, which can be further enhanced by the
external electric field. The as-formed strong ferroelectric field
can largely facilitate the separation of bulk and surface charges
in ferroelectric semiconductors. It is noteworthy that electric
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poling is a pretreatment process for material modification before
the photocatalytic reaction. Corona poling is a facile approach to
directly exert the intense electric field on ferroelectric powder
samples. In this process, the electric field is applied on the tip of
a needle electrode to charge the material placing on the copper
plate (Figure 8a). For instance, Park et al. prepared polarized
Ko.sNagsNbO3z powder via a corona poling process and achieved
a significantly enhanced photocatalytic H, production rate of
~0.47 mmol-g™"-h™", which is 7.4 times higher than that of the
non-poled sample (Figure 8b).”® The strong ferroelectric field
originated from the alignment of the ferroelectric domains under
electric field provides an effective driving force to separate
photogenerated electrons and holes in the bulk phase (Figure
8c). Our group reported the introduction of a strong ferroelectric
polarization into thin-layered Bi,MoOs by corona poling.**” The
coupling effect of ultrathin structure and ferroelectric polarization
not only promoted the bulk charge separation, but also greatly
enhanced the CO, adsorption of Bi;MoOs. As a result, the
polarized ultrathin BiMoOs nanosheets exhibited an enhanced
CO; photoreduction activity with CO production rate of 14.38
umol-g™"-h™"; over 10 times increase than that of the non-poled
bulk Bi,MoOs (Figure 8d).

In addition to the corona poling, the external electric field can
also be applied to the ferroelectric powders by fabrication of
organic-inorganic composite films. In this process, ferroelectric
particles were added into the organic solvent with the soluble
organic polymer dissolved, and then the mixture was coated on
a conductive substrate to conduct the electric poling (Figure 8e).
Zhang et al. obtained the polarized Bi;WOg nanosheets by first
fabricating and electriclly poling the polymethyl methacrylate
(PMMA)Bi;WOs  composite  film.®™  The photocatalytic
degradation rates for various contaminants over polarized
Bi;WOs increased by 2 times after electric poling, which
originated from the prolonged carrier lifetime and the
suppressed charge recombination under strong ferroelectric field.
Similarly, Huang and coworkers used PMMA as the conductive
substrate to pole ferroelectric BiFeOs powders, also realizing
greatly improved photocatalytic activity.®*!

Poling pretreatment can also be conducted in an
electrochemical cell with the ferroelectric electrode as the
working electrode and Pt plate/FTO glass as the counter
electrode (Figure 8f). It requires that the ferroelectric particles
need to be in situ grown on conductive substrates to fabricate
the photoelectrodes, so that the photocatalytic reactions can
occur in a two-electrode system without any externally applied
voltage. For instance, the positively poled
CdS/Au/Ti/Pb(Mg13Nb2/3)0.7Tio 303 (CAS/Au/Ti/PMN-PT) showed
a considerably high solar-to-hydrogen conversion efficiency by
the uniphotoelectrode cell system composed of the
CdS/Au/Ti/PMN-PT electrode and Pt electrode connected by an
electric wire.®™ The photoexcited electrons in the positively
polarized CdS/Au/Ti/PMN-PT directly transferred to the Pt
electrode for efficient H, evolution due to the enhanced
ferroelectric polarization promoting the charge separation and
migration (Figure 8g). Consequently, the polarized sample
achieved a stable H; production rate of 30 umol-cm™2h™", which
is much higher than the un-polarized sample under the same
conditions (Figure 8h). The expected H, production rate
calculated from the photocurrent exceeded the experimental one,
indicating that the surface reaction kinetics were the dominant
factors governing the photocatalytic performance instead of the
charge separation process.
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Because the polarization direction in ferroelectrics can be
easily switched by the electrode poling process, the band
bending at the interface of ferroelectric heterojunction can be
effectively manipulated in a facile way, which provides a precise
approach to modulate the interface band alignment. For instance,
the construction of Z-scheme junction is difficult to achieve
owing to the uncontrollable vectorial electron transfer between
the photocatalytic reduction system (PS |) and oxidation system
(PS II). However, ferroelectric materials with the tunable band
bending can solve this problem effectively. Li et al. constructed
the BiVO4-BiFeOs-CulnS, ternary Z-scheme junction by tuning
the interfacial band bending of BiFeOs; with different poling
directions.®® Without any electric field, electrons are unable to
transfer from the CB of BiVO,4 and BiFeOs to the VB of CulnSy,
because of the high energy band barrier between them. After the
anode was poled, the polarization-induced electric field in
BiFeOs enabled the downward band bending at the
BiFeOs/CulnS; interface to realize a reduced energy barrier,
which impelled the recombination of photogenerated electrons
from BiFeOs and holes from CulnS; to form a Z-scheme junction
with prominent photocatalytic activity. However, exerting
reversed electric field allowed the holes to migrate from BiFeO;
to CulnS, and then combined with the electrons in CulnS,,
which decreased the PEC performance of BiVO4-BiFeO3-CulnS;
ternary Z-scheme junction (Figure 8i).

