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Abstract: The development of a high-performance ferroelectric piezo-photocatalyst is an efficient strategy for advancing
sustainability within the environmental and energy sectors. Yet, a major challenge lies in the creation of a strong polarized
electric field that can effectively hinder charge recombination, both within the bulk and on the surface of catalysts. Herein,
we synthesize a series of Nb-doped Bi,Ti;O;, nanosheets via a facile one-pot hydrothermal method to achieve
synergistically enhanced piezo-photocatalytic performance in CO, reduction and pollutant degradation. The optimized
doped Bi,TizO,, demonstrates remarkable efficiency in the conversion of CO, into CO, with a high production rate of
72.7 ymol-g™"-h™" without using co-catalysts or any sacrificial agent, surpassing the performance of unmodified Bi,Ti;O4, by
up to 4.69 folds. Additionally, our catalyst demonstrates ultra-fast piezo-photocatalytic degradation of organic pollutant
Rhodamine B (RhB) at low concentrations and exceptional piezo-photocatalytic activity at high concentrations,
outperforming most previously reported state-of-the-art catalysts. The systematic corroboration of catalyst characterization
and experimental analysis reveals that the synergistic effect arises from the amplified macroscopic polarization induced by
lattice distortion caused by the larger Nb ions, thereby improving piezo-photocatalytic efficiency. This research thus offers
valuable insights into the direct design and fabrication of versatile catalytic systems, with applications spanning CO,
valorization and beyond.
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1 Introduction

The widespread use of fossil fuels has resulted in an energy crisis,
worldwide environmental pollution, and global greenhouse
effects, endangering the sustainable development of human
civilization [1-4]. To tackle these challenges, semiconductor-based
photocatalytic technologies have emerged as a promising avenue,
offering the prospect of harnessing abundant solar energy for
practical applications [5-8]. However, a significant challenge lies
in achieving efficient separation of photo-generated electrons and
holes, both in bulk and on the surface of photocatalysts [9-11]. In
recent decades, substantial efforts have been made to enhance
photocatalytic efficiency, focusing on strategies such as shape-
controlled growth, creating heterojunctions, introducing defects,
and elemental doping [12-15].

Piezoelectric materials, characterized by their unique crystal
structures that can generate polarization charges in response to
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mechanical stress or deformation (tidal, environmental noise,
wind energy, etc.), have opened up tremendous opportunities for
converting mechanical energy to chemical energy [16—19]. Several
piezoelectric semiconductor materials, such as ZnO [20], MoS,
[21], C;N, [22], and polyvinylidene fluoride (PVDEF) [23], have
exhibited excellent piezocatalytic performance across diverse
applications ranging from the breakdown of organic pollutants to
water splitting, CO, reduction, and pathogen inactivation [24-28].
More importantly, the internal electric field induced by the
piezoelectric polarized charges creates an energetic driving force
that facilitates efficient separation and controlled migration of the
photo-generated carriers within the space charge region [29]. This
synergy between piezoelectric polarization and photocatalysis thus
offers the benefits of low energy consumption, ease of control, and
low cost compared to traditional semiconductors [30]. Yet, it
remains a challenge to enhance the internal polarization of
piezoelectric semiconductors and control the energy band
structure which can accelerate the separation and migration of
photogenerated electrons and holes.

In recent years, ferroelectric and piezoelectric semiconductors
have emerged as high-performance photocatalysts owing to their
inherent polarized electric fields, resulting in the coupling of
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mechanical and solar energy to achieve breakthrough catalytic
conversion efficiency [31-34]. Traditional semiconducting
ferroelectrics such as BaTiO; [35], NaNbO; [36], SrTiO; [37], and
BiFeO; [38] have been explored as effective piezo- or photo-
catalysts. Amongst these, the bismuth layer-structured
ferroelectrics (BLSFs) have gained prominence due to their unique
electronic band structure and remarkable piezoelectric and
ferroelectric properties which facilitate interlayer charge migration
and transfer [39]. Bi,Ti;O,, is a typical representative of BLSFs
that has exceptional piezoelectric and ferroelectric properties and
has exhibited excellent piezocatalytic and photocatalytic
performance in CO, reduction, pollutant degradation, and
molecular oxygen activation [40-42]. To further optimize the
catalytic performance, various strategies have been employed
[43—45]. Element doping is regarded as an effective and simple
method to modulate the polarization of ferroelectric materials.
Bai et al. [46] proposed a strategy to control the band structure
and enhance the polarity via heterovalent ion doping of BaTiOs.
The optimized Li-doped BaTiO; and La-doped BaTiO; exhibited
a significant enhancement for hydrogen evolution and achieved
specific pollutant degradation because the acceptor (Li") or donor
(La*) dopants endow different thermodynamic driving forces for
the redox reactions [46]. In addition, Zhu et al. [47] prepared Fe-
doped Bi,Ti;0,, (Fe/BTO) nanosheets with exposed {001} facets
by molten salt method. Compared with pure BTO, the 2%Fe/BTO
sample exhibits the highest photocatalytic activity for photo-
degradation of phenol and bisphenol A under light irradiation.
The depolarisation fields and photogenerated carriers trapped by
Fe™ co-inhibit recombination of electrons and holes, thus
improving the photocatalytic performance [47]. Despite these
promising outcomes, the development of a high-performance
Bi,Ti;O,, piezo-photocatalyst through appropriate ion doping
remains unexplored, underscoring the need for an in-depth
understanding of the relationship between polarization
enhancement and piezo-photocatalysis [48,49].

