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Abstract: Emerging pollutants, such as N-acetyl-para-aminophenol, pose significant chal-
lenges to environmental sustainability, and Bi2Fe2O2 (BFO) nanomaterials are an emerging
class of piezoelectric materials. This study presents a novel piezoelectric-driven Fenton
system based on Bi2FesOs nanosheets for the efficient degradation of organic pollutants.
BFO nanosheets with varying thicknesses were synthesized, and their piezoelectric prop-
erties were confirmed through piezoresponse force microscopy and heavy metal ion re-
duction experiments. The piezoelectric electrons generated within the BFO nanosheets fa-
cilitate the in situ production of hydrogen peroxide, which in turn drives the Fenton-like
reaction. Furthermore, the piezoelectric electrons enhance the redox cycling of iron in the
Fenton process, boosting the overall catalytic efficiency. The energy band structure of BFO
nanosheets is well-suited for this process, enabling efficient hydrogen peroxide genera-
tion and promoting Fe® reduction. The findings demonstrate that thinner BFO nanosheets
exhibit superior piezoelectric activity, leading to enhanced catalytic performance. Addi-
tionally, the incorporation of gold nanodots onto BFO nanosheets further boosts their pi-
ezocatalytic efficiency, particularly in the reduction of Cr (VI). The system exhibited ro-
bust oxidative capacity, stability, and recyclability, with reactive oxygen species (ROS)
verified via electron paramagnetic resonance spectroscopy. Overall, BFO nanosheets,
with their optimal energy band structure, self-supplied hydrogen peroxide, and enhanced
Fe®* reduction, represent a promising, sustainable solution for advanced oxidation pro-
cesses in wastewater treatment and other applications.

Keywords: Bi:FeiOy; piezo-catalysis; fenton reaction; pollutant degradation; N-acetyl-
para-aminophenol

1. Introduction

With the development of the pharmaceutical and chemical industries, wastewater
containing Personal Care Products (PCCPs), such as N-acetyl-para-aminophenol (APAP),
presents new challenges for water treatment [1-3]. These emerging pollutants, which pos-
sess biological activity, can pose significant risks to human health and ecological systems
even at low concentrations [4,5]. Piezo-catalysis is an emerging strategy for generating
reactive oxygen species (ROS) by harnessing ambient mechanical energy, without the
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need for exogenous oxides [6]. Applied mechanical stress induces a built-in electric field
in piezoelectric materials through dipole polarization, which subsequently drives a piezo-
electrochemical process at the material-solution interface [7]. In recent years, various pi-
ezo-catalytic systems have been developed for selective deposition, hydrogen production
[8], hydrogen production [9] and dye degradation [10-12], owing to their high efficiency
and cost-effectiveness compared to traditional methods.

Many studies have focused on enhancing piezoelectric properties through material
morphological modifications, as materials with the same composition but different struc-
tures significantly impact the transfer of electric charges [13]. To ensure efficient charge
transfer to the material surface and surrounding molecules involved in electrochemical
processes, the chosen material should have limited thickness and a large specific surface
area [14]. Thus, nanofabrication of piezoelectric crystals to improve asymmetry has be-
come a growing trend [15]. Wu et al. demonstrated that single-layer and few-layered
MoSe:2 nanoflowers exhibit significantly higher piezoelectric potential, with a current of
up to 250 pA measured using a TUNA probe [16]. They further showed that the piezoe-
lectric potential of nanomaterials is greater than that of bulk particles due to their ease of
structural deformation [17]. Building on these ideas, many one-dimensional (1D) and two-
dimensional (2D) piezoelectric materials have been developed, such as M0S:[18], BaTiOs
nanobelt [19], ZnO nanoparticles [20], and g-CsNa [21].

Current piezoelectric catalysis systems tend to focus on dye degradation, while the
removal of emerging pollutants, such as phenolic compounds with more stable chemical
structures, requires stronger oxidative stress. To generate hydroxyl radicals with stronger
oxidative activity, Lv et al. [22] first proposed a piezo-Fenton system by introducing ex-
ogenous ferrous ions into a BaTiOs-based piezoelectric reaction. The piezo-generated hy-
drogen peroxide was then converted into hydroxyl radicals through the Fenton reaction,
demonstrating excellent removal efficiency for aquatic organic acids, including 4-(2-hy-
droxy-1-naphthylazo)-benzenesulfonic acid sodium, phenol, and 4-chlorophenol. Wei et
al. [23] further enhanced the piezo-Fenton process by loading Fe onto the surface of bis-
muth vanadate (BVO), achieving in situ catalysis for the degradation of p-chlorophenol.
These studies confirmed that the piezo-Fenton system is an economical technique for gen-
erating large quantities of hydroxyl radicals. However, challenges remain, particularly
regarding the degradation of catalytic performance and the secondary pollution caused
by the leakage of doped or supported iron species, a common issue in Fenton-Advanced
Oxidation Technology [24]. To address this, bismuth ferrite crystals (BizFe4«Ov), which pos-
sess inherent Fenton-like catalytic activity under photoexcitation [25], were explored as
iron substitutes to achieve more stable and cleaner processes. Whether Bi2Fe4«Oy can serve
as a potential piezoelectric-Fenton catalyst depends on its ability to exhibit piezoelectric
activity that aligns with the Fenton process. Interestingly, some studies have found that
Bi2Fe4O9 nanosheets exhibit piezoelectric activity, despite the fact that the Pbam point
group to which Bi:Fe4Oy belongs is centrosymmetric and theoretically not associated with
piezoelectric effects. For instance, Wang et al. demonstrated the use of the piezoelectric
effect of Bi2Fe4Oy nanosheets to generate superoxide anions through the reduction of mo-
lecular oxygen by piezoelectrons and to activate the decomposition of peroxydisulfate via
piezo-promoted regeneration of ferrous ions [26,27]. The study by Cheng et al. suggests
that the piezoelectric property of centrosymmetric Bi2FesO9s nanosheets could stem from
the surface polarization due to the exposure of distorted non-centrosymmetric ligands in
the unit cell [28].

