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Abstract

Piezo-enhanced photocatalysis is progressively considered an eco-friendly technology for
contaminant removal, harvesting not only solar energy but also mechanical vibrations
found in nature. Multiferroic materials present a coupled effect of various properties and
can potentially increase the applicability of this process. In this study, Cr- doped bismuth
ferrite thin film was deposited on SrTiOj3 substrate by HiPIMS, and its photo-, piezo-,
and piezo-photocatalytic efficiencies in Rhodamine B (RhB) degradation were analyzed.
The highest removal percentage was found under the simultaneous exposure of visible
light and mechanical vibrations, reaching 86.2% after 180 min. The calculated efficiencies
for photo- and piezocatalysis were 12.2% and 83.7%, respectively. The rate constant (k)
for piezo-photocatalysis was 16.1 times higher than that found during photocatalytic
experiments. To assess the contribution of each reactive species to the decomposition
process, different reagents were added to the Rhodamine B contaminated solution. The
results revealed that when p-benzoquinone was used, the degradation efficiency declined
significantly from 86.2% to 37.6%, suggesting that superoxide radicals (O,°~) play a key role
in decomposing RhB molecules. The structural, chemical, optical, and ferroelectric changes
caused by the catalytic processes were analyzed and linked to the proposed degradation
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1. Introduction

In recent years, there has been significant interest in advanced oxidation processes
occurring during photocatalytic and piezocatalytic experiments, as these methods are
considered promising for pollutant removal. Once charge carriers are generated, achieving
efficient mobility and reducing recombination processes are crucial for creating more ac-
tive sites on the catalyst’s surface, which facilitate the decomposition process. The focus
on heterojunction-based systems is driven by their high efficiency in degrading organic
pollutants [1]. In this context, the built-in electric field separates the photo-generated
carriers and directs their migration within a thin layer at the interface between the two
semiconductors, leaving the electrons and holes generated in the bulk of the material
largely unaffected. This limitation can be addressed by using ferroelectric materials. The
polarization-induced electric field in ferroelectrics can, in some cases, be up to two orders
of magnitude stronger than the separation field in a typical p-n junction and, most im-
portantly, extends across the entire material [2]. Bismuth ferrite is the only multiferroic
material at room temperature and has a high Curie point, large spontaneous polarization
(>100 uC/cm?) and a piezoelectric coefficient and a suitable optical band gap for solar
energy conversion application [3]. However, depending on the synthesis method, its photo-
catalytic performance can be constrained by the high recombination rate of the electrons
(e7) and holes (h*) generated during light irradiation. This issue can arise from the presence
of intrinsic point defects, impurities, surface defects, dislocations, and grain boundaries
within the material [4-7]. Bismuth ferrite has a wide range of possible crystallographic
lattices. Depending on the type of internal stress present in the material, its structure can
vary from rhombohedral (un-strained sample) to orthorhombic (tensile strain) or tetragonal
(compressive strain) [8]. Thus, when thin films are studied, the substrate type can have a
significant effect on the properties of the grown sample. Our previous study revealed that
the bismuth ferrite-based thin films obtained in the same conditions presented various crys-
tallographic structures when deposited on different substrates [9]. Besides improving the
multiferroic and magnetic properties, ion doping can also enhance solar power conversion
efficiency and photocatalytic efficiency. For photovoltaic application, one of the highest
solar power conversion efficiencies (8.1%) was reported for chromium-doped bismuth fer-
rite thin films [10]. Cation substitution can tailor the band gap of the BiFeO3; and promote
the separation of photo-generated charge carriers by reducing part of the recombination
sites. The enhancement of power conversion efficiency by cation substitution is due to
a narrower band gap and reduced leakage current. The leakage current is related to the
presence of excessive oxygen vacancies. For photocatalytic application, a narrower band
gap enhances the light absorption capability and the formation of more electron-hole pairs
available for the catalytic degradation process, while the substitution of iron by chromium
hinders the electron—hole recombination processes due to reduced oxygen vacancies. The
degradation performance of a material is significantly influenced not only by the width of
the band gap but also by its position relative to the oxidation and reduction potentials [11].
Thus, even though enough charge carriers reach the valence (VB) and conduction bands
(CB), they cannot participate in the water decomposition processes if the corresponding
band energy levels are not appropriately positioned. The photo-generated electrons in a
less negative CB than the standard reduction potential of O2/O,*~ cannot reduce the O,
in O,*". Similarly, the photo-generated holes in a less positive VB than the HO®* /HO™
potential cannot oxidize the HO™ to HO®. As a result, the photocatalytic performance of
the studied material is greatly diminished.

In piezocatalysis, however, the application of mechanical vibrations overlays an induced
polarization field onto the intrinsic field, providing an additional driving force for the efficient
separation and transport of generated charge carriers throughout the catalyst. Furthermore,
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this field can even alter the band structure of the material, making it more energetically
favorable for the formation of hydroxyl and superoxide radicals. As a result, the degradation
efficiency of the studied materials can be significantly improved when subjected simultane-
ously to both light and mechanical vibrations. Under these conditions, both solar energy and
low-frequency mechanical energy sources found in nature, such as wind, water waves, sonic
waves, and atmospheric pressure, can be harnessed. The processes involved are complex,
requiring detailed and systematic studies to identify the specific chemical reactions that lead
to pollutant decomposition. In this context, our study focuses on the degradation of RhB using
a chromium-doped bismuth ferrite (BFCO) thin film, under three different conditions: visible
light alone, ultrasonic vibration alone, and their combined effect. STO was chosen as the
substrate because it can act as a seeding layer to provide a perovskite structure template for
the growing film, enhancing the textured growth of BFCO thin film. Although thin film-based
catalysis has, in some cases, fewer active sites than the micro/nanoparticles-based ones (and
thus, sometimes, presents poor degradation efficiency), these can also be more easily recov-
ered and reused. In addition, using proper deposition technique, very large surfaces can be
coated with a catalytic thin film. A possible piezo-photocatalytic degradation mechanism was
proposed based on XRD, XPS and PFM observations before and after the piezo-photocatalysis
tests, combined with the results of the trapping experiment, where different scavengers are
added during piezo-photocatalysis tests.