@ D W 10

(U]

Working eléctrode

H, evolution / mmol g

< s o ‘
= E.. N . v N

o ”

LY

= 2 E,
\ / |
>

. E, 56

o BH
BIVO, BiFeO, Culn§

H, evolution (umolcm®) =
8

2 2
g 8

g

8
‘.

s
0

BIVO, BiFeO, Culns;

o0 e-w
0 60 80 100 120 no polarization ¢
Time (min)

-
°
E1Y
3

Figure 8. (a) Schematic diagram of the corona-poling system. (b)
Photocatalytic hydrogen production rates of the polarized and non-polarized
Nao 5KosNbO3 powders. (c) The polarization behavior of a semiconductor after
corona-poling. Adapted with permission from Ref [53]. Copyright 2014 Royal
Society of Chemistry. (d) Photocatalytic CO production rate of the poled
ultrathin  Bi;,MoOs nanosheet. Adapted with permission from Ref [53b].
Copyright 2020 Royal Society of Chemistry. (e) Schematic illustration of the
electrical poling process by using an organic inorganic composite film as a
conductive substrate. Adapted with permission from Ref [54]. Copyright 2018
Royal Society of Chemistry. (f) Schematic diagram of the electrical poling
process by using an electrochemical cell. (g) Scheme of the uniphotoelectrode
cell system for photocatalytic water splitting over the positively polarized
CdS/Au/Ti/PMN-PT. (h) The hydrogen yield of the poled and unpoled samples
without applying external voltage. Adapted with permission from Ref [55].
Copyright 2018 Elsevier. (i) Schematic illustrating the construction of the Z-
schematic BiVO,-BiFeO3;-CulnS; junction by anodic electrical poling process.
Adapted with permission from Ref [56]. Copyright 2017 Elsevier.

It has been recognized that the ferroelectric polarization and
screening effect can lead to the domain-dependent adsorption
patterns of ferroelectric semiconductors, providing an effective
tactic to modulate the adsorption of specific reactants.® Li et al.
utilized atomic force microscopy (AFM) and scanning surface
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potential microscopy (SSPM) to investigate the ferroelectric-
domain-dependent CO, adsorption on the surface of BaTiO3.%!
The positively and negatively poled BaTiO; possessed the c*
domain (dark area) and c” domain (bright area), respectively,
because of the opposite polarized charges on the surface
(Figure 9a). The surface potential of BaTiO; after exposure to
30 L of CO, decreased with the chemisorption of CO, (Figure
9b). With increasing the doses of CO,, the average surface
potentials of both ¢* and ¢ domains initially decreased linearly
and then remained unchanged as a result of saturated coverage
of CO, (Figure 9c). The different decay trends of surface
potential on the two opposite domains demonstrated the
ferroelectric-domain-dependent CO; adsorption of BaTiOs;. To
further determine the CO, coverage difference of ¢ and ¢
domains, the reactive sticking coefficient S (the ratio of
chemisorbed molecules) was calculated by Equation (1):