Herein, we present a facile one-step hydrothermal method for
the synthesis of a series of niobium (Nb)-doped Bi,Ti;0,, (Nb-
doped BTO) nanosheets. The deliberate addition of Nb ions,
which have a larger ion radius and higher valence, induces lattice
distortion in BTO, thereby enhancing the polarization field which
drives the separation and migration of photo-generated carriers.
Remarkably, our optimized 5% Nb-doped BTO demonstrates a
substantial enhancement in CO, piezo-photoreduction activity,
achieving a CO production rate of 72.7 pmol-g"h" without
requiring co-catalysts or sacrificial agent, ~4.69 times
improvement compared to unmodified BTO. Moreover, our
optimized catalyst displays exceptional efficiency in the rapid
degradation of an organic pollutant Rhodamine B (RhB) at
concentrations of both 5 and 500 mgL™. Notably, we also
elucidate the underlying mechanisms through comprehensive
polarization analysis and electrochemical tests. Hence, our
strategic approach has the potential to inspire further research into
the development of highly efficient piezo-photocatalysts for
applications such as energy conversion and environmental
remediation.

2 Experimental

2.1 Chemicals

All chemicals used in this work are analytical grade without
further  purification. ~ Bismuth  nitrate  pentahydrate
(Bi(NO;);-5H,0, AR), titanium oxide (TiO,, AR), niobium
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pentoxide (Nb,Os, AR), sodium hydroxide (NaOH, AR), sodium
sulfate (Na,SO,, AR), silver nitrate (AgNOs, AR), L(+)-Ascorbic
acid (LAA, AR), isopropyl alcohol (IPA, AR), and ethylene
diamine tetraacetic acid disodium salt (EDTA-2Na, AR) were
purchased from Sinopharm Chemical Reagent (China). Carbon
dioxide (CO,, > 99.999%) was purchased from Nanjing Lian Yang
Gas (China). Rhodamine B (RhB, AR), methyl orange (MO, AR),
methylene blue (MB, AR), bisphenol A (BPA, AR), tetracycline
hydrochloride (TC, AR), and 5,5-dimethyl-l-pyrroline N-oxide
(DMPO, AR) were purchased from Macklin Biochemical (China).
Deionized water was employed throughout the experiments.

2.2 Synthesis of Bi,Ti;Oy, nanosheets

4 mmol Bi(NO,),5H,0 (1.9400 g), 3 mmol TiO, (0.2396 g), and
0.12 mol NaOH (4.800 g) were added into 30 mL of deionized
water and stirred for 30 min at room temperature. Then, the
above slurry was transferred to a Teflon-lined stainless steel
autoclave for the hydrothermal treatment at 220 °C for 24 h.
Finally, the as-prepared product, denoted as BTO, was washed
with deionized water several times and dried at 60 ‘C for 12hin a
vacuum drying oven.

2.3 Synthesis of Nb-doping Bi;Ti;0;, nanosheets

The series of Nb-doped Bi,Ti;0,, nanosheets were synthesized by
the same method as Bi,Ti;0,, nanosheets. The details are as
follows: Firstly, Bi(NO;);-5H,0, TiO,, Nb,O;, and NaOH were
added into 30 mL of deionized water according to the
composition of Bi,Nb,Ti; ,O,, and stirred for 30 min at room
temperature. Then, the above slurry was transferred to a Teflon-
lined stainless steel autoclave for the hydrothermal treatment at
220 °C for 24 h. Finally, the products were obtained by adjusting
the “X” to 0.01, 0.03, 0.05, and 0.07, denoted as BTO-0.01Nb,
BTO-0.03Nb, BTO-0.05Nb, and BTO-0.07Nb in Section 3.