2. Results and Discussions
2.1. Piezo-Photocatalytic Properties

The photo-, piezo-, and piezo-photocatalytic activities of the BFECO/STO sample were
investigated by assessing the degradation of RhB dye under light irradiation and /or mechan-
ical vibrations, as shown in Figure la—c. The initial step involved analyzing the stability of
the organic contaminant in the prepared solution under the same exposure conditions but
without the catalyst. Approximately 9.2% of RhB dye was removed within 180 min, using
simultaneous visible light and ultrasonic vibrations, in the absence of the catalyst. Numerous
studies in the literature have investigated the photocatalytic properties of BFO-based materials.
For instance, Boughelout et al. assessed the photocatalytic activity of BigggBag go2FeOs thin
film, synthesized by a combined sol-gel and spin-coating approach, under natural sunlight,
achieving 81% degradation of RhB [12]. Similarly, BFO films deposited on stainless steel mesh
surfaces are effective catalysts for the degradation of organics dye, completely degrading
RhB within 150 min [13]. Ramezanalizadeh and Manteghi demonstrated that BFO/CuWO,
particles are promising for achieving high photocatalytic efficiency under visible light con-
ditions [14]. In a previous study, the screen-printed p-n BiOCl/BiFeO3; composite exhibited
remarkable RhB degradation of 92% after 150 min under visible light [15]. In this work,
when the catalyst was exposed to visible light, the RhB degradation efficiency reached only
12% after 180 min, indicating limited photocatalytic activity. This low degradation per-
formance indicates that visible light alone is insufficient to generate charge carriers that
effectively participate in the oxidative and reduction reactions required for dye decomposition.
Lan et al. ascribed this behavior to an unsuitable band structure or rapid recombination
rate of charge carriers [8]. Similar results were reported by Jing et al. [3]. Subsequently, the
degradation efficiency of the film was evaluated under simultaneous light irradiation and
mechanical vibrations. Considering the piezoelectric nature of STO, the piezo-photocatalytic
activity of the substrate alone was first tested, revealing a 34.55% efficiency in dye removal
after 180 min. In contrast, the BFECO/STO showed a significantly enhanced degradation
efficiency of 83.7% under mechanical vibrations, which is 2.4 times higher than that of the
bare substrate and 6.9 times higher than its photocatalytic performance. This improvement
can be attributed to the piezoelectric potential generated by the mechanical waves, which
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acts as a polarization field, efficiently separating the charge carriers and enhancing the degra-
dation reactions at the catalyst surface. Additionally, the piezoelectric polarization field can
elevate the conduction band (CB), allowing more piezo-electrons to participate in reduction
reactions [16]. The degradation efficiency further increased to 86.2% when both visible light
and mechanical vibrations were applied. The —In(C/Cp) vs. time plots show a linear relation-
ship, indicating that the photo-, piezo-, and piezo-photodegradation of RhB by the studied
catalyst follows a pseudo-first-order kinetic model. The photodegradation rate constant was
estimated at 0.7 x 103 min~!, while the rate constant for piezocatalytic experiments was
two orders of magnitude higher, reaching 10.1 x 103 min~!. The highest rate constant
(11.3 x 1073 min~!) was achieved under simultaneous visible light and mechanical vibrations,
which is 16.1 times greater than that from photocatalysis alone. These results are consistent
with previous studies on various BFO-based catalysts [3,11], which report a higher rate con-
stant for piezo-photocatalysis compared to individual photo- or piezocatalysis. Moreover,
Figure 1d demonstrates the stability and reusability of the catalyst, showing even better degra-
dation performance for the next three consecutive cycles. The results revealed that during the
catalysis tests, the contribution of RhB dye adsorption onto the surface of the sample or reactor
is negligible, with a 2-3% decrease in absorbance at 554 nm after 30 min in the dark. However,
to evaluate the degree of RhB dye adsorption onto the film surface, the BFCO/STO catalyst
was characterized by FTIR spectroscopy before and after catalytic reactions. The experimental
results show no change in the FTIR spectra (Figure S1), indicating that the adsorption of RhB
dye onto the catalyst surface is unnoticeable. Moreover, FTIR analysis confirms the structural
stability of the BFECO/STO after the catalytic reactions.
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Figure 1. Catalytic efficiency and reusability of the sample under ultrasonic vibrations and light
irradiation alone and simultaneously: (a) the time-dependent RhB removal curves, (b) the first-order
kinetic fitting plots, (c) the RhB degradation performance and kinetic rate constant (k) after 180 min
exposure time and (d) the piezo-photocatalytic process stability for four runs.
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2.2. Piezo-Photocatalytic Degradation Mechanism
2.2.1. Investigation of the Main Reactive Species Involved in the Piezo/Photocatalytic
Degradation of RhB Dye