o(L) SL

— 1
OmaxNo+/ 2emk, T @)

where the coverage 6 is the fraction of the occupied sites per
unit area, N,. When the exposure dose of an ideal gas is L, the
number of impinging molecules can be represented as
L/\[2emk,T . Therefore, the reactive sticking coefficient S is
proportional to the slope of the line in Figure 9d, which plotted
the CO, coverage as a function of dosing 6(L). The slope ratio
of ¢ to ¢’ reached 3.7 for BaTiOs, illustrating a better CO,
adsorption on the negatively poled surface. Remarkably, the
ferroelectric polarization-dependent molecule adsorption was
mainly attributed to the anisotropic Van der Waals interactions
between the adsorbates and polar surfaces, which reduced the
activation barrier for physisorption while the chemisorption
energy maintained unchanged.®” It has been reported that
many alcohols with a low molecular weight, such as methanol,
ethanol and 2-propanol, also have the polarization-dependent
adsorption features.® The charged dye molecules can also be
effectively captured by the polar surfaces, resulting in an
efficient decolorization process. Yin et al. reported the
ferroelectric external screening effect of Bi;TiNbOg for enhanced
dye adsorption.®® After enhancing the polarization by corona
poling, a giant external screening effect was generated for
adsorbing a large amount of charged dyes on the polar surfaces
to compensate the polarized charges (Figure 9e). The improved
dye adsorption resulted in better photodegradation and
photosensitization degradation performance of BizTiNbOo.

max

Recently, it has been reported that the photons with energy
smaller than the band gap still excited electrons to transit to the
CB, which can be possibly attributed to the ferroelectric
polarization.®"! Zhao et al. disentangled the relationship of
ferroelectric polarization and optical absorption by theoretical
calculation. Strengthening ferroelectric polarization effectively
improved the optical absorption of the germanium iodide
perovskite CH3NHs;Gels owing to the increased p—p orbital
transition from | to Ge.’®? Moreover, Liu et al. demonstrated that
the charged domain walls in CH3NH3Pbl; significantly reduced
the band gap by providing an electric field across the domain.®?!

The above works uncover the great potential of ferroelectric
polarization in promoting the crucial steps that occur in the
photocatalytc process, including optical absorption, charge
separation and adsorption of reactants. In particular, the electric
poling by external electric field further enhances these
advantages.
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Figure 9. Surface potential maps of ¢* (dark region) and ¢~ domains (bright
region) on BaTiO; (001) when exposure to (a) 0 L and (b) 30 L of CO,. (c)
Average surface potential versus CO, dose on BaTiO; (001). (d) The
computed reactive sticking coefficient of ¢* and ¢~ domains on BaTiO; (001).
Adapted with permission from Ref [58]. Copyright 2008, Nature Publishing
Group. (e) The dye adsorption process diagram of BisTiNbOg single-crystal
nanosheets. Adapted with permission from Ref [60]. Copyright 2020 Royal
Society of Chemistry.

6. Magnetic field

Since the Zeeman effect of energy splitting in an external
magnetic field was discovered in 1896, many researchers
attempted to introduce the magnetic field into chemical reaction
processes. It has been reported that the magnetic field can
affect the free radical reactions, which includes the lifetime of
free radicals and reaction intermediates.® However, the
Zeeman energy is not enough to alter the band structures of
semiconductors. So the enhancement of photocatalytic
performance by magnetic field is still a challenge. The Lorentz
force induced by magnetic field can act as a driving force to
facilitate the separation of photogenerated carriers and to
promote the adsorption of ions on the catalysts’ surface, leading
to an improved photocatalytic activity under magnetic effect
(Figure 10).
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Figure 10. Schematic illustration for the magnetic field improved charge
separation and adsorption of reactants.