Herein, we investigated the removal behavior of phenolic compounds by Bi:FesOo
nanosheets under ultrasonic excitation and elucidated the piezo-Fenton coupling reaction
mechanism involved. A series of Bi2Fe«Os nanosheets with varying thicknesses were syn-
thesized via hydrothermal methods. Using piezoresponse force microscopy (PFM) and Cr
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(VI) reduction experiments, we observed the piezoelectric effect of Bi2FesOs nanosheets
and the effect of material thickness on the piezoelectric effect. N-acetyl-para-aminophenol
(APAP), a phenolic compound, was selected as the model pollutant to evaluate the effi-
ciency of the catalyst in removing pollutants under ultrasonic excitation. Finally, electron
paramagnetic resonance (EPR) and free radical scavenger experiments were conducted to
identify and validate the role of reactive oxygen species (ROS) during the degradation
process, providing a comprehensive understanding of the in situ piezo-Fenton system'’s
mechanism. This study demonstrates the potential of bismuth ferrite nanosheets in con-
structing a self-sustaining hydrogen peroxide piezo-Fenton system, which can inspire the
development of more efficient piezo-Fenton catalysts for applications in environmental
and other fields.

2. Results and Discussion
2.1. Synthesis and Characterization of Catalysts

The synthesis steps for a series of Bi2FesOs (BFO) materials are shown in Figure 1a.
As described in previous reports [29], BFO-1 was synthesized using a simple hydrother-
mal method with iron nitrate and bismuth nitrate. Based on this approach, we varied the
KOH concentration, heating time, and precursor molar ratio during hydrothermal syn-
thesis to prepare three additional BFO materials (BFO-2 to BFO-4) with different thick-
nesses. In solution, the nanoparticle shape can be controlled by using appropriate capping
agents, such as ionic or nonionic organic surfactants, to regulate nanoparticle growth di-
rection [30]. As an alkaline substance and surfactant, KOH can adsorb onto the surface of
the BFO crystal (BFO-1, BFO-2, BFO-3), limiting its growth and thus reducing the thick-
ness of the lamellar material. Lower KOH concentrations and longer heating times favor
the formation of thicker crystal materials. BFO-1 can reduce HAuCls under ultrasonic con-
ditions in the absence of light, leading to the deposition of Au nanoparticles on the mate-
rial, resulting in BFO@Au, as shown in Figure 1a.
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Figure 1. Schematic synthesis (a) and corresponding XRD patterns (b) of a series of BFO materials.

The XRD pattern of the BFO materials displayed sharp peaks that perfectly matched
the standard data for the mullite phase Bi:FesOo crystallites (JCPDS: 25-0090) with the
Pbam space group (Figure 1b) [26]. The diffraction peaks at 20 = 14.8°, 28.2°, 28.9°, 47.0°,
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and 56.6° correspond to (001), (121), (211), (141), and (332) crystal planes, respectively.
Additionally, we tested two reported piezoelectric materials, BiFeOs and nano-ZnO, for
comparison. Nano-ZnO is a commonly used commercial material, while BiFeO3 was syn-
thesized following the procedure described in the literature [31]. Both BiFeOs (JCPDS: 71-
2494) with the R3c space group (Figure S1) and nano-ZnO (JCPDS: 89-0511) with the
P63mc space group [32,33] belong to non-centrosymmetric point groups with a piezoelec-
tric effect.

To investigate the thickness of the series of BFO materials, multiple characterization
methods were employed, including AFM (Figure S2a and S3) and SEM (Figure 2d,e). The
thickness of each material and its estimation method are summarized in the table inserted
in Figure 2.

b)

010, ~ 100
‘ + -

4

(010) (100)
0.840 nm 0.798 nm

Thickness

Sample (mean)
BFO-1 10 nm’
BFO-2 20 nm’
BFO-3 52 nm”
BFO-4 2.2 ym”

Figure 2. Electron micrograph of BFO. TEM (a) and corresponding area HRTEM (b) of BFO-1,
marked with lattice spacing, the inserted was the electron diffraction pattern, TEM of BFO-2 (c),
SEM of BFO-3 (d), and BFO-4 (e), thickness mean values of BFO samples statistically obtained from

their AFM results (*) or SEM results (**).