Based on the degradation results presented above, subsequent trapping tests were per-
formed to investigate the involvement of various active species in the piezo-photocatalytic
degradation of RhB dye. Quenching experiments were conducted using BQ, IPA, NaN3 and
EDTA-2Na to suppress the contribution of O,°*~, HO®, 10, and h*, respectively [3,11,17-22]
Figure 2a—d illustrate the effect of these quenching agents on the dye degradation efficiency.
As shown in the time-dependent removal curves (Figure 2a), the piezo-photocatalytic
efficiency was significantly reduced when BQ and NaN3 were added into the solution,
while only a slight variation was observed in the presence of EDTA-2Na. The addition of
BQ decreased the RhB removal efficiency over the BFCO/FTO sample from 86.2% to 37.6%
(48.6%), indicating that O,*~ are the primary active species involved in the degradation
process. This finding is consistent with previous reports on the degradation of sulfamethox-
azole over BiyFe;Og nanosheets [23], RhB over bismuth ferrite-based composites [24], and
flexible MoSe; /PVDF composite foam [25]. When NaN3; and IPA were introduced into
the solution, the degradation efficiency dropped to 48.9% (137.3%) and 65.8% ({20.4%),
suggesting that singlet oxygen ('O,) and hydroxyl radicals (HO®) also contribute to the
decomposition of RhB dye. In contrast, the results indicate that h* does not directly con-
tribute to dye degradation, in agreement with previous findings reported by Lan et al. for
La-doped bismuth ferrite multiferroics [11]. Similarly, the piezo-photodegradation rate
constant decreased from 11.3 x 1072 min~! t0 9.31 x 1073, 5.81 x 103,4.28 x 1073, and
2.4 x 1073 with the addition of EDTA-2Na, IPA, NaN; and BQ to the RhB solution, respec-
tively. These results suggest that RhB degradation via piezo-photocatalysis is primarily
driven by reactive oxygen species (ROS) and follows the order HO® < 'O, < O,*~. Our
findings are in line with previous studies, which also suggest that ROS are the dominant
active species involved in the piezo-photocatalytic degradation of organic contaminants.
For instance, Hu et al. demonstrated that HO®, 1O, and O,*~ contribute to the piezo-
photocatalytic removal of carbamazepine (CBZ) by Au-decorated bismuth oxybromide [26].
Similarly, a combined influence of HO® and O,°~ was observed during the degrada-
tion of CBZ and RhB using La-doped BFO-based multiferroics [11], BVO/BFO [3] and
Nay 5Big 5TiO3 micro-crystals.

2.2.2. XRD Analysis Before and After Piezo-Photocatalysis

The structural characteristics of the deposited thin film, both before and after piezo-
photocatalysis tests, were studied using XRD. The obtained diffractograms are shown in
Figure 3. Two sets of peaks were observed in both cases: one corresponding to the hexago-
nal structure of BiFeO3 with R3c space group (ICSD card no. 98-015-7424), and the other
one associated with the monoclinic phase of the same material with C1m1 space group
(ICSD card no. 98-016-8320). No residual or secondary phases were detected in the investi-
gated samples. The perovskite structure was also confirmed by Rutherford Backscattering
pectrometry (RBS) measurements. The stoichiometry of the BFCO thin film determined
by RBS (with a 4-5% accuracy) was Big 19Fep 14Cro 500 62, indicating a Bi/(Fe+Cr) ratio of
1:1 and a perovskite-type structure. The substitution of iron by chromium may enhance
the photo-piezocatalysis process due to reduced oxygen vacancies. Oxygen vacancies with
optimal concentration introduce new energy levels (as donor defects) within the bandgap,
which act as trapping sites that suppress electron-hole recombination and enhance photo-
piezocatalysis. In bulk form, bismuth ferrite has a distorted rhombohedral type structure
with a ferroelectric polarization along the [111] pseudocubic direction. The unit cell can
also be viewed as a hexagonal prism with the c axis [001] parallel to the diagonal of the
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pseudocube [111] [27,28]. However, in thin film form, the strain induced by the substrate
type, energetic ion bombardment or temperature can determine the formation of a struc-
ture with a reduced symmetry [8,29]. Theoretical and experimental studies revealed that
monoclinic structures are energetically favorable in such cases [8,30,31]. Furthermore,
according to the study of Chen et al. [32], the monoclinic type symmetry of BiFeOs arises
from in-plane biaxial strain and may serve as a structural bridge linking different crystallo-
graphic structures of the same material [33]. Additionally, in the as-deposited sample, the
diffraction lines of the hexagonal phase indicated the formation of a polycrystalline film.
However, those of the monoclinic structure exhibited preferential crystallographic growth
directions along the (111) planes. The crystallites sizes of the two phases were found to
be similar. These sizes were estimated using the Sherrer equation, considering the main
diffraction lines of each structure. Mean values of 19 nm and 15 nm were found for the
monoclinic and hexagonal phases, respectively. After the piezo-photocatalytic degradation
experiments, the contribution of the monoclinic phase to the overall diffraction signal was
significantly reduced (see the inset of Figure 3). Additionally, both (111) and (222) peaks
shifted to higher 20 angles, indicating a lattice strain relaxation. The crystallite size of the
hexagonal structure remained around 16 nm. The changes revealed by XRD are likely
caused by the mechanical vibrations applied during the piezo-photocatalytic degradation
of RhB. The study of Zeches et al. showed that bismuth ferrite has the ability to morph into
allotropic variations, and the stability of these forms is governed by the imposed strain [34].
Both electric field and strain can induce phase transformations and consequently affect the
piezoelectric properties of the material [35-37]. The applied ultrasonic waves may have
triggered a reorganization of the unit cells into a less strained configuration, thus causing
an irreversible phase transition process from a monoclinic to a hexagonal structure.
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Figure 2. Quenching experiments on the RhB degradation under simultaneous visible light irradiation
and ultrasonic vibration (BQ for O,*~, NaNj for 1O,, IPA for ¢OH and EDTA-2Na for h*): (a) the RhB
degradation curves, (b) the corresponding first-order kinetic fitting plots, (c) the RhB degradation
efficiency and kinetic rate constant (k) after 180 min exposure time and (d) the inhibition ratio of RhB
degradation in the presence of different quenchers.
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Figure 3. XRD results of the BFCO thin film before and after piezo-photocatalysis experiments.