The magnetically promoted photocatalytic reaction of ultrafine
TiO2 was initially found by Wakasa et al., and they interpreted it
as the inhibited recombination of photoinduced electrons and
holes in the semiconductors.®® After that, the introduction of
magnetic field into photocatalytic processes mainly focused on
improving the charge separation efficiency in semiconductors.
The relative motion of charges in a magnetic field will generate
Lorentz forces to deviate the charge movement. Thus, the
separation and transfer of photogenerated carriers in the
photocatalytic process can be effectively modulated by the
magnetic field. For instance, Gao et al. investigated the
functions of the magnetic field on the photocatalytic performance
of TiO; nanobelts.""! The magnetic field induced Lorentz forces
separated the electrons and holes to opposite directions, which
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suppressed the charge recombination in bulk and allowed more
active charge carriers to transfer to the surface. As a result, a 26%
improvement of photocatalytic efficiency was achieved by simply
incorporating the magnetic field in the photocatalytic system.
They also discovered that the magnetic field can induce micro-
electric potential in metal, which remarkably enhanced the
charge separation in CdS by fabricating Au/CdS core-shell
hybrid nanostructure.® In order to cut the magnetic induction
line during the movement of photocatalysts, a rotating
permanent magnetic field was applied to the photocatalytic H-
production system (Figure 11a). The introduction of magnetic
field enhanced the H, production amount of Au/CdS by 110%,
reaching an evolution rate of 222.8 umol-g™"-h™" (Figure 11b).
The polarized electrons in Au core along the direction of the
Lorentz force under magnetic field produced surface charges at
the interface between the core and shell, resulting in the
formation of a space electric field, which facilitated the
separation of photoinduced carriers in CdS shell (Figure 11c).

Magnetoresistance (MR) effect that the resistance of
semiconductors varies with the applied magnetic field can be
employed to tune the charge transport properties. Li et al.
attributed the improved photocatalytic performance of a-
Fe,O3/rGO to the negative MR effect that accelerated the
transfer of photogenerated carriers at the interface.®® The
increased photocurrent density and extended lifetime of
photogenerated electrons under 1 kOe magnetic field evidenced
the rapid separation and migration of photoinduced carriers
(Figure 11d and 11e). Hence, the negative MR effect of both a-
Fe;O03 and rGO produced by the parallel alignment of magnetic
moments increased the injection rates of electrons from a-Fe;0s
to rGO, resulting in the transfer of more active carriers onto
surface for redox reactions (Figure 11f).

Furthermore, the Lorentz force generated by magnetic field
can also drive the reactants to be adsorbed on the surfaces of
photocatalysts, which has the potential to break the limitation of
adsorption quantity determined by intraparticle diffusion. For
instance, the efficient photocatalytic denitrification of nitrate and
ammonia was realized by Mn;03/g-C3N4 with the assistance of
magnetic field. " The driving force produced by extra magnetic
field not only promoted the separation of photoinduced electron-
hole pairs in the heterojunctions, but also simultaneously
enhanced the adsorption of the oppositely-charged NO3;™-N and
NH4*-N by increasing their collision probability with Mn,Os/g-
C3N4. In another study, Li et al. also reported the improved
phosphorus adsorption on Fe;04/ZnO magnetic composites via
the weak magnetic effect.™

Therefore, introducing the magnetic field into photocatalytic
processes is an effective and practical approach to enhance the
solar energy conversion efficiency with the improved charge
separation and surface adsorption. More examples of the
external fields improved photocatalytic reactions are
summarized in Table 1.
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Figure 11. (a) Schematic illustration of the photocatalytic H, production
system under magnetic field. (b) Photocatalytic H, production rates of Au NR-
CdS NP core-shell with no magnetic field (NMF) or with a magnetic field (MF).
(c) Schematic illustrating the carrier separation of the moving Au NR-CdS NP
core-shell nanostructure under a magnetic field. Adapted with permission from
Ref [65]. Copyright 2020 Elsevier. (d) The transient photocurrent density of a-
Fe,03/rGO with or without magnetic field. (e) Electron lifetime as a function of
open-circuit potential with or without magnetic field. (f) Schematic illustrating

the transfer of carriers

in the a-Fe,O53/rGO with the

large negative

magnetoresistance effect under light and magnetic fields. Adapted with
permission from Ref [66]. Copyright 2018 American Chemical Society.