TEM images (Figure 2a) revealed that BFO-1 exhibited an irregular two-dimensional
nanosheet structure. The lattice fringe spacing, calculated to be approximately 0.798 nm
and 0.840 nm, corresponded to the (100) and (010) planes of orthorhombic BizFesOs.
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Combined with the XRD results, this confirmed that the exposed crystal plane of BFO-1
was (001). From the TEM results, BFO-2 and BFO-1 exhibited similar nanosheet-like mi-
crostructures. Additionally, the mean thickness values of BFO samples were statistically
determined from their AFM results for BFO-1 and BFO-2, and from their SEM results for
BFO-3 and BFO-4 (Figure S2). The thicknesses of BFO-1 and BFO-2 were ca. 10 nm and ca.
20 nm (Figure S3). When the hydrothermal synthesis time was extended to 48 h, the
nanosheet thickness significantly increased, and the thickness of BFO-3 increased to ap-
proximately 52 nm., as observed in the SEM image (Figure 2d). BFO-4, with the largest
size under the same crystal phase, exhibited a block structure with a thickness of ca. 2.2
um (Figure 2e). This morphology resulted from the ordered crystal arrangement and
growth during the hydrothermal process. The TEM image (Figure S4) showed that BiFeOs
and ZnO had regular square nanosheet and cubic structures, respectively.

2.2. Thickness-Dependent Piezoelectric Activity of BFO

To verify the piezoelectric properties of BFO materials, we designed an ultrasound-
induced current response experiment. A conductivity meter was employed to monitor the
in situ changes in solution conductivity during the ultrasound process, with BFO-1 serv-
ing as the sample. The ultrasound was applied intermittently for 60 s, followed by a 60 s
pause in each cycle, which was repeated multiple times. As shown in Figure S5, the con-
ductivity of the BFO-1 solution increased under ultrasonic irradiation. When the ultra-
sonic power was doubled, the conductivity increased at a faster rate. Furthermore, to
quantitatively evaluate the piezo-catalytic ability of BFO materials with different mor-
phologies, a reduction experiment with hexavalent chromium (Cr (VI)) was conducted.
Cr (VI) is carcinogenic and mutagenic in nature [34]; it can be reduced to trivalent chro-
mium (Cr (III)) with less toxicity, relatively insoluble in water, and low fluidity.

All the piezoelectric materials reached adsorption equilibrium before the ultrasonic
catalytic reaction commenced, and their adsorption capacities were not significant (Cr
(VI)) adsorption rate < 10%, Figure S6). Therefore, the removal of Cr (VI) was primarily
attributed to the piezo reaction. The performance of BFO materials and BiFeOs is shown
in Figure 3a. After 60 min, the Cr (VI) conversion rate in the BFO-1 solution was approxi-
mately 62%, while the conversion rates for BFO-2, BFO-3, and BFO-4 were 60%, 20%, and
less than 1%, respectively. As the thickness of the BFO material increased, catalytic effi-
ciency decreased significantly. For BFO-4, with a thickness of 3 um, the piezoelectric effect
nearly disappeared (the “Only US” sample was subjected to ultrasound irradiation with-
out any catalyst.). Research suggests that the piezoelectric properties exhibited by BFO
nanoplates with a centrosymmetric crystal structure may stem from the presence of local
dipoles on the exposed surfaces, which induce surface polarization [28]. These dipoles
originate from distorted non-centrosymmetric ligands in the unit cell. This mechanism is
not evident in bulk materials but becomes effective in nanomaterials, triggering piezoe-
lectric catalytic reactions. Our experimental results are consistent with this observation,
as the piezoelectric reduction of Cr (VI) gradually diminishes as the thickness of BFO ma-
terials increases from the nanoscale to the microscale. Additionally, carrier migration ef-
ficiency is higher in thinner materials. The time required for charge carriers to migrate to
the surface is described by the following equation [35,36]:

t=1r%/(m? X D) (1)
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Figure 3. Piezocatalytic reduction of Cr (VI) process (a), chemical reaction rate constants of different
materials, while nano-ZnO was not used because it is unstable under the experimental conditions
(pH=2.0,40 kHz, 300 W). (b) and cycle stability experiment of BFO-1 (c); height mode (d), amplitude
mode (e), and phase mode (f) of PFM diagram of BFO-1. Experiment conditions: Conducted in the
darkness, [Cat] =1 g/L, [Cr] 0 =10 mg/L, pH = 2, the apparent rate constants were all obtained by
the first-order kinetic model fitting for the average kinetic data, and the goodness of fit (R?) was at
least 0.99.

Where t is the average diffusion time of charge carriers from inside to surface, r is
the grain radius of the crystal, and D is the diffusion coefficient of the carrier. As the ma-
terial size increases, the time for electrons to diffuse to the surface also increases, leading
to more recombination of electrons and holes, which weakens the reduction ability. Figure
3b shows the apparent rate constants for the first-order kinetic reaction fitted to the Cr (VI)
reduction curve. Further, we recovered BFO-1 through a simple filtration method and
conducted a multi-cycle heavy metal ion reduction experiment, proving that BFO-1 main-
tained good catalytic activity (Figure 3c). In comparison, BiFeOs demonstrated better re-
duction performance than BFO materials due to its R3c space group. Although BiFeOs
outperforms BFO in reducing Cr (VI), it is less effective in degrading emerging organic
pollutants in aqueous solutions due to its unsuitable energy band position for generating
oxidative active species, which will be discussed later.

