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Abstract: Photocatalytic degradation of organic pollutants is of great significance for wastewater
remediation but is still hindered by the poor catalytic efficiency of the catalysts. Herein, we report a
strategy to simultaneously introduce piezocatalysis and to enhance the intrinsic photocatalysis in a
single catalyst, which improved the performance for catalytic degradation of methylene blue (MB)
significantly. Specifically, piezoelectric BiFeO; (BFO) nanotube doped with different contents of Gd
and La (Bigo(Gd,La,—,)o1FeO;) were produced by electrospinning. The doping led to a higher
concentration of surface oxygen vacancy (OV) in Big¢Gdy7Lag03FeOs, which effectively increased
the piezoelectric field due to the deformation of BFO, and suppressed the recombination of
photon-generated electron—hole pairs. The Biy9Gdg¢7Lag03FeO; nanotube showed excellent catalytic
performance under simultaneous light irradiation and ultrasonic excitation, giving an extraordinary
95% degradation of MB within 90 min. These findings suggest that the piezoelectric effect combined
with defect engineering can enhance the catalytic performance of BiyoGdy ¢7La9.03FeO; nanotube. This
could potentially be extended to other catalytic systems for high-performance pollutant treatment.
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concentrations of organic dyes discharged by textiles,
tanning, and other industries has attracted substantial
attention due to their threat to human health [1,2].
Energy limitations necessitate harvesting and utilizing
various forms of sustainable energy for water purifi-

1 Introduction

The remediation of wastewater containing high

+ Angom Devadatta Mani and Jie Li contributed equally to this cation. Photocatalysis is an oxidation technology which

work. has been regarded as a breakthrough in harvesting solar
* Corresponding author. energy to realize dye decomposition [3]. The relatively
E-mail: lyao@szu.edu.cn low photocatalytic activity under visible light and the
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fast recombination of photo-generated electron—hole
pairs currently limit the solar-light-driven photocatalytic
efficiency. Strategies including band gap engineering,
heterostructure modulating, and noble metal decorating
have been developed to lower the recombination rate
and increase the lifetime of photo-generated charge
carriers [4-9]. While much progress has been made,
further effort is required to satisfactorily enhance the
visible-light-driven photocatalytic activity.

In photocatalysis, photo-induced electric charges
(electron—hole pairs) participate in catalytic redox
reactions. Piezoelectric charges (positive and negative
charges) induced by mechanical vibrations can also be
used to drive catalytic redox reactions, which is known
as piezocatalysis [10—12]. Moreover, an internal electric
field is generated during the vibration energy harvesting
process of piezoelectric materials which can further
promote charge carrier separation [13,14]. Piezoelectric
nanomaterials including BaTiOs;, MoS,, ZnO, BiOClI,
and KNbO; have demonstrated great potential in
environmental remediation because of their piezocatalytic
effects that can be induced by weak mechanical forces
[11,14-19]. This could increase the application of green
technologies by harnessing renewable solar energy and
utilization of the underexploited mechanical energy
such as noise and vibrations for environmental
remediation. However, there is still space to develop
more efficient piezoelectric catalysts to enhance the
photocatalysis efficiency.

Another effective strategy to enhance the photocatalysis
performance is through modulating the surface oxygen
vacancies (OVs) [20]. OVs act as electron trapping
centers near the bottom of the conduction band (CB)
and prevent the recombination of photo-generated
charge carriers. This facilitates the holes in the valence
band (VB) to undergo oxidation, thus enhancing the
photocatalytic activity [21-24]. OVs also play a role in
reducing the energy band gap (£,) and extending the
light absorption into the visible/infrared region [25].
Oxygen defective-enhancement may therefore offer
opportunities to engineer and improve the performance
of piezoelectric photocatalysis. BiFeO; (BFO) is a
piezoelectric material with photocatalytic activity under
visible light. The narrow band gap of BFO permits a
broad absorption of visible wavelengths up to 750 nm
[26]. It has been demonstrated that the piezoelectric
properties of BFO are extremely sensitive to defects,
particularly OVs [27,28]. Therefore, combining piezo-
photocatalysis with defective OV engineering to couple

the electron trapping effect and piezoelectric effect in
BFO may further increase its piezo/photocatalytic activity.
Particularly, doping of BFO by certain isovalent cations
is an effective way to introduce defective OVs and to
enhance photocatalytic efficiency [29,30]. Previous
studies have reported that Gd-doped BFO can enhance
visible light photocatalytic activity in the photodegradation
of organic dyes [31], and La-doped magnetic BFO-based
multiferroics can degrade 94.5% of carbamazepine by
piezocatalysis in 30 min for water purification [32].
Piezoelectric BFO also showed great promise for
boosting hydrogen evolution [33]. Also, due to the
smaller ionic radii of La®" compared to Bi*", doping La
into BFO can increase magnetization. Moreover, the
La dopant in the BFO can improve the separation and
migration of photo-generated charge carriers and decrease
the electron—hole pair recombination probability [34].