Table 1. Typical examples for external fields improved photocatalytic performance.

Photocatalysts Catalytic conditions Catalytic applications Catalytic efficiency or rate Ref.
F/Si/TiO, Two electrodeless discharge lamps Degradation of 99% degradation efficiency [68]
pentachlorophenol (¢ = 40 mg-L™") within 20 min
TiO/CNT Microwave electrodeless discharge lamps Degradation of atrazine (c =20 100% degradation efficiency [69]
mg-L”) within 3 min
P25 Electrodeless discharge lamps + H,0, Degradation of 4-CP (c = 30 k =~0.0192 min™ [70]
(0.1% viv) mg-L”)
ZnO/CuO Xenon lamp (300 W) + microwave (1.5 W) Degradation of tetanus toxin (c = k =~ 0.0652 min™ [71]
1mg-L")
BiFeO3 nanowires Xenon lamp (300 W) + ultrasonic (80 W, Degradation of RhB (c = 4 mg-L'1) k = 0.0582 min™ [72]
132 kHz)
KNbOj3; nanosheets Xenon lamp (300 W) + ultrasonic (110 W, Degradation of RhB (c = 10 mg-L” k = 0.0220 min™ [30b]
40 kHz) "
MoS,/KNbO3 Xenon lamp (300 W) + ultrasonic (110 W, Degradation of RhB (c = 10 mg-L” k =0.0370 min™ [73]
40 kHz) "
ZnO nanorods UV light (24 W) + ultrasonic (150 W, 40 Degradation of AO7 (c = 10 mg-L” k=0.0173 min™' [74]
kHz) b}
ZnO nanowire array on UV light (9 W) + stirring Degradation of MB (c = 10 mM) k =0.0091 min™ [74b]
PDMS
Au/ZnO Xenon lamp (300 W) + ultrasonic (80 W, Degradation of RhB (c = 5 mg-L'1) k =~ 0.0399 min™ [74c]
40 kHz)
Cl/Zn0O nanorods Xenon lamp (300 W) + ultrasonic (100 W, Degradation of RhB (c = 10 ppm, k = 0.0232 min™ [74d]
40 kHz) 50 mL)
BaTiO3 nanowires UV-LED (4.2 W) + ultrasonic (180 W, 40 Degradation of MO (c =5 mg-L‘W) k = 0.0426 min™ [75]
kHz)
Ag/BaTiO3 Xenon lamp (300 W) + ultrasonic Degradation of RhB (c = 0.01 k = ~0.0236 min™ [75b]
mM)
Ag,0/BaTiO3 Xenon lamp + ultrasonic (50 W, 40 kHz) Degradation of RhB (c = 15 mg-L” k =0.0510 min™ [75c]
)
Al/ BaTiO3 Xenon lamp (300 W) + ultrasonic H, evolution 327 pmol-g”"-cm™ [75d]
CdS nanorod arrays Xenon lamp (300 W) + ultrasonic (100W, H; evolution 20 pL-h’1 [76]
27 kHz)
MoS,/Ag,0 Infrared lamp (300 W) + ultrasonic Degradation of MO (c = 20 mg-L" k = ~0.0803 min™ [76b]
bl
PMN-PT/TiO, UV light (15W) + ultrasonic (180 W, 53 Degradation of RhB (c = 12 mg-L~ k =~0.0219 min™ [77]
kHz) b
PVDF/TIO, UV lamp + air bubble Degradation of MB (c = 0.01 uM) 100% degradation efficiency [39c]
within 90 min
PVDF/ZnO Xenon lamp (300 W) + stirring Degradation of RhB (c = 12 mg-L” k =0.0391 min™ [39b]
bl
ZnS:Cu Xenon lamp (500 W) + thermal cycling Degradation of AO7 (c =5 mg-L° k = ~ 0.0499 min™ [46b]
)
Au/BigFe,TizOqg Corona poling + fluorescent lamp (20 W) Degradation of RhB =~0.0154 min” [78]
Bag.g75Cag.125 Tip.95SN0.0503- Corona poling + solar simulator (375 nm) Degradation of MB (c = 5 mg-L’W) =~0.0368 min™ [79]
Sn
g-C3N4/BaTiO3 Electric poling + UV/Vis light Degradation of MO k =~ 0.0065 min™' [80]
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C3N4/BiFeOs3 Electric poling + xenon lamp (500 W) Degradation of RhB (¢ = 10 mg-L” 100% degradation efficiency [80b]
" within 80 min
KNbO3 Electric poling + UV light Degradation of RhB (c = 10 mg-L” k =0.3170 min™' [81]
)
BiOI/BisTizO12 Electric poling + UV light Degradation of RhB (c = 10 mg-L” 100% degradation efficiency [82]
" within 12 min
ZnO UV light + magnetic field (0.7 T) Degradation of MB (c = 0.02 mM) k =~0.0108 min™" [83]
TiO, UV light + magnetic field (1000e) Degradation of MO (c = 5 pM) k =~0.0017 min™ [84]
Fe;04/TiO, UV/Vis light + magnetic field (800 Oe) Degradation of RhB (c = 0.1 mM) k = 0.2140 min™' [85]
P25 and Fe;04 UV light (120 W) + magnetic field (15 mT) Degradation of formaldehyde (20 k =~0.0183 min™ [86]
+ sound pressure (100 Hz) mg/m3)
CoFe,04/MoS;, Xenon lamp (300 W) + magnetic field Degradation of Congo red (c = 20 k =~ 0.0457 min”' [87]