24 Characterizations

Phase compositions of the synthesized samples were characterized
by an X-ray Diffractometer (XRD; Bruker AXS D8 Advance,
Germany) with Cu Ka radiation (A = 1.5418 A), and their
morphologies and elemental compositions were characterized by a
high-resolution field emission scanning electron microscope
(SEM; GeminiSEM 300, ZEISS, UK) and a high-resolution
transmission electron microscope (HRTEM; Tecnai G2 F30 S-
Twin TEM, FEI, USA). The specific surface area of all samples was
analyzed via a BET analysis instrument (Beishide 3H-2000PS2,
China). Optical properties of the samples were measured using a
UV-Vis spectrometer (Cary 5000 Varian, Agilent, USA) with
BaSO, as a reference. Element chemical states of the sample were
investigated by an X-ray photoelectron spectroscope (XPS;
ESCALAB 250 spectrometer, Thermo Scientific, USA). Active free
radical signals were tested by an electron spin resonance (ESR)
spectrometer (EMXPLUS, Bruker, Germany) using 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as a trapping agent under simulated
solar irradiation and ultrasonic vibration. CO, adsorption
isotherms were carried out by a physical and chemical gas
adsorption analyzer (Autosorb IQ, Quantachrome, USA). The
open-circuit voltage and short-circuit charge were recorded by a
high impedance electrometer (Keithley 6514, Tektronix, USA). A
pressure control system was employed to apply vertical stress 20 N
to samples with a diameter of 1-cm Cu foil as electrodes at a
frequency of 1 Hz. The second-harmonic generation (SHG)
measurement of the samples was tested by a modified Kurtz-Perry
NLO system. The piezoelectricity including phase mapping,
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butterfly curves, phase hysteresis loops, and surface potential of
the samples were obtained using an AFM instrument (AFM; SPA-
300HV, SEIKO, Japan). The powder samples were simply
prepared into tablets by tablet press, and then fixed the tablet
samples for the PFM and KPFM measurement.

2.5 Photocatalytic,
photocatalytic CO, reduction test

piezocatalytic, and piezo-

In a typical experiment, 10 mg of the powdered catalyst was
suspended in 100 mL of dejonized water. Then, the suspension
was sealed in a custom-made glass reactor (300 mL) with a quartz
glass top and purged with high purity CO, gas for 15 min to
exclude other gases. Subsequently, the suspension was irradiated
with a 300 W Xe lamp (Perfectlight, China) (15 cm between the
lamp and the specimen) with an AM1.5G filter (100 mW-cm™ in
intensity) while maintaining the reactor temperature at 20 C.
1 mL of resultant gas was collected at regular intervals and
analyzed by GC7920 gas chromatography device (Beijing China
Education Au-light Co., Ltd., China) coupled with a thermal
conductivity detector. 20 pL of liquid was injected into a gas
chromatography device (GC9720 Plus, Fuli Instrument, China) to
analyze liquid products. Piezo-catalytic CO, reduction experiment
mainly differs from the photocatalytic CO, reduction process in
that the reactor was submerged in an ultrasonicator (KQ-400DE
40 kHz, 260 W, Kunshan Ultrasonic Instruments Co., Ltd., China)
without light irradiation. Similarly, the piezo-photocatalytic CO,
reduction experiment combines the processes of both experiments
in which the reactor was submerged in the ultrasonicator and
irradiated with the Xe lamp. The “C isotope labeling experiment
was analyzed by a mass spectrometer (GSD 350, OmniStar,
Gemany) at room temperature with He as carrier gas. Also, the
channel of reactant "CO, (m/z = 45) and product "CO (m/z = 29)
were monitored emphatically to filter out the reactant "CO, and
analyze dominant product “CO. High purity "CO, (Wuhan
Isotope Technology Co., Ltd., China) was used for the detection of
carbon source.

2.6 Photocatalytic,
photocatalytic degradation test

piezocatalytic, and piezo-

Photocatalytic degradation experiments were measured in a
250 mL custom-made three-necked quartz flask reactor with a
cooling water cycle to keep the reaction temperature of aqueous
solution at 255 “C. Specifically, 10 mg of the powdered catalyst
was ultrasonically dispersed into 100 mL of RhB (100 mg-L™),
followed by adsorption-desorption equilibrium at a speed of
100 r-min™ between the catalyst and RhB in the dark for 45 min.
At fixed irradiation intervals (300 W Xe lamp, 100 mW-cm™ in
intensity, with an AM1.5G filter, 15 cm between the lamp and the
specimen), 3 mL of aliquot was removed from the suspension and
centrifuged to remove any precipitate. Finally, the residual
concentrations of organic pollutants were determined by
measuring the absorbance at 553 nm using an UV-Vis
photometer (UV-6100, Mapada, China). As for the piezo-catalytic
degradation, the protocol was done using a three-necked quartz
flask reactor submerged in an ultrasonicator (KQ-400DE 40 kHz,
260 W) without Xe lamp irradiation. Similarly, for the piezo-
photocatalytic ~degradation experiment, the reactor was
submerged in the ultrasonicator and exposed to a fixed irradiation
interval by a 300 W Xe lamp with the same condition in the
photocatalytic ~ degradation experiment. In the piezo-
photocatalytic degradation reaction process, the possible active
species, like superoxide radical (+O; ), hydroxyl radicals («OH),
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electrons (e), and holes (h*) are investigated by adding
L(+)-Ascorbic acid (LAA, 1 mM), isopropyl alcohol (IPA, 1 mM),
AgNO; (1 mM), and ethylene diamine tetraacetic acid disodium
salt (EDTA-2Na,1 mM), respectively.