In this work, we developed a facile method to
simultaneously introduce piezocatalysis and to enhance
the intrinsic photocatalysis in a single catalyst. BFO
nanotubes doped with different contents of Gd and La
were fabricated through electrospinning. The concentration
of OVs in Bigo(Gd,La; )y FeO; (x =0, 0.3, 0.5, 0.7,
and 1.0) was optimized by changing the ratios of Gd
and La dopants. Stimuli by both light and mechanical
strain (ultrasonication) were used to study the
piezo-/photo-catalytic degradation of model organic
pollutant methylene blue (MB). The defect-induced
OVs in Biy9Gdy g7Lag 03FeO; could enhance the intrinsic
photocatalytic performance, while combined with the
piezoelectric-enhanced charge separation and improved
the overall performance. Specifically, BiyoGdyo7Lag03FeO;
showed an extraordinary MB degradation efficiency of
95% within 90 min under simultaneous all-spectrum
solar irradiation and ultrasonic excitation. The proposed
defect engineering strategy provides a simple and
low-cost way to prepare high-performance piezo-/
photo-catalysts, which has a great potential in pollution
remediation.

2 Experimental

2.1 Preparation of the BFO-containing nanotubes

All chemical reagents were produced as analytical
grade and used directly without any further purification.
Pristine BFO and the doped BFO nanotubes with the
compositional formula Bigo(Gd,La;—)o1FeOs; (x = 0,
0.3, 0.5, 0.7, and 1.0) were prepared by a simple
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electrospinning method. The precursor solution was
prepared by a two-pot method. First, stoichiometric
amount of bismuth nitrate pentahydrate (Bi(NOs);-5H,0,
Mreda, USA), iron nitrate nonahydrate (Fe(NOs);-9H,0,
Macklin, China), gadolinium nitrate hexahydrate
(Gd(NO3);-6H,0, Macklin, China), and lanthanum
nitrate hexahydrate (La(NOs);-6H,0, Macklin, China)
were dissolved in 2-methoxyethanol (Damas-beta, China)
with the molarity of 0.2 M. Subsequently, citric acid
monohydrate (Damas-beta, China) was added as the
chelating agent to expedite the binding process of the
metal ions. Finally, 3 M HNO; acid was added to
remove the impurities in the solution. 1 g polyvinyl
pyrrolidone (PVP, Macklin, China) (M,, = 1,300,000)
was added to 10 mL dimethyl formamide (DMF,
Macklin, China) to obtain a viscous solution. Both
these solutions were mixed and stirred continuously for
8 h at room temperature to obtain a homogeneous
solution for the electrospinning process. The obtained
solution was then fed into a 20 mL plastic syringe, and
a high voltage of 15 kV was applied to the stainless
steel needle. The flow rate of the solution was
maintained at 0.3 mL-h™', and the as-spun nanofibers
were collected on an aluminum spread roller of 100 mm
in diameter, rotating at a speed of 250 r'min '. The
distance between the needle tip and the roller was fixed
at 15 cm. The as-collected nanofibers were dried in an
oven at 200 ‘C for 2 h, followed by calcination at
550 ‘C for 30 min in air atmosphere.

2.2 Material characterization

The crystal structures of the samples were characterized
by the X-ray diffractometer (Bruker AXS, WI, USA)
using Cu Ka radiation (4 = 1.5418 A). The refined
lattice parameters were obtained from the Rietveld
refinement of the X-ray diffraction (XRD) data using
Fullprof software. Structural deformation and lattice
shifting in the host lattice were determined by the
Raman spectroscope (Invia Reflex, Renishaw). The
surface morphology and the quantitative elemental
content were characterized by the field emission scanning
electron microscope (FESEM; SU-70, Hitachi, Japan)
attached with an energy dispersive X-ray spectroscope
(EDS; Oxford INCA, UK). The microstructure of the
nanotube was also inspected by the transmission
electron microscope (TEM; JEM-2100, JEOL, Japan).
The elemental composition and chemical binding
states of the various ions presented in the synthesized
samples were analyzed by the X-ray photoelectron