2.2.3. XPS Analysis Before and After Piezo-Photocatalysis

To better understand the active sites involved in the decomposition process, XPS
measurements were conducted before and after the piezo-photocatalysis. The presence of
Bi, Fe, Cr, and O on the sample surface was confirmed in both cases, as shown in Figure 4.
The spectra were deconvoluted to evaluate the contribution of each ionic state to the overall
results. For the as-deposited sample, the slight asymmetry in the Bi 4f7/2 and 4f5/2 peaks
(Figure 4a) indicates the presence of two ionic states: Bi** (at 158.71 eV and 163.97 eV) and
Bi®* (at 159.69 eV and 165.04 eV). These states were also detected after piezo-photocatalysis
experiments. The presence of both ion types was previously reported by Su et al. in bismuth
ferrite (Bi;Fe4O9) nanosheets obtained via a hydrothermal method [15,19]. The Bi®* /Bi®*
ratio decreased from 14.95 to 7.22 following the piezo-photodegradation, indicating that
some Bi** on the sample surface was oxidized to Bi®* during the dye degradation process.

The deconvolution of Fe2p 3/2 and 1/2 confirmed the presence of both Fe?* and
Fe3* ions on the surface of the as-deposited sample (Figure 4b) [38,39]. In the XPS high-
resolution spectrum of Fe-2p recorded after catalysis tests (Figure 4b"), besides characteristic
Fe?* and Fe®* peaks, two associated satellite peaks appear at 718.8 eV and 731.6 eV. These
satellite peaks are associated with Fe?* 2p3, and Fe?" 2p; , main peaks, respectively [40].
The percentage of Fe?* decreased from 67.9% to 57.0% after piezo-photocatalysis, indi-
cating an oxidation process and the active involvement of Fe?*-Fe3* electronic transfer
in water decomposition. For Cr2p 3/2 and 1/2, XPS results revealed the presence of
Cr3* (at 575.88 eV and 585.26 eV) and Cr®* (at 578.90 eV and 587.76 eV) ions on the sam-
ple surface before the dye degradation experiments (Figure 4c). Similar ion types were
also observed by Wu et al. in double-perovskite BipFeCrOg ceramics [41]. The peaks
associated with Cr®* become much more pronounced, and their presence in the overall
spectra is more noticeable after piezo-photocatalysis. This suggests that additional oxi-
dation reactions are occurring on the catalyst surface during the experiment. In addition,
two satellite peaks appear (at 580.1 eV and 589.6 eV) in the XPS high-resolution spectrum
of Cr-2p recorded after catalysis tests (Figure 4c’), which are associated with Cr3* 2p3 ,, and
Cr3* 2py /, main peaks.
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Figure 4. XPS deconvoluted spectra of the BFCO thin film before (left side—(a—d)) and after
(right side—(a’-d")) piezo-photocatalysis experiments.
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The O1s spectrum (Figure 4d) of the fresh thin film was deconvoluted into three peaks
at 529.55 eV, 531.04 eV, and 533.04 eV assigned to lattice oxygen (Op), surface oxygen
vacancies (Oy), and adsorbed oxygen (O, ), respectively [1,3,11,23]. Wu et al. deconvoluted
the asymmetric Ols peak observed for Bi;FeCrOg ceramics into three peaks, located at
528.8, 530.6, and 533.0 eV [41]. The first two peaks were attributed to O?~ ions in the lattice
sites of [FeOgy] and [CrOg¢] octahedrons, while the third peak was linked to oxygen in a
deficient state, indicating the instability of O~ bound to Bi, Fe, and Cr in the Bi;FeCrOq
ceramics. While the percentages of the Op, assigned peaks showed only slight changes
after the piezo-photocatalytic process, the percentages of Oy decreased from 36.8% to
24.4%. The reduced oxygen vacancies act as trapping sites that suppress electron-hole
recombination and enhance photo-piezocatalysis. Meanwhile, surface absorbed oxygen
increased from 13.1% to 21.45%. The study of Zhao et al. revealed that the photocatalytic
performance of different ABO3; perovskite oxides is proportional to the surface absorbed
oxygen [42].

2.2.4. Piezoelectricity and Ferroelectric Responses Before and After Piezo-Photocatalysis

Piezoresponse force microscopy (PFM) was used to examine the ferroelectric and piezo-
electric properties of the BFO thin film catalyst both before and after piezo-photocatalysis
tests. Figure 5a—c displays the two-dimensional (2D) topography, out-of-plane piezore-
sponse amplitude, and phase images of the sample before the dye degradation experiments.
The topography does not match the PFM amplitude and phase images, suggesting that
the features seen in the latter images are due to the piezoelectric properties of the sam-
ple. The uniform contrast in the PFM amplitude and phase images indicates that the
piezoelectric domains have a consistent response and polarization/orientation. Local PFM
polarization switching spectroscopy was used to assess ferroelectricity and piezoelectricity
at two distinct points (marked as A and B in Figure 5c). The piezoelectric amplitude
curves at both points exhibit similar butterfly-shaped loops with a maximum amplitude of
approximately 430 pm under a 10 V DC bias voltage (Figure 5d,e). Additionally, a well-
defined 160° phase angle inversion and wide hysteresis loop are observed, demonstrating
the presence of ferroelectric switching and consistent orientation of ferroelectric domains
at both points.