The piezoelectric property of BFO-1 can also be supported by the results of its PFM
experiment. The height mode of PFM images of the BFO-1, as shown in Figure 3d, exhibits
ananosheet structure, and the corresponding amplitude and phase modes of PFM (Figure
3e,f) exhibited a clear contrast, revealing the directions and strengths of piezoelectric po-
larization, as well as the piezoelectric performance of BFO-1 [37]. This suggests that the
BFO nanosheet materials might primarily catalyze reactions through their piezoelectric
processes under ultrasound, rather than through photocatalytic activation induced by
sonoluminescence, even though BFO is a class of effective photocatalysts [25].

2.3. Enhanced Piezoelectric Activity of BEO Nanosheets Through Gold Loading

It is well established that noble metal nanoparticles are often deposited on the surface
of photocatalysts to suppress the recombination of electron-hole pairs and promote carrier
migration by modifying excitation mechanisms and energy transfer pathways [38,39].
Many piezoelectric materials also possess photocatalytic properties, and several studies
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have demonstrated that noble metal decoration can enhance the efficiency of piezoelectric
catalysis [7,40]. Furthermore, Lin et al. reported an effective approach to enhancing the
piezocatalytic performance of BaTiOs through surface modification with Ag nanoparticles
[41], attributing this improvement to the ability of Ag nanoparticles to efficiently capture
free electrons.

BFO-1 exhibited the ability to generate piezoelectric electrons and reduce substances.
Therefore, the aurochloric acid was introduced into the BFO-1 suspension under ultra-
sonic irradiation to synthesize gold nanodots-loaded bismuth ferrite composites, denoted
as BFO@Au (Figure 1a). The XRD patterns of BFO@Au were identical to those of BFO-1
(Figure S8a), indicating no phase transition or chemical change in the BFO-1 component
during ultrasonication. Due to the low content and poor crystallinity of Au, no distinct
diffraction peaks were observed. The characteristic XPS peaks of Au® appeared at 83.4 eV
and 86.9 eV (Figure S8c), confirming the presence of Au? in BFEO@Au. To further investi-
gate the chemical composition and elemental distribution of BFO@Au, TEM, and EDS
mapping were performed. As shown in Figure 4, the elements Bi, Fe, and O were uni-
formly distributed in the BFO@Au, and Au nanodots, approximately 10 nm in size, were
located at the edges of the nanoparticles. As presented in Table S1, the EDS quantitative
results revealed that the atomic ratio of Bi, Fe, and O is close to 2:4:9, with approximately
0.24 Wt% gold loaded on the surface of BFEO@Au. Notably, the selective deposition of Au
provided further evidence supporting the piezoelectric effect of BFO-1, reflecting the di-

rectional migration of charge carriers, with ultrasonic-induced piezoelectric polarization
occurring along the BFO-1 plane [37].

Figure 4. (a) HRTEM and EDS mapping of BFO@Au, (b) the inserted picture showed the outline of
loaded gold nanodots with yellow dotted lines.

As predicted, the piezoelectric catalytic activity of BFEO@Au was significantly higher
than that of BFO-1, with a Cr (VI) reduction rate exceeding 70% within 60 min. This en-
hancement is likely due to the fact that the deposition of Au nanoparticles on the BFO
surface facilitates the transfer of conduction band electrons from BFO to Au, thereby re-
ducing the recombination of electron-hole pairs. However, with the increase in the gold
precursor amount, the Cr (VI) reduction efficiency of the resulting Au and BFO-1 compo-
site decreased (Figure S9), with BEO@Au (5 pmol) exhibiting nearly the same piezoelectric
catalytic performance as BFO-1. A possible explanation is that variations in the gold pre-
cursor concentration often lead to changes in the gold loading and size in the product,
which might in turn affect the electron concentration ability of the gold particles [42].
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2.4. Piezocatalytic Degradation of APAP in Water

Bi2Fe4Ov has been reported as a photocatalyst to remove pollutants for many years
[43-45]. However, to the best of our knowledge, there are no reports on its use as a Fenton-
like piezocatalyst for the degradation of organic pollutants. BFO-1 and BFO@Au can in-
duce an in situ piezoelectric Fenton-like reaction due to the abnormal piezoelectric effect
and the presence of iron. To evaluate their piezocatalytic activity, acetaminophen (APAP),
a widely used medication, was chosen as a model pollutant.

All samples were immersed in the APAP solution for 30 min prior to ultrasonic irra-
diation to eliminate any potential adsorption of APAP (as shown in Figure 510). As shown
in Figure 5a, BFEO@Au exhibited the highest catalytic activity, with an APAP removal rate
of approximately 90% in 30 min. BFO-1 achieved an APAP removal rate of 78%, outper-
forming nano-ZnO (45%), BFO-4 (35%), and BiFeOs (10%). The catalytic activity trend for
the BFO series materials was consistent with previous results, which can be attributed to
the generation and utilization of piezoelectric electrons. However, despite its strong Cr
(VI) reduction ability, BiFeOs showed minimal degradation of APAP under ultrasonic
conditions, as evidenced more clearly in the apparent reaction rate constant in Figure 5b.
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Figure 5. Piezocatalytic removal of APAP (a,b) and chemical reaction rate constants (b) of different
materials, mineralization rate of APAP removal (c), cycle stability experiment of BFO-1 and
BFO@Au (d).