spectroscope (XPS; Thermo Fisher Scientic ESCALAB
250Xi, USA). The optical absorption spectra of all the
samples were recorded on an ultraviolet—visible
spectrophotometer (Lambda 950, Perkin Elmer, USA)
in the wavelength range of 200-800 nm, and the E,
values were obtained from Tauc plot. The rate of the
recombination of the photo-generated electron and
hole was characterized by the photoluminescence (PL;
Edinburgh FS5, Edinburgh Instruments, UK) equipped
with a Xenon lamp at an excitation wavelength of 400 nm.
The piezoresponse force microscope (PFM; Bruker,
Billerica, MA, USA) was performed to characterize the
piezoelectric properties of the synthesized samples.

2.3 Dye degradation measurements

Different catalytic experiments were performed to
investigate the degradation of MB by using the
synthesized samples as the catalysts. The concentration
of the MB solution was maintained at 20 mg-L™" for all
the experiments, and 45 mg of the calcined nanotubes
were dispersed in 100 mL of MB solution under
continuous stirring. The solution mixture was stirred
continuously for 1 h to reach the adsorption—desorption
equilibrium before starting the experiments. The
temperature was maintained at 20 C by adding ice
bags during the whole reaction to eliminate the
influence of thermal heating on the experiments. For
the piezocatalytic (sonocatalytic) tests, the samples
were exposed to mechanical vibrations by using an
ultrasonic source supplied by a sonicator (120 W,
40 kHz). The whole setup was placed in a dark
environment to avoid the degradation by light exposure.
For the photocatalytic tests, the samples were irradiated
with an ultraviolet—visible (UV—Vis) light using a
300 W Xenon lamp equipped with an air mass (AM)
1.5G solar simulator as the source. For the
piezophotocatalytic (sonophotocatalytic) tests, both the
above-mentioned ultrasonic and light sources were
used simultaneously. Then, 4 mL of the solution mixture
was collected after each 15 min and centrifuged at
12,000 r-min "' for 10 min to remove the catalyst powders.
The concentration of the resulting MB solution was
then measured at the maximum absorbance at 664 nm
using a UV—Vis spectrophotometer. For the stability
test, the remaining powders after the experiment were
collected by centrifugation, washed with deionized (DI)
water several times to remove the residual MB, and
dried for the next test cycle. The test was repeated for
ten times to check the reproducibility.
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2.4 Photoelectrochemical measurements

An electrochemical system (CHI760E, CH instruments,
China) was used to measure the photocurrent response
during an on—off state of the light exposure on a three-
electrode system using a 0.5 M Na,SOy electrolyte. The
working electrode with an exposure area of 1 cm x 1
cm was prepared by loading the slurry mixture, which
consists of the nanotubes and Nafion binder, onto the
surface of Ni foam and followed by drying at 60 C
for 12 h. A Pt wire was used as the counter electrode,
and a standard Ag/AgCl was used as the reference
electrode. The photocurrent response was recorded by
a periodic on-off reversal of light after each 100 s.

3 Results and discussion

3.1 Structural characterization

Electrospinning is a powerful technique to fabricate
one-dimensional nanostructures (typically nanofibers).
All the electrospun BFO and Bij¢(Gd,Lai—,)qFeOs
(x=0, 0.3, 0.5, 0.7, and 1.0) exhibit hollow fibrous
morphology, as seen from the FESEM images shown
in Fig. S1 in the Electronic Supplementary Material
(ESM) Speciﬁcally, Bio.ng0.07LaO‘03FeO3 exhibits a
nanotube structure with an average diameter of ~71 nm

- -
E,
-
-
To-
-

(Figs. 1(a)-1(c)). The TEM image shows that the
thickness of the nanotube wall is ~100 nm (Fig. 1(d)),
and the average grain size is ~10 nm (Fig. 1(e)). The
interplanar distances of 0.28 and 0.39 nm correspond to
the (104) and (012) planes of the perovskite phase of
BFO, respectively, and are in good agreement with the
selected area electron diffraction (SAED) pattern (the
inset in Fig. 1(e)) [35,36]. EDS mapping images
indicate uniform distributions of Bi, Gd, La, and Fe in
the BipoGdog7Lago3FeO; nanotubes (Fig. S2 in the
ESM). The formation of the tubular morphology is
attributed to the Kirkendall effect (Fig. 1(f)) [37,38].
During the Kirkendall oxidation, metal (M) ions diffuse
outwards whereas oxygen (O) ions diffuse inwards,
forming a continuous layer of metal-oxygen (M—O)
bonds near the interface. This layer remains an
oxygen-deficient state because of the slower diffusion
of O compared to M. This unbalanced diffusion results
in the diffusion of vacancies, which leads to the
formation of Kirkendall holes (H) near the interface in
the side with the higher diffusion rate [37,39]. The
tubular morphology, small grain size, and small diameter
of the doped BFO nanotubes give rise to a high surface
area potentially available for catalytic activity.