2.7 Photoelectrochemical and piezoelectrochemical tests

Photocurrent response, piezo-current response, electrochemical
impedance spectroscopy (EIS), and Mott-Schottky were carried
out by an electrochemical workstation (CHI-760E, Chenhua
Instruments Co., Ltd,, China) with a standard three-electrode
system under simulated solar light (300 W Xe lamp, 100 mW-cm™
in intensity, with an AM1.5G filter, Perfectlight, China) or an
ultrasonic irradiation (KQ-400DE 40 kHz, 260 W). The platinum
(Pt) wire and saturated calomel electrode (SCE) were used as a
counter electrode and a reference electrode, respectively, and
0.1 M Na,SOj solution was used as an electrolyte. 10 mg of sample
powders was uniformly fixed on an ITO glass substrate (2 cm x
4 cm) by conductive adhesive.

3 Results and discussion

3.1 Materials synthesis and characterizations

Crystal structures of BTO and BTO-XNb (where X = 0.01, 0.03,
0.05, and 0.07 relative amounts of Nb added) were analyzed by
X-ray diffraction (XRD). Diffraction peaks of all samples matched
well with the typical diffraction pattern of orthorhombic phase
Bi; Ti;O;, (JCPDS#35-0795) (Fig. 1(a)). In addition, no other
diffraction peaks were observed, indicating that the Nb-doped
samples still preserved the single-phase crystalline structure.
Notably, the strongest diffraction peak (117) at ~30.1° displays a
slight shift toward lower angles with increasing Nb doping
(Fig. 1(b)), and we attribute this to the substitution of Ti* (0.61 A)
ions with relatively larger Nb* (0.64 A) ions [50], which results in
the expansion of the lattice. Similarly, the twin peaks at ~33°
corresponding to the (200) and (020) planes shift slightly to
become more deconvoluted with increasing Nb doping (Fig. 1(c)),
suggesting the increase in orthorhombic distortion and enhanced
polarity [51]. We further characterize the structure of the as-
synthesized Nb-doped BTO nanosheets using Raman
spectroscopy. Typically, the vibrational modes at 269, 325, 536,
and 850 cm™ can be associated with torsional bending vibrations,
opposing excursion of external apical oxygen atoms and stretching
vibrations of TiO4 octahedron, respectively [52]. As the amount of
Nb doping increases, we observe that these modes are visibly
broadened with lowered intensities, suggesting that the Nb** ions
are positioned at the B-sites in the perovskite layer, resulting in the
lattice distortion (Fig. 1(d)). To further corroborate microscopic
crystal structures of the samples, the lattice constants and unit-cell
volumes were also simulated using Rietveld refinement of the
XRD patterns using the GSAS software in the B2cb space group.
The fitted curves of all samples are in close agreement with that of
our experimental data, with good reliability factors (R,
(7.82%-8.87%) and y* (1.33-2.39)), thereby indicating that the
results are of adequate reliability (Fig. S1 in the Electronic
Supplementary Material (ESM)). Notably, as the amount of Nb
doping increases, the cell volumes and orthorhombic distortion
(b/c) values show a distinctive increase from BTO-0.01Nb to BTO-
0.07Nb (Fig. 1(e) and Fig. S2 in the ESM), further confirming the
above mentioned XRD results. Moreover, since there are three
mono-octahedral layers within the Bi,Ti;O,, structure, there are
two octahedrally coordinated Ti* cations that are asymmetrically
bonded to six oxygen atoms and hence two different possible
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Fig.1 (a) XRD patterns of BTO and BTO-XNb (X = 0.01, 0.03, 0.05, and 0.07). (b, ) Enlarged XRD patterns of (117) peak and (200/020) peaks. (d) Raman spectra of
BTO and BTO-XNb (X = 0.01, 0.03, 0.05, and 0.07). (e) Lattice constants and unit-cell volumes of BTO and BTO-XNb (X = 0.01, 0.03, 0.05, and 0.07). (f, g) TEM image

and HRTEM image of BTO. (h, i) TEM image and HRTEM image of BTO-0.05Nb.

positions for Nb atoms to substitute (Fig. S3 in the ESM). Hence,
we also calculate probability of each substitution through the
Rietveld refinement of XRD patterns (Table S1 in the ESM).