Additionally, the mineralization rate of APAP was investigated by monitoring the
total organic content (TOC) in the degradation system. The results in Figure 5c indicate
that BFO-1 exhibited significantly better mineralization performance than commercial
nano-ZnO. Moreover, BFO-1 and BFO@Au maintained good catalytic performance over
four cycles (Figure 5d). In conclusion, we have demonstrated that BFO has the potential
to be developed as a novel piezocatalyst for degrading organic pollutants in water.
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2.5. Piezo-Fenton Mechanism over BFO

Spin-trapping EPR analyses were employed to elucidate the ROS generated in the
BFO/ultrasound and BiFeOs/ultrasound catalysis systems. We focused on BiFeOs from the
perspective of active species because it had the best removal performance in Cr (VI) but
the poorest APAP degradation. TEMPO was used as an electron spin-trapping agent, and
the intensity decreases in the triple-peaks signal indicated the production of piezoelectric
electrons. As shown in Figure 6a, after ultrasound for 10 min, the signal intensity of BFO-
1 and BiFeOs was significantly weakened, confirming the electron generation ability of
both materials. DMPO/DMSO and DMPO/H20 were used as spin-trapping agents for su-
peroxide anion and hydroxyl radical, respectively (Figures 6b,c). The signals of-O2" and
-OH increased significantly in the BFO-1 system, while no corresponding signal was de-
tected in the BiFeOs system. We further quantified the concentration of H2O2 generated
with different catalysts under various gas atmospheres (Figure 6d).

a . b . (- z
@) e Only US (b) -0, Only US (¢ ‘OH Only US
—A—A—A— ——r
BFO-1 n A A BFO-1 BFO-1
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Figure 6. The EPR spin-trapping signals of BFO-1 and BiFeOs of e (a), O* (b), and -OH (c) under
ultrasound irradiation. The content of H20O2 in the solution after 30 min of ultrasonic irradiation (d)
and (f), chemical reaction rate constant of BFO-1 in APAP removal with different quenchers or N2
purging under ultrasonic irradiation, where ‘Blank’ denotes the reaction system without any
quencher or N2 (e), High-resolution XPS spectra of Fe2p of fresh BFO-1 (g), used BFO-1 (h), and
XRD patterns (i).

The H202 concentration of BFO-1 was approximately 20 uM in the air atmosphere,
which was higher than 4 pM in N2 atmosphere. Additionally, BFO@Au exhibited a
stronger ability to produce H20, reaching about 40 uM in the air atmosphere. These re-
sults indicated that H2O: in the ultrasound-driven system was primarily generated
through the reduction of oxygen molecules dissolved [46]. It is also worth noting that the
H20: produced by BFO-1 undergoes rapid degradation through a Fenton-like reaction.
Therefore, the results from the BFO-1 system reflect only the equilibrium concentration of
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H202 in the coupled reaction. Based on these findings, we propose a ROS generation mech-
anism that involves both the piezoelectric effect and the band structure of semiconductor

materials.

. . Piezoelectric response +
Bi,Fe Og+Ultrasonic —— > h +e” (2
e+0; >0, ®3)
Oy+e+2H —H,0, “4)
BiyFe,Oq(Fe**)+e —Bi,Fe,Og(Fe") 5)
Bi,Fe,Oq(Fe?")+H,0,—>Bi,Fe,Oq(Fe**)+OH+OH" (6)
-OH+APAP—H,0+CO, )

Under ultrasound irradiation, a polarized electric field is generated within the BFO-
1 along the plane of the nanosheet. This polarization electric field leads to the separation
of electron-hole pairs in BFO-1 Equation (2). On the one hand, the electrons on the surface
of BFO combine with Oz in the solution to generate O> Equation (3). The -O:" then reacts
with e-and H* to produce H202 Equation (4), which undergoes a Fenton-like reaction in
situ on the surface of BFO-1, generating a large amount of -OH Equation (6). The-OH with
strong oxidative capacity significantly oxidizes APAP to H20O and COx, thereby increasing
the mineralization rate under ultrasonic irradiation Equation (7). It is worth noting that
the conversion of Fe** to Fe? is the rate-controlling step in the Fenton reaction [47]. In
many previous studies on photo-Fenton reactions, researchers utilized photo-generated
electrons or superoxide anion radicals to facilitate the process [48]. Here, a novel system
is presented that combines piezo-generated electrons with Fenton-like catalysis, achieving
advanced oxidation of pollutants with self-supplied H20: (Figure 7). Conversely, insuffi-
cient H202 is produced in the BiFeOs/ultrasound system, preventing the initiation of the
Fenton process, where H20> decomposes into-OH, leading to poor performance in the
degradation of APAP.