Figure 2(a) shows the XRD patterns of BFO and
Bipo(Gd,La; )y FeOs (x =0, 0.3, 0.5, 0.7, and 1.0). All
peaks can be indexed to the rhombohedrally-distorted

Fig. 1 Morphologies of BigoGdy¢7Lag¢3FeO; nanotubes: (a—c) FESEM images, (d) TEM image, (¢) HRTEM image with the
SAED pattern inset, and (f) schematic illustration of the formation mechanism of the tubular nanostructure.
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Fig. 2 Crystal structures and chemical structures of BFO and Big ¢(Gd,La;_,),FeO; (x = 0, 0.3, 0.5, 0.7, and 1.0): (a) XRD
patterns, (b) magnified XRD patterns in the range of 31°-33°, (c) Raman spectra, (d) O 1s XPS spectra of Big9Gdgg7Lag03FeOs,
(e) O 1s XPS spectra of all the samples, and (f) relationship between the relative peak intensity ratio (R/R) and the content of Gd.

perovskite BFO phase with R3¢ space group without
any impurities. This indicates the good dispersion of
Gd’* and La’" in the BFO lattice [27,28]. Increasing
the Gd** content leads to gradual broadening in the
(104) and (110) peaks which eventually merge into a
single peak at a lower diffraction angle (Fig. 2(b)). The
crystallite size and lattice constant decrease with the
increase of Gd** content (Table S1 in the ESM). This
reveals the evolution of lattice deformation in the
crystal structure due to the A-site substitution [40,41].
Compared to the La-rich samples (x < 0.5), the Gd-rich
samples (x > 0.5) have smaller crystallite sizes and
larger deformation in the crystal lattice. This is
attributed to the larger difference in the ionic radii of
Gd** (0.94 A) and Bi** (1.03 A) compared with those
of La>* (1.06 A) and Bi** (1.03 A) at the A-site [36].
The Raman spectroscopy was used to investigate
lattice disorder and the associated defect formation
upon introducing dopants. Eleven fundamental modes
are observed in the Raman spectra of BFO and
Bi()g(deLalfx)()AlFeO3 (X = O, 03, 05, 07, and 10) in
the range of 100-800 cm ' (Fig. S3 in the ESM). All
these vibrational phonon modes suggest a rhombohedral
structure and are in agreement with the reported values

[42,43]. Peaks at 137, 169, 217, and 471 cm ! are the
A; modes, and peaks at 261, 276, 306, 346, 369, 526,
and 597 cm ' are the E modes of BFO. A; and E modes
at wavenumbers smaller than 400 cm™' correspond to
the Bi—O bond, whereas peaks at wavenumbers above
400 cm ' correspond to the Fe—O bond [42]. Increasing
the Gd ratio from 0 to 0.7 leads to the peaks of the A;-1
and A;-2 modes gradually broadening and shifting
towards higher wavenumbers (Fig. 2(c)). This suggests
that the substitution of Gd** and La®" at the Bi-site
changes the vibration motion in the FeOg octahedra.
The Raman shift and peak broadening can be attributed
to the reduction of particle size and formation of OVs
upon doping [44].

The surface compositions and valence states were
further analyzed using XPS. Figure S4 in the ESM
shows the XPS spectra of the Bi 4f, Fe 2p, Gd 4d, and
La 3d regions for all the samples. The deconvolution of
the Bi (4f7, and 4fs,), Fe (2ps2 and 2pip), Gd (4dsp
and 4d;5,), and La (3ds;, and 3ds;) peaks suggests +3
oxidation states for these four elements. The O 1s
spectrum of BigoGdg¢7Lag¢3FeOs can be resolved into
three peaks at 529.4, 531.0, and 532.8 eV, which are
attributed to the O-M bond, dangling bond-O, and
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absorbed-O, respectively (Fig. 2(d)) [45]. The emergence
of dangling bond-O and adsorbed-O has been suggested
to be related to the formation of OVs in the host lattice
of perovskite oxides [41]. The concentration of OVs can
be approximately estimated by RIR given by Eq. (1):