(1500 Oe)

mg-L'1)

7. Multi-external fields

The synergy of the multiple external fields shows a great
potential to significantly improve the solar-to-chemical energy
conversion efficiency. It mainly involves the ferro/piezo/pyro-
phototronic effects of the polar materials, of which the coupled

external stimulations induce a stronger polarization for
drastically promoting the separation and transport of
photoinduced charge carriers.®® It is well known that

ferroelectrics possess both piezoelectric and pyroelectric
properties intrinsically. Even for electrically poled ferroelectrics,
they only have remnant polarization with inconsistently-arranged
domains. With the applied external strain or temperature
fluctuation, the domains may be well aligned by the as-
introduced piezo- or pyro-potential, which enhances the
polarization of ferroelectrics and thereby results in the promoted
charge separation. Thus, the photocatalytic reactions of
ferroelectric semiconductors can be dramatically advanced by
combining the mechanical stress or temperature gradient fields
with electric poling, realizing the ferro/piezo-photocatalysis or
ferro/pyro-photocatalysis (Figure 12).

Ferro/piezo-photocatalysis

Ferro/piezolpyrb-photocatalysis

Figure 12. Schematic illustration for the multi-fields coupled photocatalysis

For instance, BiFeO3/TiO; core-shell nanocomposites were
constructed and polarized to decompose the dye molecules
under ultrasonic and light irradiation; the piezo-photocatalytic
degradation performance of poled BiFeO3/TiO, was remarkably