The width of the phase hysteresis loops and the gap between PFM amplitude curves
are approximately 5 V. The piezoresponse curve shows that the maximum effective piezo-
electric coefficient (ds3) is 100 pm/V, measured at the applied voltage of 5 V.

Figure 5a’—c” shows the topographic, out-of-plane piezoresponse amplitude, and
phase images of the BFCO sample after piezo-photocatalysis tests. In this case there
was a noticeable change in the topographic image, showing improved grain refinement
(Figure 5a’). Additionally, the PFM amplitude image reveals distinct piezoelectric domains
and responses on a local scale (Figure 5b”). The phase angle between the applied tip
bias and the piezoresponse signal highlights different polarizations and orientations of
the piezoelectric domains in the BFCO thin film (Figure 5¢”). These results suggest that
mechanical vibrations lead to a lattice strain relaxation process, causing some piezoelectric
domains to reverse. XRD measurements also support this statement, showing changes in
crystallographic properties during the degradation tests: shifting from a dominant structure
with a (111) plane orientation to a polycrystalline phase with the highest intensity ascribed
to the (104) diffraction line.
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Local PFM polarization switching spectroscopy tests performed at two distinct points
(marked as A’ and B’ in Figure 5c’) highlight different polarizations and orientations of
piezoelectric domains. Figure 5d’,e” show the local PFM amplitude butterfly loop and phase
hysteresis curve recorded at these points. Compared to data from the BECO sample before
the degradation test, the piezoresponse signal, the width of the phase hysteresis loops, and
the gap between PFM amplitude curves are all about three times smaller. Additionally,
the phase hysteresis loops clearly indicate that the polarization and orientation of the
piezoelectric domains at points A’ and B’ are opposite.

In this study, the significantly higher piezocatalytic activity compared to photocatalytic
activity is linked to the piezo-potential induced by mechanical stress and the reorientation of
piezoelectric domains. The piezo-potential can enhance the degradation process by bending
energy bands, but the orientation of the piezoelectric domains is also critical. Additionally,
the band bending caused by the piezoelectric potential can either counteract or combine
with the band bending resulting from ferroelectricity, depending on the direction of the
piezoelectric polarization. Based on this understanding, a piezo-photocatalytic mechanism
is proposed.

2.2.5. Possible Mechanism for Piezo-Photocatalysis

When the RhB solution with the catalyst was exposed only to visible light, there was
a negligible change in RhB concentration (about 2%) over 180 min (Figure 1a). This poor
photocatalytic performance indicates that the visible light cannot activate the BFCO catalyst
to degrade the organic pollutant. This might be due to an unsuitable band structure, rapid
recombination or low mobility of photo-generated charge carriers. XPS measurements
show that the valence band energies of the BFECO sample before and after piezocatalysis
tests are 1.35 eV and 1.38 eV, respectively (Figure 6).

Intensity (a.u.)

before US
after US

10 8 6 4 2 0
Binding energy (eV)

Figure 6. XPS measured valence band spectra of the BFCO sample before and after piezo-photocatalysis.

The band gap energies (Eg) derived from Tauc plots were estimated to be 2.1 eV, both
before and after piezo-photocatalysis tests. Accordingly, the conduction bands’ positions
were determined to be —0.75 eV and —0.72 eV. Scavenger tests on RhB dye degradation
indicate that the primary reactive species involved in the process were, in order of im-
portance: O,*~ > 10, > HO®. In this study, VB position is less positive than HOe/OH~
or HyO redox potentials (1.99 eV or 2.73 eV vs. NHE), meaning the photo-excited holes
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cannot oxidize HyO or OH™ to generate HOe. On the other hand, the CB edge position,
being more negative than the standard reduction potential of O,*~ /O, (E = —0.33 eV
vs. NHE), supports the reduction reaction. However, poor photocatalytic performance
could be due to the improper orientation of piezo/ferroelectric dipoles. The lack of phase
contrast shown in Figure 5c suggests that piezo/ferroelectric domains have a preferential
orientation, likely with negative charges facing the substrate. XRD results (Figure 3) show
that the as-deposited BFCO thin film exhibits a preferred crystallographic growth direction
along the (111) planes. BiFeOj is a ferroelectric material with significant spontaneous
polarization along the [111]. direction [43], which is equivalent to [001]pex (Figure 7a). The
preferential orientation of the ferroelectric domains could be ascribed to the epitaxial stress
developed during film growth.

BFCO as-deposited

. [y,
@ Bi* 1001, —> Ferro Polarization

3190 ST 6§

STO substrate

=2

Y S8EL

(b)

Figure 7. Crystallographic structure of BiFeOj3 (a) and schematic illustration of the proposed mecha-
nisms in the ferroelectric sample during photocatalysis (b).

Internal stress in the sample could lead to increased interfacial polarizability due
to a large number of defect states (such as oxygen vacancies) [44]. These defects may
trap free charge carriers and form dipoles, resulting in enhanced polarization [45]. The
ferroelectric polarization field causes spatial separation of photo-excited charge carriers,
with holes accumulating on the catalyst surface and electrons at the substrate—film interface
(Figure 7b). Although the CB edge position supports the water oxidation reaction O, /H,O
(E = 1.23 eV vs. NHE), the inability of photo-excited electrons to engage in the O,*~ /O,
reduction reaction limits photodegradation performance. The O,°~ reactive species can
also generate other reactive oxygen species (ROS), such as 'O, and HO®, which might
further enhance photodegradation. Since the VB edge position (E = 1.35 eV) is less positive
than the water oxidation reaction HOe /H;0O (E = 1.99 eV), the holes available at the
surface of the catalyst cannot participate in the degradation process. Thus, the inadequate
VB edge position and orientation of ferroelectric dipoles are the main reasons for poor
photocatalytic performance.