RIR=—Tom (1
Ipp +1aps

where /oy is the relative peak intensity of the O-M
bond, Iy is the relative peak intensity of the dangling
bond, and /aps is the relative peak intensity of adsorbed
oxygen [46]. A smaller RIR value indicates a higher
concentration of OVs [47]. The RIR values of the
pristine BFO and Bio(Gd,La;-,)eFeO; (x =0, 0.3, 0.5,
0.7, and 1.0) are calculated according to the peak
intensities of the samples in Fig. 2(e) and are displayed
in Fig. 2(f). The RIR decreases with the increase of Gd
content, reaching a minimum value at around x = 0.7.
This indicates that OVs are introduced into the BFO
crystal lattice due to the Gd and La doping, and the
Bi9Gdgg7Lag3FeO; nanostructure has the most
abundant OVs.

3.2 Optical and piezoelectric properties

Figure 3(a) shows the room-temperature UV-Vis
absorption spectra of BFO and Bi¢(Gd,La;,)FeOs
(x=0,0.3,0.5, 0.7, and 1.0) nanotubes. Upon doping,
the absorption spectra shift from the UV region to the
visible region. The optical absorption coefficient (a/v)
follows the Tauc relationship described by Eq. (2):
(ahv)" = A(hv — Ey) 2)
where A, a, h, and v are a constant, absorption
coefficient, Planck’s constant, and frequency of
incident photons, respectively. The corresponding E,
can be estimated from the Kubelka—Munk (K-M)
theory by extrapolating the linear portion of the (ahv)”
vs. hv plot to the Av axis (in which the value for n was
2 for calculating indirect bandgap) [35]. The good
linear fit above the band gap indicates the direct band
gap behavior of the nanotubes (Fig. S5 in the ESM)
[48]. The calculated E, values are 2.9, 2.7, 2.5, 2.3, 2.1,
and 2.4 eV for BFO and Bij¢(Gd,La;—,).FeO; (x = 0,
0.3, 0.5, 0.7, and 1.0), respectively, which are shown in
Fig. 3(b). The trend of variation in E; coincides with
that in the RIR values of the doped BFO nanotubes,
revealing a strong relationship between the decrease of
E, and the introduction of OVs. In the pristine BFO, E,
is the region between the O 2p and Fe 3d hybrid states.

Introducing OVs creates new sub-band defect states by
lowering the adjacent 3d levels, which decreases the
overall £, [49]. The BiyoGdgo7La03FeO3; nanotube
shows the largest shift and smallest £, due to the
highest concentration of OVs, which indicates that it
can absorb and utilize more visible light from the solar
spectrum than the other samples.

To elucidate the effect of Gd and La doping and the
introduction of OVs on the charge carrier excitation/
separation ability of the nanotubes, PL spectra of BFO
and Bi¢(Gd,La;-,)o1FeOs; (x =0, 0.3, 0.5, 0.7, and 1.0)
were recorded using an excitation wavelength of
400 nm (Fig. 3(c)). All the PL spectra show two visible
light emissions, i.e., blue emission (BE) at 491.0 nm
(2.52 eV) and yellow emission (YE) at 580.8 nm
(2.13eV). The BE corresponds to the near band
emission (NBE) which is characteristic of the radiative
transition of photo-generated charge carriers [48]. A
stronger PL peak usually implies a higher chance of
recombination between electrons and holes. When the
Gd doping ratio increases from 0 to 0.7, the peak
intensity of the NBE peak gradually decreases, indicating
that the BiyoGdg ¢7Lag 03FeO3 nanotube has the lowest
radiative recombination rate [41].