Next, we characterize the morphology and crystalline structure
of pristine BTO and our Nb-doped BTOs using scanning electron
microscopy (SEM) and high-resolution transmission electron
microscopy (HRTEM). All the samples including doped and
pristine BTO appear to have a similar morphology and resemble
nanoflowers made of an assembly of layered nanosheets (Fig. S4
in the ESM). The HRTEM images further suggest that the
nanosheet structures (Figs. 1(f) and 1(h)), and their specific
surface area is about 7-11.2 m*g™* (Fig. S5 in the ESM), indicating
that the element doping process did not alter the microscopic
morphology of BTO. In addition, the HRTEM images reveal that
BTO-0.05Nb possesses two sets of perpendicular crystal lattices
with the interplanar spacing of 0.275 and 0.270 nm that can be
assigned to the (200) and (020) planes, respectively, while BTO
has an interplanar spacing of 0.272 nm corresponding to the (200)
plane (Figs. 1(g) and 1(i)). TEM energy dispersive X-ray (EDX)
elemental mappings also affirm that there is a homogeneous
distribution of Bi, Ti, Nb, and O elements across BTO and
BTO-0.05Nb (Figs. S6 and S7 in the ESM), confirming that Nb
was successfully incorporated into the B-sites of the perovskite
layer of BTO.
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3.2 Electronic structure and optical properties

Subsequently, we investigate electronic and optical properties of
our Nb-doped BTO nanosheets. Optical properties of BTO and
BTO-XNb are measured using UV-vis diffuse reflectance
spectroscopy (DRS). Photo-absorption and band energy edge of
the as-obtained samples display no visible difference compared
with pristine BTO, indicating that the low concentration of Nb
doping causes minimal change to the energy band position
(Fig. 2(a), Figs. S8-S11 in the ESM). Using BTO-0.05Nb as a
representative doped sample, the surface composition and
chemical states of the related elements are investigated using XPS.
Bi, Ti, and O, are present in both BTO and BTO-0.05Nb, while
Nb is only present in BTO-0.05Nb, further affirming the
successful doping of Nb into BTO (Figs. 2(b) and 2(c)). Further
investigation of the Bi 4f;, and Bi 4f,, peaks at ~158.7 and 164.1 eV,
respectively, reveals that the binding energy of Bi 4f of BTO-
0.05ND is slightly shifted to lower energy compared to BTO, and
we attribute this to the donor doping effect of Nb (Fig. 2(d)). In
addition, the binding energy of Ti 2p for BTO and BTO-0.05Nb
are at about 458.0 and 464.2 eV, respectively. The peaks at 457.7 and
462.0 eV can be attributed to the Ti* cation in which the valence
of some Ti ions are converted from +4 to +3 to maintain
electroneutrality (Fig. 2(e)) [53]. The O 1 s XPS spectra reveal the
existence of lattice oxygen (~529.7 eV) while the stronger peaks at
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531.3 and 5324 eV are assigned to surface hydroxyls and
adsorbed water on the BTO surface (Fig. 2(f)). Compared to BTO,
there is a decrease in the oxygen vacancy after Nb doping, which
further verifies by electron paramagnetic resonance (EPR) analysis
(Fig. S12 in the ESM).

3.3 CO,reduction performance

Because BTO is uniquely both photocatalytic and piezoelectric
active, we investigate carbon dioxide (CO,) reduction catalytic
performance of Nb-doped BTO nanosheets by simulated solar
irradiation, ultrasonic vibration, and synergistic ultrasonic
vibration under light conditions without the presence of
cocatalysts or sacrificial agents. Firstly, we ascertain the
photocatalytic CO, reduction performance of our nanostructures
via the illumination of simulated solar light. In brief, we introduce
CO, into a reactor containing a suspension of BTO-XNb and
irradiate the reactor with an Xe lamp. All samples generate carbon
monoxide (CO) and hydrogen (H,) as the dominant reductive
product. Notably, BTO-0.05Nb achieved the highest CO and H,
evolution rates of 2.63 and 0.74 umol-g™-h™', more than ~1.64 and
1.61 times better than that of BTO (1.60 and 0.46 pmol-g™h™)
(Figs. 3(a) and 3(b), Figs. S13(a) and S13(b) in the ESM).
Moreover, all other Nb-doped BTO samples also show
remarkable improvement of the CO and H, yield rate compared
to pristine BTO. We further compare the piezocatalytic
performance of BTO-XNDb by subjecting the reactor to ultrasonic
vibration. Similar to the photocatalytic reaction, CO and H, can
also be detected in all samples, with BTO-0.05Nb achieving the
highest CO and H, evolution rates of 19.58 and 8.57 pmol-g™h™
(Figs. 3(c) and 3(d), Figs. S13(c) and S13(d) in the ESM), ~5.19
and 2.76 times faster than that of BTO (3.77 and 3.10 umol-g™-h™).
Subsequently, we choose BTO-0.05Nb as the representative Nb-
doped sample to further evaluate the piezo-photocatalytic
performance, and CO, reduction experiments are carried out
under both simulated solar irradiation and ultrasonic vibration.
Remarkably, the CO and H, production rates of BTO-0.05Nb
increased to 72.70 and 18.93 pmol-g™h™, respectively, which are
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over ~4.69 and 2.28 times than that of BTO (15.50 and 8.29
pmol-gh™), outperforming most piezo-photocatalysts reported to
date (Table S2 in the ESM). The production rates of CO and H,
significantly surpasses the combined rate achieved under light
irradiation alone and ultrasonic vibration alone (denoted as BTO-
0.05Nb (U+L)), which measured at 22.21 and 9.31 pmol-g™h™,
respectively, (Figs. 3(e) and 3(f), Figs. S13(e) and S13(f) in the
ESM). This result strongly implies the occurrence of an enhanced
synergistic ~ piezo-photocatalytic ~effect, attributed to the
macroscopic polarization enhancement of BTO-0.05Nb (to be
discussed in Section 3.5). Besides, BTO-0.05Nb presents high
durability with negligible activity decay after six consecutive cycles
(Fig. S14 in the ESM). On the contrary, when control experiments
were conducted under argon (Ar) atmosphere instead of CO,
purging, no detectable CO was observed. This confirms that
observed CO emissions from previous experiments are a result of
the catalytic conversion of CO, and not due to carbon
contaminants (Fig. S15 in the ESM). Additional control
experiments conducted in the absence of light, ultrasonic
vibration or without the presence of BTO catalysts also yielded no
CO production. This underscores that the CO generation is
attributed to the photocatalytic and/or piezocatalytic effects of the
BTO nanosheets. In addition, we further verify that the CO
product is indeed arising from the CO, reduction by substituting
the CO, source with *CO,. From the mass spectroscopy data, the
distinct peak at m/z = 29 corresponds to "CO while the peak at
mfz = 45 corresponds to the unreacted “CO,. Hence, this
unequivocally confirms that the origin of CO is, in fact, due to the
conversion of CO, and not the presence of carbon contaminants