enhanced, over 235% increase compared to that of the
untreated counterpart. The coupling effect of ferroelectric and
piezoelectric polarization generated a steeper band bending at
the heterostructure interface that facilitated the separation of
electrons and holes.® In other applications, Kumar et al.
achieved 100% piezo-photocatalytic bacterial inactivation using
the poled BaTiO3 (BTO) ceramic within 30 min. As we know, the
ROS have a lethal effect on bacterial survival. The improved
photoinduced charge separation by surface polarization can
produce a sufficiently high voltage to trigger the rapid generation
of ROS under mechanical vibration and UV irradiation (Figure
13a).°? Similarly, the poled TiOx/BTO/Au nanorod arrays
exhibited an efficient photodynamic bacteria killing performance
by coupling the ferro/piezophototronic and SPR effects. The
piezopotential and remnant polarization enhanced the charge
transport at the interface of the ternary heterojunction, rendering
a large number of ROS.*®! Moreover, the electric poling process
remarkably enhanced the fluid-driven piezo-photocatalytic
performance of PbTiO; monocrystalline nanoplates because of
the  synergistic advantages of piezoelectric and ferroelectric
polarization.®"

The pyro-phototronic effect can be utilized to enhance the
photocurrent density of pyroelectric semiconductors. However,
most of them possessed an unsatisfied thermoelectric
conversion efficiency. It has been reported that the pyroelectric
coefficient of poled ferroelectric BaTiO3; reached 16 nClcm?K,
which could enhance the pyro-phototronic effect to yield a
considerable current output.®? With a cooling temperature
variation, the stable current plateau of the BaTiO; device
composed of a BaTiO3 layer sandwiched between two ITO glass
was enhanced by 23% due to the band bending induced by
ferro-pyro-phototronic effect. The increased polarized charges
induced a downward band bending at the positive side to reduce
the Schottky barrier height, which promoted the electron flow to
the right ITO electrode. Meanwhile, the upward band bending at
the negative side further separated the photoexcited electron-
hole pairs with the increased Schottky barrier height on the left
(Figure 13b).

The mechanical stress and temperature gradient fields can
also be integrated into the photocatalytic process, highlighting
the piezo/pyro-photocatalysis (Figure 12). In a typical case,
Ag>0/BaTiOs; composites were prepared to take advantage of
the photocatalytic properties of Ag.O, piezoelectricity and
pyroelectricity of BaTiOz for efficient piezo/pyro-photocatalytic
degradation of MO under the varied temperature field and
ultrasonic excitation (Figure 13c).”®! The decolorization activity
of Ag.0/BaTiO; via the piezo/pyro-photocatalytic process
reached a rate of 0.020 min™', which is 1.4 and 1.3 times faster
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than that of the photocatalysis (0.015 min") and pyro-
photocatalysis (0.016 min™), respectively. The piezoelectric and
pyroelectric bound charges formed in BaTiOs; attracted and
released photoexcited charge carriers during the temperature
fluctuation and ultrasonic vibration cycling, which dramatically
improved the charge separation efficiency and surface redox
reactions (Figure 13d).

Multi-external fields can result in much stronger polarization,
which provides a more powerful driving force for charge
separation. In view of the great enhancement of photocatalytic
performance by the coupling effects derived from multi-external
fields, this strategy is expected to show huge prospect in
photocatalytic applications.

(c)
I _1Piezo-Pyro-photocatalysis
;\?80 £ 1Photocatalysis @ > 0
~ [ 1 Piezo-photocatalysis .
£ 60 £ 2Pyro-photocatalysis + BﬂTl03 -
2
< 40 o)))(and,or) L
= /) ===
& i + -
£'20 B + Ppln: -
(=]
ol il ] ® eommm— &
BaTiO3 A0 Ag0/BaTiO3 ® a1l =
Photocatalysis samples Ultrasound wave L Temperature fluctuation

Figure 13. (a) Schematic illustration for the bacterial inactivation process by
ferro/piezophotocatalysis. Adapted with permission from Ref [90]. Copyright
2019 Elsevier. (b) Schematic illustration for the band bending of the poled
BaTiO; device with a cooling temperature variation. Adapted with permission
from Ref [92]. Copyright 2018 Elsevier. (c) Piezo/pyro-photocatalytic MO
degradation performance over Ag,O/BaTiOs. (d) Schematic diagram of the
piezo/pyro-photocatalytic degradation proess over Ag,O/BaTiO; composite.
Adapted with permission from Ref [93]. Copyright 2020 Elsevier.