The time-dependent photocurrents of BFO and
Bigpo(Gd,La; )1 FeOs (x = 0, 0.3, 0.5, 0.7, and 1.0)
nanotubes were measured under solar irradiation
(on—off interval of 100 s) to investigate the charge
trapping and separation efficiency of the photo-generated
charge carriers. A higher photocurrent response implies
a higher charge carrier density and efficient charge
carrier separation, which is beneficial to photocatalytic
performance. As shown in Fig. 3(d), the doped BFO
samples exhibit higher photocurrents than that of the
pristine one, revealing a longer lifespan and more
efficient separation of photo-generated charge carriers
[41]. The current appeared and disappeared with
reproducible curves in the presence of BFO and doped
BFO samples, which indicates the separation and
migration of electric charges in the flowing system
[50]. This is consistent with the PL spectra and the
photocatalytic performance results (discussed below).
The Big.oGdgg7Lag ¢3FeO3 nanotube exhibits the highest
photocurrent intensity which indicates the highest
photoconversion ability and charge separation, and
thus it is expected to exhibit the highest photocatalytic
activity. It is known that the chemisorption of gas
molecules such as O, and H,O occurs at the surface
and depletes the free electrons in the nanotube, i.c.,
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Fig. 3 Effect of introduced OVs in BFO on the band structure and optical properties: (a) UV—Vis absorbance spectra in the
wavelength range of 200-800 nm, (b) relationship between E, and Gd doping ratio, (c) PL spectra with the magnified spectra
inset, (d) transient photocurrent response with light on/off cycles of 100 s, and (e¢) schematic illustration of the charge trapping

mode of OVs in BFO and co-doped BFO nanotubes.

O,+e — O, and 2H,O + O, +4e — 40H [51].
OVs at the surface act as adsorption sites to donate free
electrons, resulting in three charge states, i.e., doubly
ionized oxygen vacancies (Vg") (no electron captured),
singly ionized oxygen vacancies (VJ) (one electron
captured), and neutral oxygen vacancies (Vg) (two
electrons captured) [52,53]. When the concentration of
OVs is low, free electrons in the nanotubes are
thoroughly depleted, and a wide depletion region and
upward band bending form near the surface (as shown
in the left panel of Fig. 3(e)). Doping the BFO nanotube

with La and Gd increases the concentration of OVs,
which decreases the thickness of the depletion layer at
the surface (as shown in the right panel of Fig. 3(e)).
The Fermi energy level would relocate to a higher
energy level, preferably above the energy level of V()
and VJ" but below the energy level of VJ [52].
The narrow depletion layer at the surface tuned by
OVs enables more holes to be captured by surface
adsorbed oxygen ions, and fewer holes are left in the
bulk to undergo radiative recombination with electrons
[52]. The photo-generated electrons and holes segregate
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in opposite directions across the depletion region near
the surface, thereby reducing the recombination through
excitonic processes. This potentially permits an enhanced
photocatalytic efficiency because of the longer lifetime
of the photo-generated charge carriers, which are then
more likely to become active species such as OH: for
subsequent MB degradation (schematically shown in
Fig. 4, in which DB stands for dangling bond and E
stands for the Fermi energy).

Piezoelectric properties of the samples were tested
using the PFM. In the test, a conductive cantilever tip
works in contact mode to provide an external bias on
the sample, which is placed on a conductive substrate.
Piezoelectric surface vibrations are induced in the sample.
These vibrations are sensed through the cantilever
deflection and the piezoresponse is measured [54—-56].
Figures 5(a) and 5(e) show the phase contrast maps of
the BFO and Bij¢Gdy ¢7Lag03FeO; nanotubes, and the
corresponding amplitude maps are shown in Figs. 5(c)
and 5(g). Regions with different phase contrasts,
particularly the peripheries, represent domains with
out-of-plane polarization alignments [57]. The amplitude
images in Figs. 5(c) and 5(g) show that the ferroelectric
domains are distributed randomly in different regions.
The ferroelectric behavior of the pristine BFO and
Big9Gdg g7Lag03FeO; nanotubes is confirmed by the
piezoresponse phase—voltage hysteresis loops shown in
Figs. 5(b) and 5(f) and the amplitude—voltage butterfly

loops shown in Figs. 5(d) and 5(h). The phase loops
show the polarization reversal of ferroelectricity when
the tip bias is reversed. The amplitude—voltage loops
show the characteristics of a butterfly loop, which is a
strong indication of ferroelectricity rather than
electrostatic interaction [56]. The distorted hysteresis
of the butterfly loops may be attributed to several
reasons including less tip bias voltage, inefficient
electrical contact between the cantilever tip and sample,
and the presence of a substantial amount of non-
switchable components [58]. At —8 V, the amplitude
for the Biy9Gdg¢7Lag03FeO; nanotube reaches 100 pm
while that for the pristine BFO reaches 55 pm, which
suggests the enhanced ferroelectric behavior of the
Biy9Gdg o7Lag03FeO; compared with the pristine BFO
nanotube. The enhancement in ferroelectric properties
is attributed to the induced lattice deformation due to
A-site engineering by Gd and La dopants. The
ferroelectric Bi’"-sites (1.03 A) are replaced by Gd® "
(0.94 A) and La’" ions (1.06 A) with different sizes.
Hence, a gradual lattice shifting is observed, ultimately
changing the bond angles and bond length between the
various ions. The off-centro symmetry of the BFO
lattice is distorted. With the increase of Gd concentration,
the amount of distortion of the symmetry increases,
and hence the ferroelectric behavior increases [59].
The polarized ferroelectric domains could enhance the
charge separation efficiency.