(Fig. 3(f).

34 Degradation RhB performance

To further highlight the piezo-photocatalytic activity of our Nb-
doped BTO nanosheets, we examine the catalytic degradation
performance using rhodamine B (RhB) as model organic
pollutant. When the reactor is subjected to light irradiation and
ultrasonic vibration without any catalyst, there is almost no RhB
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Fig.3 (a) CO production yield and (b) corresponding CO production rates of BTO and BTO-XNb (X = 0.01, 0.03, 0.05, and 0.07) under simulated solar light. (c) CO
production yield and (d) corresponding CO production rates of BTO and BTO-XNb (X = 0.01, 0.03, 0.05, and 0.07) under ultrasonic vibration. (e) CO production yield
and (f) corresponding CO production rates of BTO and BTO-0.05Nb under simulated solar light and ultrasonic vibration (inset of (f): mass spectra for CO, reduction of
BTO-0.05Nb with using “CO, as reacting gas). BTO-0.05Nb (U+L) represents sum of catalytic performance of BTO-0.05Nb under light irradiation alone and ultrasonic
vibration alone, and BTO-0.05Nb (UL) represents synergistic catalytic performance of BTO-0.05Nb under light irradiation and ultrasonic vibration.

degradation (Fig. S16 in the ESM). In addition, we also establish
that the catalyst achieves adsorption-desorption equilibrium in
dark within 45 min (Fig. 4(a)). When subjected to the ultrasonic
vibration, all the BTO-XNb nanosheets present enhanced
piezocatalytic activity compared to that of pristine BTO. Notably,
BTO-0.05Nb possesses the highest piezocatalytic activity reaching
~91.2% RhB degradation in 90 min with a rate constant (k) of
0.0242 min™. In contrast, BTO presents weaker piezocatalytic
performance with degradation efficiencies of ~37.8% in 90 min,
while the piezocatalytic rate constant (k) is 0.0051 min™, again
underlining that BTO-0.05Nb possesses excellent piezoelectric
property (Figs. 4(a) and 4(b), Figs. S17 and S18 in the ESM). On
the other hand, both BTO and BTO-0.05Nb display poor
photocatalytic activity with inefficient RhB degradation (Fig. S19
in the ESM), likely due to the high RhB concentration (100 mg-L™).
Importantly, when subjected to both ultrasonic vibration and light
irradiation, BTO-0.05Nb achieves synergistically enhanced piezo-
photocatalytic performance corresponding to over ~94% RhB
degradation in 60 min with a rate constant (k) of 0.0493 min™,
which is ~3.39 times higher than that of BTO (Figs. 4(c) and 4(d),
Fig. S20 in the ESM). Remarkably, these results also outperform
most of the reported catalysts under similar testing conditions
(Table S3 in the ESM). In addition, all other Nb-doped BTO
samples also show remarkable synergistically improved piezo-
photocatalytic RhB degradation performance compared to
pristine BTO (Fig. S21 in the ESM). The removal amounts of total
organic carbon (TOC) of all samples well match their degradation
performance (Fig. S22 in the ESM), revealing that most RhB
molecules are mineralized after the piezo-photocatalytic reaction
process by BTO-0.05Nb. We further examine the superior
performance of our BTO-0.05Nb nanosheets over a range of RhB
concentrations from 5 to 500 mgL™. Significantly, the BTO-
0.05Nb demonstrates an exceptionally-high piezo-photocatalytic
degradation rate at low concentrations of RhB and maintains
remarkable  piezo-photocatalytic ~ activity even at high
concentrations of RhB. Within 300 s, RhB solution (5 mg-L™) can
be degraded by more than 90% in the presence of BTO-0.05Nb.
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Furthermore, high concentrations of RhB (300 and 500 mgL™)
were degraded entirely within 150 and 300 min, respectively
(Fig. 4(e) and Fig. S23 in the ESM). In addition to RhB, BTO-
0.05Nb also shows excellent piezo-photocatalytic performance
compared to MB, MO, TC, and BPA removal efficiency reach
~100%, ~87%, ~90%, and ~90% within 90 min (Fig. S24 in the
ESM), respectively, demonstrating potentiality and versatility for
the treatment of complex pollutant. Notably, our BTO-0.05Nb
nanosheets possess high durability and recyclability, showcasing