8. Summary and Outlook

Efficient conversion of solar energy through photocatalytic
processes is a prospective approach to relieve energy crisis and
environmental pollution, known as the “21st Century Dream
Technology”. However, the low catalytic efficiency is still far
behind the practical application requirement. Introduction of
external fields provides a straightforward and effective strategy
to improve the photocatalytic performance of semiconductors. In
this review, we summarized the advances on utilization of
diverse external fields, including the microwave, mechanical
stress, temperature gradient, external electric field, magnetic
field and coupled-fields, to boost the photocatalytic activity for
various reactions, such as water splitting, CO. reduction,
bacterial inactivation and pollutant degradation. The
mechanisms for photo-reactivity reinforcement associated with
the improved photoabsorption, charge separation, surface
adsorption and activation were discussed. Though the external
field assisted photocatalytic processes can largely overcome the
instinct weakness of the photocatalysts, there are still some
fundamental issues and challenges need to be conquered.

i) The improvement of photocatalytic efficiency by the external
fields is still restricted by low utilization of external energy
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injected into the photocatalytic reaction system, as the
dominating factors that the external fields enhance the
photocatalytic performance of semiconductors has not been
clarified enough. It was demonstrated that the synergy between
the external fields and internal electric fields in hybrid
semiconductors  significantly improved the photocatalytic
performance. Thus, more efforts should be made to explore the
influence of material modifications, such as defects formation,
fabrication of ultra-small or ultra-thin structures, etc., on external
fields to maximumly take advantages of external energy.
Besides, more forms of energy existed in the natural
environment are anticipated to be exploited as the source of

external fields, such as wind energy, tidal energy, and
geothermal energy, etc.
ii) The development of highly polar photocatalysts

(ferro/piezo/pyro-electrics) is urgently needed, since they are
more sensitive to the applied external fields. Their non-
centrosymmetric structures can generate a strong polarization
as driving force to boost the separation and transfer of
photoactivated charge carriers when an external field was
applied. Some tactics for material design, such as elemental
substitution, microstructure modulation and surface decoration,
may show large potential to enhance the polarization strengthen
of polar materials, which can be employed to assist the external
field assisted photocatalytic processes.

iii) Coupling of multiple external fields shows huge prospects
as it may produce synergistic effect to substantially increase the
photocatalytic efficiency. However, the different external fields
may produce the potential on photocatalysts or effects on
photocatalysis against each other, which cripples the
photocatalytic performance. Therefore, in-depth understanding
on the coupling mechanism and rational optimization of the
parameters of diverse external fields is indispensable to achieve
efficient photocatalytic reactions.

iv) Until now, most of photocatalytic reactions enhanced by
external fields are mainly concentrated on contaminants removal,
and only a spot of works involve H, evolution and CO; reduction.
The applications for generation of solar fuel should be deepened.
Particularly, it is promising to extend the application scope of
external field enhanced photocatalysis to other reactions, such
as N fixation and organic synthesis.

v). More in situ characterization techniques should be
developed to further probe the functions of external fields in
photocatalytic processes, for instance, the processes of charge
generation and separation in bulk, adsorption processes of
reactant molecules on the surface of semiconductors. These in
situ measurements are conducive to identifying the behaviors of
carriers and reactant molecules under the external fields, as well
as the evolution of structures and properties of the catalysts.
Besides, as some external fields play a part by inducing the
establishing of internal electric fields, the characterization
techniques for internal fields, such as light-assisted Kelvin probe
force microscopy and surface photovoltage microscopy, are in
need.
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