- P Fenton
cycle

APAP(OX) 4 ~ 7

% - APAP

; APAP(Ox)

— —

© O v

Ultrasounﬁ H2 O+C 02

Figure 7. The mechanism diagram of the constructed system.

To further elucidate the role of reactive oxygen species (ROS) in the piezo-catalytic
degradation of acetaminophen (APAP), the piezo-catalytic activity of BFO-1 was assessed
using EDTA-2Na, isopropanol (IPA), and benzoquinone (BQ) as scavengers for holes, -Ox,
and -OH, respectively (Figure 6e). The introduction of the hole scavenger led to a reduc-
tion in the reaction rate by approximately 24%, highlighting the involvement of holes in
the degradation process. The valence band of BFO-1 is 1.13 eV more positive than the
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potential of E (APAP/APAP) = 0.707 V (vs. NHE), allowing holes generated by the piezo-
electric effect to oxidize APAP into its dimer form. While the piezoelectric hole oxidation
contributes to the removal of APAP, it does not facilitate its mineralization. The inhibition
of APAP degradation by -O2 and -OH was approximately 72% and 89%, respectively, in-
dicating that both species are essential for the reaction. Specifically, -OH is derived from
‘Oz, as previously discussed. As previously mentioned, it was found that purging the so-
lution with N2 to remove dissolved oxygen significantly reduced the concentration of
H:0: generated from the piezoelectric activation of molecular oxygen. As a result, the cat-
alytic activity of BFO-1 in removing APAP was greatly reduced, showing a 70% decrease
compared to the activity observed under conditions without N2 purging. This suggests
that in this Fenton catalytic system with self-supplied H20, the equilibrium concentration
of H202 generated within the system is crucial for its Fenton catalytic ability. Furthermore,
the BiFeOs system also generates a certain amount of H>O: (Figure 6f); however, EPR re-
sults indicate that its production does not originate from -Oz7, and no OH is produced.
This suggests that the BiFeOs system does not form a Fenton catalytic cycle, which may
be related to the reactivity between iron species in BiFeOs and H202, and thus, H20: in this
system accumulates to a certain extent.

The oxidation-reduction cycling of iron between different valence states is another
key factor influencing the Fenton reaction. XPS analysis of BFO-1 was performed before
and after the catalytic reaction, focusing on the changes in the valence states of iron species
on the material’s surface. It was observed that the ratio of Fe®* to Fe?* increased on the
surface of used BFO-1 (Figure 6g and 6h). This could be attributed to two main factors:
firstly, the piezoelectric process induces the generation of free electrons and more Fe®*
sites in Bi2Fe4Os, and as previously described, these electrons react with O, to form Oz,
which subsequently converts into hydrogen H20z; secondly, Fe? participates in the de-
composition of hydrogen peroxide, generating Fe** Equation (6). Additionally, it is im-
portant to note that the crystal phase composition of BFO-1 did not change before and
after the catalytic reactions (Figure 6i), indicating that the conversion cycle between Fe3*
and Fe? occurred during the overall process. The most probable pathway for this trans-
formation is the capture of piezoelectric electrons by Fe** Equation (5), which has been
observed in many studies of piezoelectric catalysts containing iron [21,26]. These reactions
occur simultaneously and cyclically during the piezoelectric-Fenton catalysis process,
thereby facilitating the redox cycling of iron on the surface of BFO-1.

To further elucidate the differences in the piezoelectric processes of BFO and BiFeOs,
we conducted a study on the energy band structures of these materials. All samples ex-
hibited similar photoabsorption characteristics across the UV to the visible light spectrum.
Two absorption edges appeared at approximately 610 nm and 800 nm, consistent with
previously reported data [49]. The absorption between 610 nm and 800 nm was attributed
to the d-d transitions of Fe®, resulting from the energy splitting of the Fe 3d orbital
[28].The bandgap (E;) of materials were measured using UV-Vis DRS and estimated by
Tauc formula Equation (8):

ahv = A(hv — Eg)n/2 (8)

where « is the absorption coefficient, hv equal to the energy of photoelectrons, A is a con-
stant, Eg is the band gap energy, respectively, and #n =1 for direct band gap semiconduc-
tors. The Kubelka Munk (K-M) plots describe the relationship between E; and («Eg)? con-
verted from the Tauc formula (Figure 8a). The valence band (Evs) position of the material
was measured by the XPS valence band spectrum (Figure 8b), and the conduction band
(Ecs) position was calculated in combination with the bandgap (Table 1).
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Figure 8. (a) K-M plots for the band gap estimation and (b) XPS valence band spectrum of BFOs.

Table 1. Eg, EVB, and ECB (vs. RHE) of various BFO NPs calculated on the basis of UV-vis DRS and
XPS valence band spectra.