Light only

©@Bi ®0 eFe OGd

( b ) Light + ultrasound

@ ¥ )
Internal build-in B { _________ E;
electric filed VB 00 .o.o.o OH-
OH-

La @ Trapped electrons in defects ® Electron © Hole

-————
-
- =~

.-" Co-doped BFO ~~
e N

. TSR

Fig. 4 Schematic illustration of the crystal structure and possible charge transfer mechanism: (a) BFO nanotubes under only
light irradiation and (b) (Gd,La) co-doped BFO nanotubes under both light and ultrasound stimuli.
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3.3 Performance for the catalytic degradation of MB

The degradation of MB under sonication excitation
(sonocatalysis), solar irradiation (photocatalysis), and
simultaneous sonication and solar irradiation (sono-
photocatalysis) by BFO and Bigo(Gd,La;—)o1FeO; (x =
0, 0.3, 0.5, 0.7, and 1.0) nanotubes was investigated.
The catalytic degradation efficiency can be monitored
through the UV—-Vis absorption spectrum of MB
solution after irradiation and/or sonication excitation
for different times in the presence of BFO or doped-BFO
nanotubes (Figs. 6(a)-6(c) and Fig. S6 in the ESM).
With the increase of exposure time, the intensity of the
absorption peak at ~664 nm decreases, indicating the
removal of MB dye from the solution. Figures 6(d)—6(f)
show the C/Cy ratio (where C and C, are the
concentrations of MB at exposure time ¢ and O,
respectively) of all the samples as a function of the
exposure time. The MB degradation by the pristine
BFO nanotube is ~7% under only vibration (i.e., under
dark conditions). The vibration is introduced through
the ultrasonic cavitation effect in the liquid solution at
room temperature, which has been widely reported as
an effective method to exert stress on nanomaterials
[26]. The low MB sonocatalysis degradation of pristine
BFO indicates that the polarization charges generated
by the built-in electric field in BFO crystals under
sonication are insufficient for the catalytic reaction to
satisfactorily proceed. After doping with Gd and La,
the MB degradation increases with the increase of Gd

content and reaches a maximum of 37% for the
Big9Gdg ¢7Lag03FeO; nanotube. This can be explained
by the increase of the concentration of OVs upon
doping which enhances the piezoelectric potential and
electric charges generated via the piezoelectric effect
as well as the active species to decompose MB [15,60].

Under solar irradiation, the degradation of MB in
the presence of BFO nanotube is 71%, indicating a
higher concentration of the photo-generated charge
carriers than that in the case of sonocatalysis. In
photocatalysis, O, is activated via the electrons excited
in the CB or in localized states through photon absorption
[61]. Upon doping, the concentration of OVs in the
doped-BFO nanotube increases, and hence the affinity
for O, to adsorb at the surface increases. These surface
defects act as electron trapping centers localized below
the CB, simultaneously reducing the band gap and
increasing the lifetime of photo-generated charge carriers
[52]. This increases the amount of photo-generated
electrons and the active species such as OH-, and thus
enhances the oxidation of MB (i.e., the intrinsic
photocatalytic activity is enhanced). Among the doped
catalysts, BipoGdgg7Lago3;FeO; has the highest
concentration of OVs and the highest MB degradation
of 89% within 90 min.