Interestingly, this limitation in photodegradation performance was overcome by revers-
ing piezoelectric domains through lattice strain relaxation induced by mechanical vibrations.

PFM measurements conducted after piezo-photocatalysis tests indicate that some
of the piezoelectric domains have reversed, and the local piezoresponse is signifi-
cantly reduced (Figure 5¢’'-e”). Additionally, XRD measurements performed after piezo-
photocatalysis tests show a phase transformation process in the BFCO film, shifting from a
monoclinic structure with a preferential (111) orientation to a polycrystalline hexagonal
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phase. This change in piezoelectric domains corresponds to an inversion of the crystallo-
graphic structure of BFO, as illustrated in Figure 8a,d.

BFCO after piezo-photocatalysis

 * + + ¥ +
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Figure 8. Crystallographic structure of BiFeOs (a,d) and schematic illustration of the working
principle of piezoelectric (b,c,e,f) and ferroelectric photocatalytic device (g).

When mechanical strain is applied, a downward piezoelectric polarization and cor-
responding piezoelectric field are generated in the unreversed piezoelectric domains (as
shown in Figure 8c). In contrast, an upward piezoelectric polarization occurs in the reversed
piezoelectric domains (Figure 8f). The reversing of these piezoelectric domains might be
connected to the lattice strain relaxation process and to the thermally activated migration of
oxygen vacancies during piezocatalysis testing. Under US vibrations, the long-range inter-
actions among structural dipoles are strengthened, enhancing oxygen vacancy migration.
This, in turn, leads to strain relaxation and the reversing of polarization [46]. The upward
piezoelectric polarization causes the positively charged oxygen vacancies to move toward
the top surface, compensating for the negative polarization charge. These statements are
supported by the XPS results, which indicate that after photo-piezocatalysis tests, the
oxygen vacancies peak (Oy) decreased from 36.8% to 24.4%, while surface absorbed oxygen
peak (O,) increased from 13.1% to 21.45%. PFM measurements (Figure 5¢'—e’) also confirm
the reversing of piezoelectric domains, showing that under an external electric field, the
piezoelectric domains at points A’ and B’ exhibit opposite orientations/polarizations. In the
case of downward piezoelectric polarization, the piezo-photo-generated electrons and holes
are separated and move in opposite directions, leading to the accumulation of electrons at
the film-substrate interface. Conversely, with upward piezoelectric polarization, electrons
accumulate at the catalyst’s free surface and can participate in redox reactions (Figure 8g).
Therefore, under mechanical vibration, a lattice strain relaxation process and a change in
piezoelectric polarization direction may occur. The upward piezoelectric polarization and
the resulting piezoelectric field can drive the spatial separation and transport of electrons
towards the catalyst’s surface, leading to spatially separated redox reactions and enhanced
piezo-photocatalytic efficiency. These statements are further supported by the stability and
reusability tests of the catalyst (Figure 1d), which show better piezo-photodegradation
performance for the next three consecutive runs.
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The piezo-photo-generated electrons, which accumulate on the free surface of the
piezo-catalyst, react with O, in water to produce O,*~ radicals. These radicals are the
primary active species responsible for RhB degradation. The resultant O,°~ could react
with water to generate 'O, and OH® active species [22], or combine with H* to produce
10, [11]. All these reactive species (O°~/ 10, /OH?®*) contribute to RhB degradation:

e +0, - O (1)

202.7 + Hzo — H202 +2HO™ + 102 (2)
0,*” + H,0, - OH®* + OH™ + 'O, 3)
20,°” +2H" — H,0, + 'O, (4)
0,° /10, /OH"® + RhB — byproducts (5)

On the other hand, FeZ* sites could donate their electrons to adsorbed molecular
oxygen, generating O,°~ radicals, or they can activate H,O, to produce «OH radicals
through a heterogeneous Fenton reaction. Fe?* active sites are regenerated by accepting
piezo-electrons [19,23]. XPS analysis shows that some Fe?* is oxidized to Fe** during the
photo-piezocatalysis process, its proportion decreasing from 67.9% to 57.0%.

Fe?" + Oy — Fet + Oy~ (6)
Fe?* + H,O, — Fe3* + OH™ + OH® 7)
Fe* + e~ — Fe?* 8)

Hydroxyl radicals, OH®, generated in the presence of Fe?* and O,*~ and light are the
main cause of Cr** oxidation. The OH® radicals react with the chromium complex Cr3*
leading to the formation of Crb* [47]:

Cr** + 3 OH®— Cr®* + 30H™ 9)
Cr®* can be reduced to Cr** in the presence of Fe>* by the following reaction:
Fe3* + Cré* = Cr¥* + 3Fe? (10)

Furthermore, the high piezoelectric potential observed in the BFECO sample could also
cause energy band bending. This band bending, induced by the piezoelectric polarization
of BFCO, may either counteract or amplify the band bending caused by ferroelectricity,
depending on the polarization directions of piezoelectric/ferroelectric domains. At the
negatively charged surface of BFCO, the CB bends upward, while in the positively charged
region, the VB bends downward. The potential energy and, consequently, the degradation
rate are influenced by the piezoelectric field generated through mechanical deformation. A
higher piezoelectric potential can cause greater band bending, which could significantly
enhance the piezo-degradation rate in the dark. When the catalyst is exposed to both visible
light and ultrasonic vibrations, its piezo-photodegradation performance improves only
slightly, increasing from 83.7% under just ultrasonic irradiation to 86.2% with the addition
of light irradiation. Although the number of thermally or acoustically activated carriers
is much smaller than that of light-excited carriers, the fast recombination rate of photo-
generated charges means that the catalyst’s piezo-photodegradation activity is only slightly
better than its piezo-degradation performance. It appears that the presence of piezoelectric
domains with opposite orientations promotes the recombination of photo-excited electrons
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and holes at the interface, limiting the ability of the piezoelectric process to further enhance
the photocatalytic decomposition.