BFO-1 BFO-2 BFO-3 BiFeOs
Eg 2.18 2.13 2.04 1.89
Evs 1.42 1.4 1.32 1.63
Ecs -0.76 -0.73 -0.72 -0.26

For BFO-1, BFO-2, and BFO-3, as their thickness gradually increases, their band gap
width decreases from 2.18 eV to 2.04 eV. The BFO had a more negative conduction band
than E(O2/-Oz) =-0.33 V, which could convert Oz into Oz, once piezoelectric electrons are
generated. The degree of nanostructuring (thickness) imparts varying piezoelectric activ-
ity to BFO. However, the conduction and valence bands of prepared BiFeOs were -0.26 eV
and 1.63 eV (vs. NHE, Figure 8), respectively. Its conduction band is more positive than E
(02/-0O2) =-0.33 V; Oz in the solution could not be converted to -Oz effectively, resulting
in a limited production of H20z, while the valence band is more negative than E (H.O/OH)
=2.72 'V, indicating that BiFeOs could not produce OH by oxidizing H20 directly, too. On
the other hand, the conduction band of BFO is about 0.5 V lower than that of BiFeOs, which
gives its conduction band electrons a stronger reducing ability. This explains why the pi-
ezoelectric electrons of BFO can effectively participate in the Fenton reaction and reduce
ferric iron.

3. Materials and Methods
3.1. Materials

Bismuth nitrate (Bi(NOs)3:5H20), ferric nitrate (Fe(NOs)s-9H20), Diphenylcarbazide
(C13H14N4O), and horseradish catalase were purchased from Sinopharm Chemical Rea-
gent Ltd. (Shanghai, China). N-Acetyl-p-aminophenol (APAP), Chlorauric acid
(H[AuCl4]-3H20, 299%), 2,2,6,6-Tetramethylpiperidine (TEMP, CoHwN, 298%), 2,2,6,6-Tet-
ramethylpiperidine-1-oxyl (free radical) (TEMPO, CoHisNO, 298%), and 5,5-Dimethyl-1-
pyrroline N-oxide (DMPO, CsHiiNO, 297%) were purchased from Aladdin Ltd. (Shang-
hai, China). All chemicals used in this study were analytical grade without any pretreat-
ment if not specifically mentioned.
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3.2. Synthesis of Bi2Fe4«Os (BFO-n, n = 1~4) and BiFeOs

A series of Bi2FesO9 nanosheets (BFOs) with different thicknesses were synthesized
by the slightly modified hydrothermal method referred to previous report [29]. The thick-
ness of BFOs gradually increases from nano-sheet (BFO-1) to bulk (BFO-4).

BFO-1: 2.5 mmol of Bi(NOs)-5H20 and 2.5 mmol of Fe(NOs)s-9H20 (with a 1:1 molar
ratio) were dissolved in 4 mL of 1 M HNOs; 2 ml of concentrated nitric acid (68-70%) was
added to the solution under vigorous stirring for 30 min. A total of 30 mL of 10 M KOH
was added, stirring for another 30 min. Then, the mixture was transferred to a stainless-
steel autoclave with a Teflon liner and kept at 200 °C for 24 h. The obtained product was
washed with deionized water and ethanol and dried at 80 °C overnight.

BFO-2: Using a similar synthetic method to BFO-1, the amount of concentrated nitric
acid was reduced to 1 mL, and the remaining hydrothermal conditions remained un-
changed.

BFO-3: Using a similar synthetic method to BFO-1, the heating time of the hydrother-
mal reaction was extended to 48 h with the remaining reaction conditions unchanged.

BFO-4: 1 mmol of Bi(NOs)s-5H20 and 2 mmol of Fe(NOs)39H20 (with a 1:2 molar
ratio) were added to deionized water; 0.32 mol of KOH was added to the solution. A hy-
drothermal treatment was conducted on the above solution at 160 °C for 12 h. The final
products were collected by centrifugation, rinsed with distilled water and ethanol, and
dried at 70 °C for 4 h before further characterization.

BiFeOs was synthesized by a hydrothermal method, 5 mmol Bi(NOs)s-5H20 and 5
mmol Fe(NOs)3-9H20 (with a 1:1 molar ratio) were dissolved in 5 mL 1 M HNO:s by agita-
tion in a beaker, and then 32 mL 10 M KOH was added and form a red precipitate, after
stirring for 45 min, the mixture transferred to a high-pressure hydrothermal reactor to
react at 180 °C for 24 h, and then cooled to room temperature naturally. The obtained
products were washed with deionized water and ethanol and collected after drying.

3.3. Synthesis of BEO@Au

The synthesis of BFO@Au is assisted by the ultrasound method. A total of 50 mg BFO-
1 was dissolved in 49 mL deionized water, added with 1 mL methanol and 10 uL 0.1 M
chloroauric acid (1 umol). It should be noted that methanol, at a volume ratio of 2%, was
introduced into the solution. Under the experimental conditions, methanol did not di-
rectly reduce chloroauric acid to gold. A control experiment was conducted in which BFO-
1 was omitted, with all other conditions remaining unchanged, and no significant gold
formation was observed. The role of methanol was to react with the holes generated in
BFO-1 under ultrasonic excitation, thereby ensuring that piezoelectric electrons could
more effectively reduce chloroauric acid. The homogeneous solution was sonicated in the
dark for 30 min. The obtained solid was washed with deionized water and ethanol. In
addition, by varying the amount of chloroauric acid (2.5 and 5 pmol), the corresponding
products are obtained as BFO@Au (2.5 pmol) and BFO@Au (5 pmol), respectively. It
should be noted that BFEO@Au only refers to BFO@Au (1 pmol), which denotes the product
obtained by adding 1 micromole of chloroauric acid into the BFO-1 suspension during the
reaction unless otherwise specified.