Under simultaneous sonication and solar irradiation,
the MB degradation is further increased for all the
BFO-containing nanotubes (Fig. 6(g)). For the pristine
BFO nanotube, a MB degradation of 80% within 90 min
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Fig. 6 Catalytic degradation performance of MB under different stimuli: (a—c) absorption spectra of MB solution after the
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of MB solution as a function of exposure time under three different stimuli. (g) Degradation efficiency under different stimuli for

different Gd doping ratios and (h) degradation of MB under different stimuli for 10 cycles.

is achieved under dual stimuli. The BiyoGdg g7Lag 03FeO3
nanotube achieves 78% degradation of MB within
60 min and 95% degradation of MB within 90 min.
The higher degradation efficiency obtained under dual
stimuli than those under either solar or sonic excitation
has also been observed with a range of catalysts, such
as Ag,0O/BaTiO; [15] and BFO nanofibers [57]. A
comprehensive comparison is listed in Table S2 in the
ESM. The enhanced performance under simultaneous
photoexcitation and sonication is attributed to the
piezoelectric effect originating from the polarization of
Bip9Gdgo7Lag03FeO; during sonication. When the
Big9Gdg g7Lag 03FeO5; nanotubes are harvesting photons,
electrons transfer to the CB, leaving an equal number
of holes in the VB. The piezoelectric potential forms in

the BipoGdog7Lage3;FeO; nanotubes when they are
harvesting vibration energy, which facilitates the spatial
separation of photo-generated electrons and holes at
surface [11]. The enhanced separation of electrons and
holes would further promote the redox reaction,
therefore producing a synergy effect between the two
catalytic processes.

Compared with the BFO nanotube, the sonocatalysis,
photocatalysis, and sonophotocatalysis efficiencies of
the BigoGdyo7Lago3FeOs; nanotube are always higher
(Fig. 6(g)). This indicates that introducing OVs into the
BFO enhances the catalytic performance. The
sonocatalysis degradation of MB is increased by more
than 4 times, while the photocatalysis degradation is
increased by 26% for the Biy9Gdg o7Lag0:FeO; nanotubes.
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For the BFO nanotube, a MB degradation of 80% for
bi-catalysis is exactly the sum of the degradation by
photocatalysis (71%) and sonocatalysis (9%). The MB
degradation of bi-catalysis for the BiyyGdyg7Lag.03FeO3
(95%) is however lower than the sum of those for
photocatalysis (89%) and sonocatalysis (37%). The
lower synergistically catalytic activity than the sum of
single catalysis has been also reported previously
[10,18]. This might on the one hand be ascribed to the
coupling effect between photocatalysis and sonocatalysis
[62]. On the other hand, the carrier density is increased
under dual stimuli, which increases the quenching
probability of the charge carriers [63]. For the samples
with a high concentration of OVs, the better catalytic
performance under dual stimuli than that under single
excitation indicates that the synergistic piezoelectric
and photoelectric effect plays a predominant role, and
the slight coupling effect only plays a minor role in the
performance. The combination of the maximum charge
separation and enhanced charge density overpower the
high quenching probability to achieve the maximum
catalytic degradation efficiency [11,64,65].

The reproducibility and stability of catalysts are
crucial for practical application. After the MB degradation
test, the catalyst was separated from the solution by
centrifugation, washed thoroughly with water, and dried
for the next degradation test. As shown in Fig. 6(h),
obvious degradation of MB by Big¢Gdyo7Lag03FeO3
was observed within 10 cycles with each cycle operated
for 90 min. The variation of catalytic degradation
efficiency during cyclic process under different stimuli
are more clearly shown in Fig. S7 in the ESM, from
which gradual decrease of the catalytic efficiency can
be seen. However, the catalyst still retained approximately
88% of its initial efficiency after 10 cycles, indicating
good stability of the catalyst. The slight decrease of the
efficiency might be due to the gradual poisoning and/or
the change of the chemical structure/morphology of the
catalyst.

4 Conclusions

Pristine BFO and doped Bigo(Gd,La;—)o1FeOs; (x = 0,
0.3, 0.5, 0.7, and 1.0) nanotubes were synthesized by a
simple electrospinning process. Increasing the doping
content of Gd leads to an increase in the concentration
of OVs in the Biy¢(Gd,La;-,).1FeO; nanotubes, which
reaches a maximum in BigoGdyg7Lag3FeO;. The

generated OVs decrease the £, endow efficient charge
separation, and enhance piezoelectric activity in the
nanofibers, and thus significantly improve the sonoca-
talysis, photocatalysis, and sonophotocatalysis perfor-
mance. Under simultaneous all-spectrum solar irradiation
and ultrasonic excitation, the BigoGdgg7Llag3FeO;
nanotube shows the highest photocatalytic performance
with 95% MB degradation in 90 min. Combining the
effects of doping-induced OVs and mechanical strain
leads to enhanced charge separation and efficient MB
degradation. Such findings may promote the utilization
of under-utilized mechanical energy such as noise and
water motion as energy sources for environmental
remediation.
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