In the literature, various possible photocatalytic degradation pathways of RhB have
been proposed through byproducts analysis (LC-MS and GC-MS) and active species trap-
ping experiments (ESR analysis) [48-50]. For example, Yang et al. proposed two possible
pathways for the photocatalytic degradation of RhB over a TS-1/C3Ny composite un-
der visible light. In the first pathway, RhB is attached by ¢OH radicals and undergoes
N-deethylation to form the intermediate DP1 (m/z = 415), followed by further oxi-
dation leading to intermediated DP2 (m/z = 245) and DP3 (m/z = 167) through the
cleavage of the double bond and tertiary amine, while DP2 is further decomposed to
DP4 (m/z =111). In the second pathway, the positive amino group of the RhB molecule is ini-
tially attacked by O, ™~ radicals and decomposed to DP5 (m/z = 314), which is subsequently
oxidized by ¢OH to produce DP6 (m/z = 111). Ultimately, the reaction intermediates from
both pathways (DP4 and DP6) are further degraded into small molecular compounds [48].
Similarly, two routes have been proposed by Harikumar et al. in the photodegradation of
RhB using a visible light active CoNiO,—BiFeO3;-NiS ternary nanocomposite [51]. In one
pathway, eOH radicals cleave the central C—-C bond of RhB, leading to the formation of N,
N-diethyl-N'-ethylated intermediate, which is further decomposed into 3-hydroxy naph-
thalic acid (m/z = 166). Subsequent structural breakdown produces 4-hydroxy benzoic acid
(m/z =135). In an alternative pathway, the RhB molecule is degraded into an intermediate
(m/z = 282) by C-N cleavage, which is further transformed into compounds with m/z
values of 268 and 254 via carboxylation processes. Ultimately, the intermediates from
both pathways are oxidized into low-molecular-weight compounds such as phthalic acid,
benzoic acid, 3,4-dihydroxybenzoic acid, and adipic acid. Thus, the catalytic degrada-
tion of organic compounds typically proceeds through N-deethylation, hydroxylation,
carboxylation, ring opening, and eventual mineralization [52].

3. Materials and Methods
3.1. Synthesis of Thin Film

Chromium-doped bismuth ferrite (BFCO) thin film was deposited onto SrTiO3 (STO)
substrate by reactive high-power impulse magnetron sputtering (HiPIMS) technology. A
commercially available Bi;FeCr alloy disk (50.4 mm diameter, 3.18 mm thickness) was used
as source material (magnetron’s target) and placed in the deposition vacuum chamber.
Before the sputtering process, a 10~* Pa base pressure was achieved using preliminary and
turbomolecular pumps. Prior to the deposition process, the target was pre-sputtered for
15 min to remove any contaminants present on its surface and to establish stable oper-
ational conditions for the reactive deposition process. The pressure of the Ar:O, (20:1)
gas mixture was maintained at 0.75 Pa, and the target—substrate distance was 8 cm. The
negative discharge pulses of 700 V amplitude and 5 us duration were applied on the
cathode with a frequency of 1.5 kHz. The very short pulse duration was set in order to
limit ion back-attraction effect [53] and to suppress arcing during the reactive HiPIMS pro-
cess [54]. To generate the required electrical pulses, a pulsing unit (home-built high-power
pulse generator) was utilized, receiving a constant voltage from a DC power supply. It
should be noted that during the negative voltage pulse, a peak current of approximately
15 A was achieved. During deposition, the substrate temperature was kept constant at
700 °C, while the deposition time was set to 40 min to achieve a film’ s thickness of
200 nm. The film’s thickness was measured using a Veeco DEKTAK (Veeco, Dornach
Munich, Germany) profilometer.
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3.2. Photo-, Piezo- and Photo-Piezocatalytic Degradation Experiments

The synthesized BFCO/STO system was evaluated for the degradation of RhB dye
(R6626, Merck(Sigma-Aldrich, Darmstadt, Germany)), a commonly studied organic con-
taminant, from aqueous solution through photo-, piezo-, and photo-piezocatalysis. The
tests were performed in a 3 cm diameter glass Petri dish containing 3 mL of RhB solution
(5 mg/L in distilled water), with a molar absorption coefficient of 1.05 x 10° L/mol/cm
at 554 nm. For photodegradation experiments, the BECO/STO catalyst (1 x 1 cm?) was
immersed in the solution and placed horizontally under a visible lamp (A > 400 nm) with
an incident light flux of 25 mW /cm?. For piezocatalytic activity measurements, the same
catalysis-glass vessel system was placed in an ultrasonic cleaner operating at 37 kHz with
an output power of 80 W. A mixture of water and ice was used as the ultrasonic medium
to prevent temperature-induced degradation and to avoid pyrocatalytic effects. When
studying piezo-photocatalytic efficiency, both the ultrasonic cleaner and the visible light
source were used simultaneously.