negligible activity decay even after six consecutive cycles (Fig. 4(f),
Figs. S25 and S26 in the ESM). To explore the role of the primary
active species in the piezo-photodegradation process, L(+)-
ascorbic acid (LAA), isopropyl alcohol (IPA), AgNOs, and
disodium ethylene diamine tetraacetic acid disodium salt (EDTA-
2Na) are employed as scavengers of «O,, «OH, e, and h*
respectively, to analyze degradation mechanisms. The RhB
degradation efficiency was slightly inhibited in the presence of
EDTA-2Na, AgNO;, and LLA (Figs. 4(g) and 4(h)). In contrast,
the degradation rate of RhB decreased significantly after the
addition of IPA, indicating that «OH is the dominant reactive
species in the piezo-photocatalytic process. The generation of
reactive oxygen species (ROS) was further determined by electron
spin-resonance (ESR) technique. As illustrated in Fig. 4(i) and
Fig. S27 in the ESM, the characteristic signals of «OH for BTO-
0.05Nb were much higher when compared to BTO, further
suggesting that «OH plays a significant role as dominant
reactive species.

35 Enhanced macroscopic polarization promoting

charge separation

Lastly, we delve into the mechanism behind the enhanced and
synergistic piezo-photocatalytic performance exhibited by our
BTO-XNb nanosheets to offer valuable insights into the design of
nanocatalysts. It has been reported that ion substitution is an
effective strategy to increase the local dipole moments which is
caused by enhancing the structural distortion degree, and
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Fig.4 (a, b) Adsorption and piezo-degradation curves of RhB and corresponding first-order reaction kinetic constants (k) for BTO and BTO-XNb (X = 0.01, 0.03, 0.05,
and 0.07) under ultrasonic vibration. (c, d) Adsorption and piezo-photodegradation curves of RhB and corresponding first-order reaction kinetic constants (k) for BTO
and BTO-0.05Nb under simulated solar light and ultrasonic vibration. Here, U+L represents sum of catalytic performance of BTO and BTO-0.05Nb under light
irradiation alone and ultrasonic vibration alone, and UL represents synergistic catalytic performance of BTO and BTO-0.05Nb under light irradiation and ultrasonic
vibration. (e) Piezo-photodegradation of different concentrations of RhB over BTO-0.05Nb under simulated solar light and ultrasonic vibration. (f) Piezo-
photodegradation of RhB over 6 reaction cycles when using BTO-0.05Nb. (g, h) Piezo-photodegradation curves and corresponding efficiencies of RhB using BTO-
0.05Nb with addition of scavengers. (i) ESR spin-trapping of BTO-0.05Nb with DMPO for identification of «OH radicals.

ultimately improving macroscopic polarization [54]. We employ
piezo-response force microscopy (PFM) to investigate and verify
the piezoelectric property of BTO and BTO-0.05Nb. The
morphology and phase images show clear contrast in BTO-
0.05Nb, highlighting the different polarization orientations
(Figs. 5(a) and 5(b)). Both BTO and BTO-0.05Nb present typical
response of ferroelectric effect with ~180° phase alterations,
suggesting the polarization switchable process in two samples
(Figs. 5(c) and 5(d)). Moreover, the butterfly amplitude loop of
BTO and BTO-0.05Nb further confirms their effectual
piezoelectric response (Figs. 5(c) and 5(d)). It can be observed that
the maximum amplitude of BTO-0.05ND is significantly steeper
and greater than that of pristine BTO, implying that BTO-0.05Nb
exhibits higher maximum effective piezoelectric coefficient (ds3)
and stronger piezoelectric polarization. The surface potential of
BTO and BTO-0.05Nb was also monitored by Kelvin probe force
microscopy (SKPEM). There is an apparent difference in the
surface potential distribution between bright and dark regions,
with BTO-0.05Nb displaying a higher surface charge potential
(~80 mV) than that of BTO (~40.6 mV) (Figs. 5(g)-5(i)). These
results therefore strongly suggest that the Nb doping can
significantly improve the ferroelectric spontaneous polarization
and piezoelectric response of BTO, which in turn effectively
induce charge migration. Moreover, we utilize second-harmonic