3.4. Characterization

X-ray diffraction (XRD) patterns of samples were recorded using a D8 Advance dif-
fractometer (Bruker Inc., Germany) equipped with Cu Ka radiation. Scanning electron
microscope (SEM) images were obtained using a LEO 1430VP scanning electron micro-
scope at an accelerating voltage of 20 kV. A high-resolution transmission electron micros-
copy (HRTEM) image was obtained using a TALOS F200 field emission high-resolution
transmission electron microscopy at an accelerating voltage of 200 kV.
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The high-resolution transmission electron microscopy (HRTEM) images were ob-
tained using a TALOS F200 S/TEM (Thermo Fisher Scientific, Waltham, United States) at
an accelerating voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) measurements
were carried out using a Thermo ESCALAB 250xi apparatus. APAP removal intermedi-
ates were detected using an Agilent 1200 HPLC (Agilent Technologies, Santa Clara,
United States) with a UV detector set at 250 nm. Electronic and reactive oxygen species
(ROS), like -OH and Oz, were detected by a Bruker MiniScope MS5000 EPR (Bruker Cor-
poration, Billerica, United States.). The piezoresponse force microscopy (PFM) was meas-
ured by MFP-3D Origin (Oxford Instruments Technology, Shanghai, China in vector PFM
mode. The ultrasonic radiation was provided by the Kunshan numerical control ultra-
sonic wave washing machine (KQ-300 DE, Kunshan Ultrasonic Instruments Co., Ltd.,
Kunshan, China).

The generation of e-, O, or OH was detected via EPR using a MiniScope MS-5000
spectrometer (Magnettech GmbH, Berlin, Germany) with 50 mM TEMPO in water, 50 mM
DMPO in methanol, or 50 mM DMPO in water as the radical spin-trapped reagents under
ultrasonic irradiation.

3.5. Piezoelectric Activity

All experiments were conducted at 20.0 °C in dark environments to avoid the possi-
ble effects of heat and light. A total of 50 mg of piezo-catalyst was dispersed into 50 mL of
solution containing APAP (50 mM) or Cr (VI) (pH = 2.0 potassium dichromate solution,
10 mg/L) and stirred gently for 30 min to ensure adsorption-desorption equilibrium. The
resulting suspension was put into a glass flask and then transferred into an ultrasonic
cleaner (KQ-300DE, Kunshan Ultrasonic Instruments Co., Ltd., Kunshan, China), which
was equipped with a circulation water-cooling pipe to control temperature. The reactions
were carried out under 40 kHz, 300 W ultrasound, and the position of the flask in the
ultrasonic cleaner was kept unchanged for all trials, unless stated otherwise. The reaction
suspension was sampled at regular time intervals and then centrifuged for subsequent
concentration tests. The content of Cr (VI) was determined by the color rendering method
[50]. The concentration of APAP was detected in the supernatant by an Agilent 1200 HPLC
(Agilent Technologies, Santa Clara, United States). When investigating the degradation
kinetics of APAP by the materials under ultrasonic treatment, samples were generally
taken every 15 min to monitor the change in APAP concentration over a 1 h period. How-
ever, for BFO@AU, it was observed that APAP was completely degraded after 45 min. To
obtain a more accurate rate constant, the sampling interval was reduced to 5 min, and the
change in APAP concentration was monitored over a 30 min period. All experiments were
repeated three times, and the average results were given. In the cyclic experiments, the
catalyst was recovered by centrifugation, cleaned, and reused, with all other experimental
conditions unchanged. To quench a certain ROS during reactions, TEOA, IPA, or p-BQ
were added together with the catalyst and APAP into the reaction system as the quencher
to h*, OH, or Oz, respectively. In addition, the cumulative concentration of hydrogen per-
oxide produced during the reactions was determined by fluorometric analysis of the flu-
orescent dimer, which formed in the horseradish peroxidase-catalyzed reaction of hydro-
gen peroxide with 4-hydroxyphenylacetic acid.

4. Conclusions

Our study investigates the piezoelectric properties and applications of BFO
nanosheets, confirming their significant piezoelectric effects, which can be modulated by
controlling the thickness. A novel piezo-Fenton catalytic system based on BFO nanosheets
was developed, where piezoelectric electrons generated during ultrasonic irradiation fa-
cilitate the in situ production of hydrogen peroxide (H20z), a key element in the Fenton-
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like reaction. The piezoelectric electrons directly or indirectly facilitate the redox cycling
of iron in the Fenton process, thereby enhancing the overall catalytic efficiency. The sys-
tem effectively degraded APAP, exhibiting strong oxidation capacity, stability, and recy-
clability. Reactive oxygen species generated during degradation were confirmed through
electron paramagnetic resonance spectroscopy, revealing the mechanism of the piezo-
Fenton reaction. Overall, BFO nanosheets demonstrate great potential as piezoelectric-
driven Fenton systems, with their ability to self-supply H20: and accelerate the redox cy-
cling of iron, offering a promising solution for wastewater treatment and other advanced
oxidation processes across various fields.
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