Before each experiment, the RhB aqueous solution and catalyst were kept in the dark
for 30 min to achieve the adsorption-desorption equilibrium. Following light irradiation
and/or exposure to mechanical waves, the residual concentrations of RhB at fixed 30 min
intervals were determined using a standard calibration curve (Figure S2). The measure-
ments were carried out using an ONDA V-10 Plus spectrophotometer at the maximum
absorption wavelength (A, = 554 nm), while the UV-Vis spectrum of the RhB solution
in the range of 190 nm—650 nm was recorded using a UV-1901 instrument (Beijing Puxi
General Instrument Co., Ltd., Beijing, China). The degradation efficiency was calculated
using the equation: RhB degradation (%) = (1 — C;/Cp) x 100, where Cj is the RhB initial
concentration (after 30 min in the dark), and C; is the residual dye concentration after a
certain irradiation time.

The degradation rate value was estimated from the linear fit of the —In(C/Cp) vs.
time plot. For quenching experiments, commercially available (Sigma Aldrich, Darmstadt,
Germany) p-benzoquinone (BQ, 0.5 mM), ethylenediaminetetraacetic acid disodium salt
(EDTA-2Na, 2 mM), isopropanol (IPA, 5 mM), and sodium azide (NaN3, 1 mM) were
separately mixed into the RhB aqueous solution before catalytic degradation in order to
suppress the contribution of superoxide radicals (O,° ™), holes (h*), hydroxyl radicals (HO®)
and singlet oxygen (10,), respectively.

3.3. Film Characterization

To gain a deeper understanding of the processes occurring during pollutant degra-
dation experiments, the structural, chemical, and piezo-/ferroelectric properties of the
BFCO sample were analyzed before and after piezo-photocatalysis tests. Crystallographic
ordering and structural features were examined using X-ray diffraction (XRD). Diffraction
patterns in the 10-70° 26 range were recorded using a Shimadzu LabX XRD-6000 Diffrac-
tometer (Shimadzu, Kyoto, Japan) (CuKy radiation), in Bragg-Brentano configuration,
with a scan speed of 1°/min. Structural parameters were determined through line profile
fitting using HighScore X'Pert software v5.3a. The oxidation states in the BFCO thin film
were analyzed using an ESCALB Xi + XPS system (Thermo Fisher Scientific, Waltham,
MA, USA), employing a monochromated Al K X-ray source (1486.6 eV). The binding
energy values have been calibrated using the carbon C-1s peak (284.6 eV) as a reference.
High resolution spectra of the Bi-4f, Fe-2p, Cr-2p, and O-1s peaks were fitted using a
non-linear least-squares method (Multi Pak 8.2 C software) with a Gaussian-Lorentzian
function. A dual beam of low-energy Ar* ions and low-energy electrons was employed
during data acquisition for charge neutralization. To remove surface contaminants, prior
to XPS spectra acquisition a 5 min 500 eV Ar ion sputtering step was conducted. Ruther-
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ford backscattering spectrometry (RBS) experiments were performed to determine the
BFCO thin film’s stoichiometry. A detailed description of the analytical method can be
found in a previous paper [55]. FTIR spectra were registered in transmission mode using
a FTIR VERTEX 70 spectrometer (Bruker Optics, Ettlingen, Germany). Changes in piezo-
electric and ferroelectric properties were assessed using Piezoresponse Force Microscopy
(PFM) with an NT-MDT Solver-Pro multi-mode scanning probe microscope (NT-MDT,
Moscow, Russia) [56].

4. Conclusions

Photo-, piezo- and piezo-photocatalytic experiments for Rhodamine B degradation
were conducted on Cr-doped bismuth ferrite thin films deposited on a SrTiO3 substrate by
reactive HiPIMS. The highest contaminant removal was achieved when both visible light
and mechanical vibrations were applied simultaneously. After 180 min of exposure, the
efficiency increased to 86.2%, with a reaction rate of 11.3-1072 min~! (16.1 times higher
than that observed during photocatalysis). Scavenger tests, where different reagents were
added to the contaminated solution, revealed that superoxide radicals (O,°* ") played the
primary role in the degradation process, followed by 'O, and HO®. Further analysis on
the sample properties revealed structural, chemical and ferroelectric changes induced
during piezo-photocatalytic experiments. While the main structure in the as-deposited
film was the monoclinic phase with a preferential growth direction, the diffractograms
recorded after piezo-photocatalysis showed a predominantly polycrystalline film with a
hexagonal type structure. Additionally, XPS measurements indicated that the sample’s
surface underwent oxidative processes. PFM amplitude and phase images recorded before
the contaminant degradation tests showed a lack of contrast, indicating a downward
polarization orientation of the piezoelectric domains. During piezo-photocatalysis, some
of the piezoelectric domains were reversed through a lattice strain relaxation process, and
changes in polarization direction were clearly observed in the PFM phase image. The
reduced photocatalytic degradation response was attributed to the combined effects of an
improper band structure (determined from XPS and UV-VIS spectroscopy measurements)
and the downward orientation of the piezoelectric domain polarization, which impeded
the generated electrons from reacting with O, in the water to produce O,°~ radicals.
These radicals were found to be the major contributors to RhB degradation. The proposed
mechanism for the piezocatalysis experiments involves local atomic displacement generated
by ultrasonic waves, leading to the lattice strain relaxation, reversal of internal polarization
field and, consequently, to a significant improvement in RhB degradation efficiency.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal16050379/s1, Figure S1: The Fourier transform infrared
spectra of the BFCO/STO sample before and after use as a catalyst for the photo-piezocatalytic
degradation of RhB dye for 180 min.; Figure S2: Calibration curve of RhB dye and UV-Vis spectrum
of a 5 mg/L aqueous RhB solution.
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