https://doi.org/10.26599/JAC.2024.9220866

generation (SHG) to further confirm the macroscopic polarity
difference between BTO and BTO-0.05Nb. BTO-0.05Nb exhibits
a superior SHG response of ~1.64 times higher that of BTO,
corroborating that the Nb doping of BTO can effectively amplify
macroscopic polarity (Fig. 5(e)) [55]. As a result of the notable
enhancement in macroscopic polarization, BTO-0.05Nb
demonstrates the highest CO, adsorption capacity which then
facilitates the catalytic reduction of CO, (Fig. 5(f)).

To verify the relationship between efficient charge transfer
separation and macroscopic  polarization enhancement,
electrochemical tests of piezo-, photocurrent, and electrochemical
impedance spectroscopy (EIS) Nyquist plots are conducted. BTO-
0.05ND exhibits a higher photocurrent response and smallest arc
radius, owing to the polarization enhancement induced by
element doping and donor doping effect of Nb. Thus, this leads to
lower interfacial resistance and higher charge separation efficiency
(Figs. 6(a) and 6(b)). Similarly, BTO-0.05 Nb showcases the
highest current density and significantly reduced charge transfer
resistance when subjected to ultrasonic vibration, indicating that
the migration of increased piezoelectric electrons is accelerated by
the enhanced piezoelectric field (Figs. 6(c) and 6(d)). In addition,
BTO-0.05Nb presents higher open-circuit voltage and short-
circuit charge compared to BTO under 20 N (Figs. 6(e) and 6(f)),
further suggesting that a stronger piezoelectric field is realized in
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Fig. 6 (a) Photocurrent responses and (b) EIS Nyquist plots of BTO and BTO-0.05Nb under simulated solar light. (c) Piezo-current responses and (d) EIS Nyquist plots
of BTO and BTO-0.05Nb under ultrasonic vibration. (e) Open-circuit voltage and (f) short-circuit charge of BTO and BTO-0.05Nb.

BTO-0.05Nb. Consequently, the stronger piezoelectric field
promotes the separation of photogenerated electrons and holes.
According to all the above experimental results and analysis, a
possible mechanism for piezo-photocatalytic CO, reduction and
pollutant degradation process was proposed (Fig. S28 in the ESM).
BTO-0.05Nb owns an enhanced macroscopic polarization and
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increasing charge carrier concentration achieved via Nb doping,
resulting in larger band bending with a stronger potential
difference. When applying a periodic stress generated by the
ultrasonic vibration, BTO-0.05Nb could induce a desirable
piezoelectric field across the whole bulk, which triggers the tilting
of energy bands. This significantly enhanced piezoelectric field can
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effectively boost the separation and directed migration of photo-
induced carriers as the simultaneous action of light and
ultrasound. As a result, the accumulated electrons and holes on
the opposite surfaces of BTO-0.05Nb are involved in the redox
reactions, promoting the adsorption and activation of CO, and
generation of highly active «OH radicals, which jointly
advance the catalytic performance for CO, reduction and
degradations of organic pollutant. Notably, the strong
piezoelectric field induced by enhanced macroscopic polarization
plays an extremely significant role, further affirming the element
doping strategy is an approach to construct high-activity piezo-
photocatalytic systems. Therefore, this work provides valuable
insights toward the rational design and facile fabrication of next-
generation, high-performance, and multi-responsive catalysts for
diverse applications such as energy conversion, environmental
conservation, and chemical reactions.

4 Conclusions

In summary, we have successfully fabricated a series of Nb-doping
BTO nanocatalysts via a facile one-step hydrothermal method.
When compared with unmodified Bi,Ti;O,,, our optimized
doped Bi,Ti;O;, exhibits a remarkable enhancement in its piezo-
photocatalytic performance for CO, reduction. Notably it achieves
a high CO production rate of 72.7 umol-g™-h™ without the need of
any cocatalyst or sacrifice agent. Besides CO, reduction, our piezo-
photocatalytic degradation tests also reveal that the optimized
BTO-0.05Nb nanocatalyst outperforms at various pollutant
concentration levels. The mechanisms underpinning this
synergistic enhancement in piezo-photocatalytic activity can be
attributed to the macroscopic polarization enhancement resulting
from lattice distortion and an increase in lattice constants induced
by optimal niobium doping. These effects consequently contribute
to a substantial improvement in the photoinduced charge
separation efficiency. In conclusion, our work provides a
promising and effective approach for the development of a new
generation of high-performance catalysts that are driven by both
solar and mechanical energy. These catalysts hold great potential
for applications in energy conversion and environmental
remediation.
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